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SYNOPSIS

Corynebacterium diphtheriae
Infections, South Africa, 2015—-2023

Mignon du Plessis, Rito Mikhari, Linda de Gouveia, Noluthando Duma,
Tamsin Lovelock, Charlene Lawrence, Prasha Mahabeer, Yesholata Mahabeer,
Nevashan Govender, Susan Nzenze, Jonathan Featherston, Mishalan Moodley,

Jocelyn Moyes, Sibongile Walaza, Cheryl Cohen, Anne von Gottberg

We reviewed Corynebacterium spp. infection cases re-
ported in South Africa during 2015-2023. We analyzed
84 isolates from 83 patients with C. diphtheriae, as well
as 1 C. belfantii and 3 C. ulcerans isolates. Among C.
diphtheriae cases, we observed respiratory diphtheria
(26/83 patients [31%]), endocarditis (14/83 [17%)]), cuta-
neous diphtheria (22/83 [27%]), nonspecific respiratory
illnesses (5/83 [6%]), and asymptomatic carriage (16/83
[19%]). The median patient age was 19 (range 0-88)
years. Diphtheria-tetanus-pertussis vaccination was in-
complete for 26% (5/19) or unknown for 68% (13/19) of
children 0-9 years of age. C. diphtheriae was intermedi-
ately resistant to penicillin (82/84 [98%] isolates; MIC,,
0.5 pg/mL) but susceptible to erythromycin (83/84 [99%]
isolates). Eighteen unique sequence types were identi-
fied, corroborating C. diphtheriae heterogeneity. Toxin-
producing strains were detected among cutaneous and
respiratory diphtheria cases, indicating all forms of dis-
ease require monitoring and prompt public health action
to curb transmission.

iphtheria is a potentially fatal disease caused by

toxigenic strains of Corynebacterium diphtheriae,
C. ulcerans, or C. pseudotuberculosis. Diphtheria-teta-
nus-pertussis (DTP) vaccination has led to declines
in the global incidence of diphtheria. However, since
the early 1990s, a global resurgence in C. diphtheriae
infections has occurred. Since 2023, an increase in
diphtheria cases has been recorded in 4 countries
(Guinea, Mauritania, Niger, Nigeria) in Africa, all of
which have been experiencing ongoing, active out-
breaks (1).

Resurgence of diphtheria has been caused by sev-
eral factors, including disruptions in vaccination pro-
grams in countries with low socioeconomic status or
political instability (2,3), increased awareness and re-
porting of nontoxigenic infections (4,5), and changing
epidemiology in some settings (6). Adolescents and
adults whose vaccine-induced or naturally induced
protection wanes in the absence of sustained transmis-
sion of toxigenic strains or adequate booster immuni-
zation are particularly vulnerable during diphtheria
outbreaks (7). Vaccine coverage of 80%-85% has been
previously recommended to maintain herd immunity
at the population level (8); however, more recent data
recommend a coverage threshold of >90% (9).

Diphtheria toxin is the primary virulence factor
in toxigenic Corynebacterium spp., inhibiting protein
synthesis in target host cells (10). The phage-encoded
toxin gene, tox, integrates into the bacterial genome by
site-specific recombination. Nontoxigenic C. diphtheriae
can produce toxin if they are lysogenized with a toxin
gene-carrying corynephage. Some nontoxigenic C.
diphtheriae isolates harbor the fox gene but are not able
to express toxin because of a frameshift mutation or
insertion sequence in this gene (referred to as nontoxi-
genic, toxin gene-bearing [NTTB] C. diphtheriae) (11).
Although rare, NTTB C. diphtheriae has been reported
as an emerging pathogen in some countries (11,12).

Classical respiratory diphtheria caused by toxi-
genic Corynebacterium strains is characterized by sore
throat, low-grade fever, a swollen neck, and the pres-
ence of a gray/white pseudomembrane covering

Author affiliations: National Health Laboratory Service,
Johannesburg, South Africa (M. du Plessis, R. Mikhari,

L. de Gouveia, N. Duma, N. Govender, S. Nzenze, J. Featherston,
M. Moodley, J. Moyes, S. Walaza, C. Cohen, A. von Gottberg);
University of the Witwatersrand, Johannesburg (M. du Plessis, R.
Mikhari, S. Walaza, C. Cohen, A. von Gottberg); Stellenbosch Uni-
versity and Tygerberg Hospital, Cape Town, South Africa
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the tonsils, pharynx, or larynx that can cause airway
obstruction and suffocation. Reports of invasive in-
fections caused by nontoxigenic C. diphtheriae have
notably increased and can manifest as bacteremia,
endocarditis, and other more unusual clinical syn-
dromes (13,14). Cutaneous diphtheria, also caused
by C. diphtheriae (toxigenic or nontoxigenic) in skin
lesions or nonhealing ulcers, is often less severe but
might serve as a potential reservoir for transmission
of toxigenic and nontoxigenic C. diphtheriae (15).

Treatment for toxigenic diphtheria involves ad-
ministering diphtheria antitoxin (DAT) to neutralize
circulating toxin and antimicrobial drugs (B-lactams
or macrolides) to eradicate the bacterium in patients
and close contacts. However, a global shortage of
DAT and bacterial resistance to first-line antimicro-
bial drugs have been reported, potentially complicat-
ing clinical management of C. diphtheriae infections
(16-18). Genomic data can clarify the distribution of
resistance determinants and their association with
phenotype or lineage. We evaluated characteristics
of isolates from reported C. diphtheriae infections in
South Africa during 2015-2023 by using epidemio-
logic and molecular methods.

Methods

Ethics Approval

Investigations related to notifiable medical condi-
tions, including access to medical records, are allow-
able in South Africa under the terms of the National
Health Act 2003 (Act No. 61 of 2003): Regulations
Relating to the Surveillance and Control of Notifi-
able Medical Conditions. Furthermore, the South Af-
rica National Institute for Communicable Diseases
of the National Health Laboratory Service is subject
to oversight by the Human Research Ethics Commit-
tee of the University of the Witwatersrand, Johan-
nesburg, regarding the application of good clinical
and laboratory practice while serving the interests
of public health in the collection, analysis, and in-
terpretation of communicable diseases data (ethics
certification no. M160667).

Disease Classification/Category

Diphtheria is a category 1 legally notifiable medical
condition in South Africa. Diagnostic laboratories
send clinical specimens and isolates of C. diphtheriae,
C. ulcerans, and C. pseudotuberculosis from patients
with suspected respiratory or cutaneous diphtheria,
or any other clinical manifestation, to the national
reference laboratory for confirmation and toxin pro-
duction analysis.

418

We classified infections as respiratory diphtheria
(detection of toxigenic C. diphtheriae/ulcerans/pseudo-
tuberculosis in nose or throat samples of patients with
respiratory illness), cutaneous diphtheria (detection of
toxigenic or nontoxigenic C. diphtheriae/ulcerans/pseudo-
tuberculosis in a nonhealing ulcer or wound), or endo-
carditis (detection of C. diphtheriae in blood and clini-
cal signs compatible with endocarditis). We classified
patients with nonspecific respiratory disease as those
with nontoxigenic C. diphtheriae infections incidentally
isolated during routine microbiology laboratory work-
up. We classified persons as asymptomatic if they were
carriers of C. diphtheriae (in the nose or throat) and in
close contact with symptomatic patients who had lab-
oratory-confirmed C. diphtheriae infections.

Laboratory Methods

We confirmed species identification of isolates by using
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (19); we used a Microflex LT/
SH analyzer with FlexControl version 3.4.135 and Flex-
Analysis version 3.4.76.00 software (Bruker Daltonics,
https:/ /www.bruker.com). In addition, we performed
PCR to identify the rpoB gene specific for C. diphtheriae,
the rpoB gene specific for C. ulcerans/ pseudotuberculosis,
and the fox gene for all 3 species (20). We used a modi-
fied Elek test to measure toxin production (21). We per-
formed antimicrobial susceptibility testing by using the
broth microdilution method according to Clinical and
Laboratory Standards Institute (CLSI) guidelines (22).
We used Sensititer STP6F MIC panels (Thermo Fisher
Scientific, https:/ /www.thermofisher.com) to test sus-
ceptibility to 20 antimicrobial drugs (Appendix 1 Table,
https:/ /wwwnc.cdc.gov/EID/article/31/3/24-1211-
Appl.xlsx). We used the API Coryne kit (bioMérieux,
https:/ /www.biomerieux.com) to measure nitrate re-
duction. When they were available, we extracted basic
patient demographic and clinical data from medical
records, including year of symptom onset, patient sex,
region (province), specimen type, clinical diagnosis,
DTP vaccination history, hospitalization, and outcome.

Genome Sequencing and Characterization

We extracted and sequenced DNA from C. diphtheriae
as previously described (23) by using an Illumina Next-
Seq 1000/2000 instrument (Illumina, https://www.
illumina.com); coverage depth was >100x. We trimmed
raw reads by using Trim Galore version 0.6.2 (Babra-
ham Bioinformatics, https://www.bioinformatics.
babraham.ac.uk) and de novo assembled the reads by
using SPAdes version 3.12.0 (24). We performed assem-
bly quality checks by using BUSCO version 5.8; assem-
bly completeness of >90% was the cutoff for inclusion

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025
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(25). We deposited raw sequences in the National Cen-
ter for Biotechnology Information BioSample database
(https:/ /www.ncbi.nlm.nih.gov/biosample; accession
nos. SAMN45099837-922) (Appendix 1 Table). We sub-
mitted assembled genomes to the Insitut Pasteur Bac-
terial Isolate Genome Sequence C. diphtheriae database
(https:/ / bigsdb.pasteur.fr/ diphtheria) for curation and
sequence type (ST) assignments. We used core genome
multilocus sequence typing (cgMLST) of 1,305 loci for
sublineage (SL) classification within the database by us-
ing a 500-allelic mismatch threshold (26,27).

We analyzed genomic features, such as antimi-
crobial resistance genes (pbp2m for penicillin and
ermX for erythromycin resistance), biovar (the pres-
ence of the spuA gene [DIP0357 locus] indicated bi-
ovar gravis; absence of spuA indicated biovar mitis),
and known virulence genes, by using the diphtO-
scan framework with assembled genomes as inputs
(17,27). To verify the presence or absence of antimi-
crobial resistance genes, we scanned raw reads by
using DeepARG version 1.0.4 after converting reads
from fastq format to fasta with SeqKit (28,29).

Phylogeny

Using JolyTree version 2.1, we generated an alignment-
free, distance-based tree for phylogenetic inference of
84 assembled genomes (30) and 2 additional genomes
from clinical isolates collected in South Africa during
the 1980s (for which no clinical or demographic data
were available). We used the tree alongside a cgMLST-
based MAFFT alignment generated by using Genome
Comparator to serve as input for ClonalFrameML ver-
sion 1.2 (31); we visualized and annotated the tree by
using iTOL (https://itol.embl.de). To enhance resolu-
tion among outbreak clusters, we determined single-
nucleotide polymorphisms (SNPs) and SNP distances
by mapping assembled reads of each genome to a C.
diphtheriae reference strain (GenBank accession no.
NCTC13129) by using the Split Kmer analysis tool (S.R.
Harris, unpub. data, https:/ /doi.org/10.1101/453142).

Results

During the study period, 83 C. diphtheriae, 1 C. belfantii,
and 3 C. ulcerans infection cases were reported nation-
ally. No cases of C. pseudotuberculosis were reported.

C. diphtheriae Infections

The clinical categories for 83 C. diphtheriae culture-
positive cases were as follows: toxigenic respiratory
diphtheria (26/83 [31%] patients), cutaneous diph-
theria (22/83 [27%]), nontoxigenic infective endocar-
ditis (14/83 [17%]), asymptomatic (16/83 [19%]), and
nonspecific respiratory illness (5/83 [6%]) (Table 1;

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025
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Figure 1). Of the 83 patients, 50 (61%) were male and
32 (39%) female; sex was not recorded for 1 person.
Median age was 19 years (range 6 months-88 years).
DTP vaccination status was incomplete for 26% (5/19)
or unknown for 68% (13/19) of children <10 years of
age (only 1 child was fully vaccinated). One patient’s
throat was colonized with 2 different strains (23), re-
sulting in a total of 84 C. diphtheriae cultures. PCR and
culture results were 100% concordant for all samples.
The Elek tests correlated with PCR tox gene results for
all cultures; no NTTB isolates were identified.

Other Corynebacterium spp. Infections
Toxin-producing C. ulcerans was detected in 1 patient
>65 years of age who had suspected diphtheria in
2016. In 2017, C. ulcerans was reported in an elderly
patient with a pituitary adenoma; however, that iso-
late was not available for further characterization. In
2020, nontoxigenic C. ulcerans was isolated from a
uterine tissue sample from a 37-year-old patient with
a history of miscarriage. No information regarding
animal exposure, outcome, or DAT administration
was available for C. ulcerans cases.

C. belfantii (nontoxigenic) was isolated in 2023 from
a sputum sample from an elderly patient with nonspe-
cific respiratory illness. We identified the isolate as C.
diphtheriae by using mass spectrometry and PCR. We
classified the isolate as C. belfantii according to the ab-
sence of nitrate reductase genes and corresponding
inability to reduce nitrates, characteristic of C. belfan-
tii (32). Because C. belfantii has been reclassified from
a biovar to a separate Corynebacterium species (33), we
excluded this species from the C. diphtheriae dataset.

Respiratory Diphtheria

Respiratory diphtheria was diagnosed in 26 patients.
The case-fatality ratio among C. diphtheriae cases with
known outcomes was 35% (8/23) (Table 1). Eleven
cases, all toxigenic ST378, were from a community out-
break in KwaZulu-Natal during 2015 (23,34). A second
cluster of 3 diphtheria cases occurred in a correctional
services facility in the Western Cape in 2023, caused
by toxigenic ST906. The median patient ages were 10
(range 4-41) years in KwaZulu-Natal and 19 (range
18-20) years in Western Cape. The remaining 12 diph-
theria cases were sporadic and occurred in the same 2
provinces; bacteria strains were identified as ST378 (n
=9),5T905 (n =1), and ST906 (n = 2) (Table 2; Figure 2).

Infective Endocarditis

Endocarditis cases (n = 14) were caused by nontoxi-
genic C. diphtheriae; the case-fatality ratio was 60%
(6/10) among patients with known outcomes (Table 1).

419


https://www.ncbi.nlm.nih.gov/biosample
https://bigsdb.pasteur.fr/diphtheria
https://itol.embl.de
https://doi.org/10.1101/453142
http://www.cdc.gov/eid

SYNOPSIS

Table 1. Characteristics of Corynebacterium diphtheriae infection cases, South Africa, 2015-2023*

Cutaneous Nonspecific
Characteristics Respiratory diphtheria Endocarditis diphtheria respiratory illness Asymptomatic
No. patients/group 26 14 22 5 16
Toxin positive 26 (100) 0 2(9) 0 14 (88)
Year of bacteria isolation
2015 11 (42) 2 (14) 1(5) 1(20) 7 (44)
2016 2(8) 0 0 0 0
2017 4 (15) 2 (14) 1(5) 2 (40) 0
2018 2(8) 0 4 (18) 0 1(6)
2019 0 0 2(9) 1(20) 0
2020 1(4) 0 3(14) 0 0
2021 0 6 (43) 3(14) 1(20) 1(6)
2022 0 1(7) 4 (18) 0 0
2023 6 (23) 3(21) 4 (18) 0 7 (44)
Province
Gauteng 0 0 3(14) 1(20) 0
Western Cape 9 (35) 14 (100) 2(9) 2 (40) 8 (50)
Eastern Cape 0 0 12 (55) 1(20) 0
KwaZulu-Natal 17 (65) 0 4 (18) 1(20) 8 (50)
North West 0 0 1(5 0 0
Age category, y
0-4 3(12) 0 0 2 (40) 1(6)
5-9 4 (15) 4 (29) 0 0 4 (25)
10-19 10 (38 5 (36) 2(9) 1(20) 6 (38)
20-45 9 (35) 5 (36) 12 (55) 2 (40) 5(31)
>45 0 0 8 (36) 0 0
Patient sex
M 16 (62) 9 (64) 14 (64) 2 (50)t 9 (56)
F 10 (38) 5 (36) 8 (36) 2 (50) 7 (44)
Outcome
Died 8 (31) 6 (43) 0 0 0
Survived 15 (58) 4 (29) 9 (41) 1 (20) 16 (100)
Unknown 3(12) 4 (29) 13 (59) 4 (80) 0
Hospitalization
Inpatient 23 (88) 14 (100) 11 (50) 2 (40) 0
Outpatient 2(8) 0 10 (45) 2 (40) 16 (100)
Unknown 14 0 1(5 1 (20) 0
Vaccine history
Fully vaccinated for age 1(4) 1 0 1(20) 0
Incomplete/unvaccinated 7 (27) 0 0 0 0
Unknown/not recorded 18 (69) 13 (93) 22 (100) 4 (80) 16 (100)

*Values are no. (%). Total number of cases was 83.
TSex unknown for 1 person.

The median patient age was 14 (range 5-38) years, and
all cases were reported from the Western Cape. Five
of those cases were geographically and temporally
linked, and detailed clinical aspects have been previ-
ously described (35); 1 patient from the cluster reported
substance abuse (not intravenous), 1 had undergone a
mitral valve replacement, and the remaining 3 did not
have a known underlying illness or report a history of
substance/alcohol abuse. Among the remaining 9 en-
docarditis cases, 5 patients had underlying illness or
were substance abusers; underlying illnesses were not
captured for 4 of those patients. Although 6 STs were
identified, most (57% [8/14]) cases were caused by C.
diphtheriae ST885 (Table 2; Figure 2).

Cutaneous Diphtheria
Cutaneous diphtheria accounted for 27% (22/83) of C.

diphtheriae infections, reported from 5 of 9 provinces
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(Table 1). The median patient age was 38 (range 15—
88) years. Two cases, reported in 2020 (Eastern Cape)
and 2023 (KwaZulu Natal) were caused by toxigenic
ST378. The other 20 cases were a mixture of 10 non-
toxigenic (mostly unrelated) STs (Table 2; Figure 2).

Nonspecific Respiratory lliness and Asymptomatic
Carriers

Incidental isolation of nontoxigenic C. diphtheriae was
reportedin5/83 (6 %) patients during routine diagnos-
tic testing, representing 4 different sequence types; C.
diphtherige was isolated from 16/83 (19%) asymptom-
atic contacts of symptomatic patients who had labo-
ratory-confirmed C. diphtheriae (Tables 1, 2). During
the outbreak investigations, C. diphtheriae was isolat-
ed from 8/145 (6%) close contacts in KwaZulu-Natal
during 2015 and 6/151 (4%) close contacts in West-
ern Cape during 2023. During the KwaZulu-Natal
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Figure 1. Corynebacterium
diphtheriae infections according
to year and clinical illness
category, South Africa, 2015-
2023. Total number of cases
was 83.

outbreak, 6/8 (75%) asymptomatic contacts carried
the toxigenic outbreak strain (ST378) in their throats;
during the Western Cape outbreak, all asymptomatic
contacts carried the same toxigenic strain (ST906) as
the symptomatic patients. Asymptomatic contacts
did not develop respiratory symptoms.

Antimicrobial Susceptibility Profiles

Almost all C. diphtheriae isolates were intermediate-
ly resistant to penicillin (82/84 [98%]), amoxicillin
(83/84 [99%]), and cefotaxime (83/84 [99%]) (Ap-
pendix 1 Table). For penicillin, MIC,, was 0.25 pg/
mL and MIC,, was 0.5 pg/mL. For cefotaxime, MIC,,
and MIC, were 2 pg/mL. Eleven (13%) isolates were
intermediately resistant to tetracycline (MIC 8 png/
mL) and belonged to lineage ST885/SL31. All iso-
lates were susceptible to linezolid, meropenem, and

vancomycin. The 2 isolates from 1980 were suscep-
tible to penicillin, amoxicillin, and cefotaxime (peni-
cillin, MIC 0.03 pg/mL; amoxicillin and cefotaxime,
MIC 0.12 pg/mL). Four nontoxigenic isolates belong-
ing to different lineages were nonsusceptible to >3
drug classes. C. diphtheriae from 1 fatal case of infec-
tive endocarditis was nonsusceptible to 5 antimicro-
bial drugs, including penicillin (MIC 0.25 pg/mL)
and erythromycin (MIC 2 pg/mL), and was the only
isolate that was nonsusceptible to erythromycin and
also harbored the pbp2m gene.

C. diphtheriae Population Structure and Phylogeny

We identified 18 novel STs among 84 genomes from
83 patients (Table 2; Figure 2). The most prevalent STs
were toxigenic ST378 (29/84 [35%] isolates) and ST906
(12/84 [14%]) and nontoxigenic ST885 (11/84 [13%])

Table 2. Clinical characteristics of Corynebacterium diphtheriae isolates, South Africa, 2015-2023*

Clinical category No. isolates/total (%)

Sequence type/sublineaget

Total no. isolates 84 NA

Respiratory diphtheria 27/84 (32) NA
Toxin positive 26/27 (96) ST378/SL265, n = 20; ST905/SL393, n = 1; ST906/SL394, n =5
Toxin negativef 1/27 (4) ST395/SL31,n=1

Endocarditis 14/84 (17) NA
Toxin positive 0 NA

Toxin negative 14/14 (100)

ST391/SL52, n = 1; ST395/SL31, n = 2; ST743/SL31, n = 1; ST885/SL31,

n =8; ST887/SL31, n = 1; ST924/SL396, n = 1

Cutaneous diphtheria 22/84 (26) NA
Toxin positive 2/22 (9) ST378/SL265, n = 2
Toxin negative 20/22 (91) ST395/SL31, n = 5; ST608/SL259, n = 2§; ST885/SL31, n = 2;
ST886/SL389, n = 3; ST888/SL31, n = 2; ST890/SL390, n = 1;
ST891/SL391, n = 2; ST894/SL392, n = 1; ST896/SL31, n = 1;
ST964/SL397, n =1
Nonspecific respiratory illness 5/84 (6) NA
Toxin positive 0 NA
Toxin negative 5/5 (100) ST395/SL31, n = 1; ST886/SL389, n = 1; ST888/SL31, n = 1;

ST904/SL31,n=2
16/84 (19) NA
Toxin positive 14/16 (88) ST378/SL265, n = 7; ST906/SL394, n =7
Toxin negative 2/16 (13) ST395/SL31,n=1; ST885/SL31,n=1
*Total number of isolates was 84 from 83 patients. NA, not applicable; SL, sublineage; ST, sequence type.
TSublineage identified by using core genome multilocus sequence typing (26).
FOne patient with respiratory diphtheria harbored toxigenic ST378 and nontoxigenic ST395 in their throat.
§Sublineage not assigned for 1 isolate.
fiContacts of symptomatic patients (did not develop respiratory symptoms).

Asymptomatic carrierq
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Figure 2. Phylogenetic analysis of Corynebacterium diphtheriae isolates, South Africa, 2015-2023. Total number of isolates

was 84 from 83 patients. Isolate identification numbers are listed on the right side of the colored bars. Colored columns indicate
presence/absence of the tox gene, sequence type, sublineage, location of isolate, year isolate was collected, and clinical infection
type. Neighbor-joining tree was generated by using the core genome multilocus sequence typing scheme in the Insitut Pasteur
Bacterial Isolate Genome Sequence C. diphtheriae database (https://bigsdb.pasteur.fr/diphtheria). Tree was visualized by using
iTOL (https://itol.embl.de) and rooted by using a tox gene—negative C. diphtheriae genome (no. 1597 at top) isolated from South
Africa circa 1980 (clinical isolate with no available clinical or demographic data). Scale bar indicates nucleotide substitutions per
site. ST, sequence type.
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and ST395 (10/84 [12%]). Toxigenic and nontoxigenic
isolates had mutually exclusive STs with no overlap.
We identified 12 SLs among 83 isolates (an SL was not
assigned for 1 isolate because of poor sequence quality)
by using cgMLST (Table 2). SL265 (29/83 [35%]) was
exclusively found in ST378 isolates, and SL394 (12/83
[14%]) was only found in ST906 isolates. Pairwise SNP
distances were <100 SNPs for both ST378 and ST906
isolates. We observed the same pairwise SNP distance
for ST885 isolates except for 1 isolate (from 2017), which
differed by 1,632-1,646 SNPs from other ST885 isolates
(Appendix 2 Table 1, https:/ /wwwnc.cdc.gov/EID/
article/31/3/24-1211-App2.pdf).

spuA and Virulence-Associated Genes

PCR and the diphtOscan pipeline confirmed the pres-
ence of the fox gene in 42/84 (50%) isolates (Appendix
1). We assessed the potential effect of amino acid mu-
tations on toxin structure as previously described (36)
and identified 3 toxin variants: fox gene variant 6 (toxin
group 8) associated with ST378 (n = 29), tox variant 16
(toxin group 7) associated with ST905 (n = 1), and tox
variant 29 (not assigned to a toxin group) associated
with ST906 (n = 12). fox variants 6 and 16 shared a low
impact mutation (T262A), and fox variant 16 had an ad-
ditional moderate impact mutation (V233A). Using the
spuA gene as a proxy for biovar gravis, 20/42 (48%)
nontoxigenic isolates harbored spuA and represented a
mixture of 8 STs. All toxigenic isolates were classified as
biovar mitis according to the absence of spuA. The spa-
like pili (adhesin) genes spaA, spaH, and spaD and chtAB
(iron uptake) were absent from all toxin-positive isolates
but were present in most toxin-negative isolates (spaA,
37/42 [88%); spaH, 20/42 [48%]; spaD, 33/42 [79%]; and
chtAB, 37 /42 [88%]) (Appendix 2 Table 2).

Virulence gene profiles were mostly conserved
among isolates representing the predominant, out-
break-associated ST378 and ST 906 (respiratory diphthe-
ria) and ST885 (endocarditis) lineages. The spaA, spaH,
spaD, and chtAB genes were absent in ST378 and ST906,
whereas all (with the exception of spaH) were present
in ST885 (Appendix 2 Table 3). I[rp2ZABCDEFGHI (sid-
erophore biosynthesis) and iron uptake system genes
irp2JKLMN and htaA-hmuTUV-htaBC were present in all
ST378 and ST906 genomes but absent in ST885.

Discussion

We provide insight into the types, pathogenicity, and
characteristics of C. diphtheriae infections after their
reemergence in South Africa in 2015. Intermediate re-
sistance to penicillin for almost all isolates indicates
real-time monitoring of treatment outcomes is critical
to identify emerging clinically significant resistance.
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Infections were caused by diverse and novel genotypes,
confirming the genetic heterogeneity and phylogeo-
graphic clustering of C. diphtheriae described in other
countries (17,36); however, outbreak-associated lineag-
es were highly conserved even among sporadic cases.
Patients with cutaneous diphtheria and nonspecific re-
spiratory illness and asymptomatic carriers promote on-
going transmission, providing a reservoir of strains for
genetic exchange. The reemergence of diphtheria has
increased awareness among clinicians and diagnostic
laboratories in South Africa and highlights the impor-
tance of surveillance and active case management for all
C. diphtheriae cases irrespective of clinical symptoms.
Diphtheria-related deaths in our study were
higher (6%-24%) than those reported in other settings
(37,38), likely caused by several factors, such as in-
complete vaccination and lack of booster doses, de-
lays in seeking healthcare, lack of accurate symptom
onset dates, and limited availability and timely ad-
ministration of DAT. Our findings highlight the lack
of systematic data collection (often unknown or not
captured in detail). Data collection methods need im-
provement to properly assess risk factors associated
with diphtheria-related deaths in our setting.
Diphtheria outbreaks are usually associated with
inadequate vaccination coverage (39). During the
KwaZulu-Natal community outbreak in 2015, cover-
age for the primary series of diphtheria vaccinations
in the province was high (96%); however, coverage
was substantially lower for the 18-month (83%), 6-year
(56%), and 12-year (20%) booster doses (23). Vaccination
coverage during the second diphtheria cluster in the
Western Cape in 2021-2023 was >80% for the primary
series, declining to <80% for the 18-month dose; tetanus-
diphtheria boosters at 6 and 12 years were inadequate
at <50% (C. Lawrence, unpub. data). Vaccine coverage
in KwaZulu-Natal and the Western Cape was compa-
rable to that in other provinces (40), and increased clini-
cal awareness in those 2 regions might have contribut-
ed to the higher number of detected cases. The World
Health Organization and United Nations Children’s
Fund (https://immunizationdata.who.int) have esti-
mated that DTP3 vaccination coverage in South Africa
has been consistently >80% since 2014; however, inac-
curacies in data reporting and data quality exist in South
Africa, and coverage might be lower. Similar to the case
for other countries, disruption in immunization services
and changes in healthcare-seeking behavior occurred
in South Africa during the COVID-19 pandemic. The
number of reported cases of C. diphtheriae is too low to
directly measure the effects of the COVID-19 pandem-
ic. However, transmission of other respiratory patho-
gens was interrupted because of social distancing and
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nonpharmaceutical interventions (41), which likely
holds true for C. diphtheriae transmission.

A cluster of geographically linked cases of C. diph-
therige endocarditis among young adults in 2021 with a
high death rate indicates that nontoxigenic C. diphthe-
rige infections should not be overlooked (35). Although
infective endocarditis cases are mostly sporadic, out-
breaks caused by single clones have been reported
and, similar to our cases, risk factors included drug
use, homelessness, and underlying illnesses (42,43).

In South Africa, toxin production confirmation is
usually performed at the national reference laboratory,
making it possible to monitor all forms of disease and
detect other Corynebacterium spp. Cutaneous C. diph-
therige and C. ulcerans cases have been increasingly re-
ported in Europe, partly because of changes in labora-
tory testing methods and guidelines (6). C. ulcerans is
predominantly zoonotic but can also cause diphtheria-
like illness and be toxigenic, requiring treatment and
public health actions similar to those used for C. diph-
theriae infections.

NTTB strains have not been reported in South
Africa, and we did not identify clones that had
both toxigenic and nontoxigenic properties. Poland
and Germany have both reported nontoxigenic ST8
strains isolated from blood, cutaneous, and respira-
tory tract specimens (4,44). Toxigenic C. diphtheriae
ST8 was responsible for the extensive respiratory
diphtheria outbreak in the former Soviet Union in the
1990s (4,44). ST8 has transformed to a less virulent,
nontoxigenic variant, which presumably sustains its
spread among highly vaccinated populations in Eu-
rope. Molecular typing data from Africa are limited,
but nontoxigenic and toxigenic isolates with the same
genotype (ST377) were recently isolated from 2 immi-
grants from West Africa who had cutaneous diphthe-
ria (18). Those findings stress the importance of moni-
toring all manifestations of C. diphtheriae disease.

In South Africa, diphtheria case management
and prophylaxis for close contacts of diphtheria pa-
tients involves administering either penicillin or mac-
rolides. Emerging penicillin resistance in different
countries prompted the World Health Organization
to update its guidelines in 2024 to recommend the
use of macrolides in preference to 3-lactams (https://
www.who.int/teams/health-care-readiness/ clinical-
management-of-diphtheria). Until recently, MIC
breakpoints for antimicrobial resistance have been
undefined; however, CLSI updated its guidelines in
2015 to include interpretative criteria to define non-
susceptibility. Interpretation is complicated by dif-
ferent breakpoints to determine penicillin nonsus-
ceptibility (MIC >4 pg/mL in CLSI guidelines and
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>1 pg/mL in EUCAST guidelines; https://www.
eucast.org/clinical_breakpoints). Two genomic stud-
ies using geographically representative datasets
demonstrated that the pbp2m gene correlates with a
penicillin-resistant phenotype (17,27); however, other
studies showed intermediate-resistant isolates did
not necessarily harbor pbp2m (18,45,46). The contri-
bution of other pbp genes to -lactam resistance and
increased MICs has not been conclusively established
(46). Furthermore, the clinical significance of interme-
diate resistance to penicillin is not fully understood,
and it remains critical to monitor treatment failures
(for symptomatic cases) and failure to eradicate car-
riage in close contacts of diphtheria patients.

C. diphtheriae is subdivided into biochemically dis-
tinct biovars that could be associated with increased
severity (47). Differentiation can be technically challeng-
ing and earlier genomic studies could not confidently
differentiate biovars (48). Studies have shown concor-
dance between the spuA gene and biovar gravis (17,49).
Gravis isolates are largely nontoxigenic (mitis isolates
are mostly toxigenic) (18), which was consistent with
our findings. We did not find a clear distinction among
mitis and gravis virulence gene profiles among nontoxi-
genic isolates in our dataset. We observed an absence
of spa-type pili genes in toxigenic isolates, which were
present in the nontoxigenic endocarditis clone ST885.
The spa-type pili are adhesins that play a major role in
host cell invasion (50). Genomic data can identify toxin
variants and predict the extent to which amino acid mu-
tations might affect virulence and vaccine toxoid match
(36). None of the toxin variants in our isolates harbored
mutations likely to cause vaccine escape.

Our findings help elucidate C. diphtheriae disease
epidemiology, pathogen characteristics, and trans-
mission networks in South Africa. The high case-
fatality ratio and ongoing circulation of toxigenic
strains among asymptomatic carriers and cutaneous
diphtheria patients stresses the importance of notify-
ing all suspected and laboratory-confirmed cases and
implementing prompt public health action and treat-
ment to reduce transmission and death. Improved
DTP vaccination coverage and improved coverage
for booster doses is urgently needed and aligns with
the life-course immunization model, which promotes
the idea that prevention is better than cure by vacci-
nating persons throughout their lifespan.
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Genetic Diversity and Geographic
Spread of Henipaviruses

Yakhouba Kane, Betty Nalikka, Alexander Tendu, Victor Omondi,
Kathrina Mae Bienes, Abdou Padane, Veasna Duong, Nicolas Berthet, Gary Wong

Henipaviruses, such as Hendra and Nipah viruses, are
major zoonotic pathogens that cause encephalitis and
respiratory infections in humans and animals. The recent
emergence of Langya virus in China highlights the need
to understand henipavirus host diversity and geographic
spread to prevent future outbreaks. Our analysis of the
National Center for Biotechnology Information Virus
and VIRION databases revealed ~1,117 henipavirus
sequences and 142 complete genomes. Bats (64.7%)
and shrews (11.7%) dominated the host species record,
and the genera Pteropus and Crocidura contained
key henipavirus hosts in Asia, Australia, and Africa.
Henipaviruses found in the Eidolon bat genus exhibited
the highest within-host genetic distance. Phylogenetic
analysis revealed batborne and rodent- or shrew-derived
henipaviruses diverged ~11,000 years ago and the first
known lineage originating in Eidolon genus bats ~9,900
years ago. Pathogenic henipaviruses diverged from their
ancestors 2,800-1,200 years ago. Including atypical
hosts and regions in future investigations is necessary to
control future outbreaks.

enipaviruses belong to the family Paramyxoviri-

dae, a group of enveloped, single-stranded RNA
viruses (1). During the past 3 decades, henipaviruses
have gained considerable attention because of their
zoonotic potential, causing severe and often fatal
encephalitis and respiratory disease in humans and
animals (2). Outbreaks caused by Hendra virus (HeV)
and Nipah virus (NiV) were linked to bats and are
particularly deadly to humans, exhibiting case-fatal-
ity rates of 75% for HeV infection and 40%-80% for
NiV infection (3,4). The emergence of HeV in Austra-
lia in 1994 and of NiV in Malaysia during 1998-1999,
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Bangladesh and India beginning in 2001, and the
Philippines in 2014 demonstrated the viruses’ ability
to infect humans and various domestic animals, caus-
ing devastating effects (5-12).

Henipaviruses ecology and distribution patterns
rely on reservoir host circulation, with spillover
leading to sporadic outbreaks (13,14). Studies focusing
on pteropid bats revealed diverse henipaviruses
and henipa-like viruses in South and Southeast
Asia, China, Australia, and Africa and recently in
Europe and South America (5,15-22). Most HeV and
NiV infections in humans come from contact with
contaminated fruits or domestic animals (13,23). The
broad distribution of henipaviruses and discovery
of new hosts suggests inconsistent surveillance and
unidentified potential hosts.

The discovery of emerging henipaviruses, such
as Mojiang virus (MojV) and Langya virus (LayV),
highlights the threat to humans might extend
beyond HeV and NiV (20,24). MojV is a nonbat
henipavirus that was detected in a cave-rat in the
Yunnan Province of China after 3 miners died in 2012
from a severe pneumonia with unknown etiology
(24). LayV, a recently discovered shrewborne
henipavirus, was detected in febrile patients in China
in 2018, and spillover events were estimated to have
occurred during 2018-2022 (20). In Africa, molecular
and serologic data supported the circulation of
henipaviruses in bats and domestic animals, with
evidence of spillover into humans without observable
clinical disease (16,25,26).

Efforts to develop henipavirus vaccines and
antiviral drugs led to promising candidates in
various stages of development, including DNA- and
mRNA-based vaccines and neutralizing antibody
products (27-30). However, no licensed vaccine
is available for human use, and treatments remain
limited to supportive care. Since 2012, only the
Equivac vaccine is licensed for horses in Australia
(31). The growing threat of henipaviruses and
the possibility of human-to-human transmission

427


http://www.cdc.gov/eid
https://doi.org/10.3201/eid3103.241134

SYNOPSIS

underscore the importance of studying henipavirus
host distribution and assessing outbreak risks (7).

In this study, we aimed to increase understanding
of the henipavirus host spectrum and distribution
patterns by analyzing existing data from public
repositories. We focused on henipavirus infections in
nonhuman mammals to assess the spatial distribution
of these viruses and the diversity of their associated
hosts. We further assessed the origin, diversification,
and cross-species transmission of henipaviruses. In
this article, we have defined the term reservoir or
reservoir host as the animal species that repeatedly
tested positive for henipavirus, shed infectious
viruses, and supported long-term viral maintenance
across locations. We have defined an accidental
host as an animal species that tested positive for
henipavirus but does not necessarily support its
sustained transmission or maintenance, often acting
as a dead-end host.

Materials and Methods

Data Collection and Processing

We searched for available sequence data of the family
Paramyxoviridae in the National Center for Biotechnolo-
gy Information (NCBI) Virus database (https://www.
ncbinlm.nih.gov/labs/virus) on December 11, 2023,
by using the keyword “Paramyxoviridae,taxid:11158”
and downloaded the results. We downloaded the se-
quence metadata and included the columns relevant
for this study (Appendix Table 1, https:/ /wwwnc.cdc.
gov/EID/article/31/3/24-1134-Appl.xlsx). We re-
moved the rows corresponding to accessions without
confirmed host and laboratory generated sequences.
We excluded animal-derived henipavirus sequences
<100 bp from the analysis because of frequent lack
of host or country information. We collected host
data for henipaviruses from the VIRION database,
the atlas of vertebrate viromes (32). We removed re-
cords from the analysis that were not taxonomically
resolved to the NCBI backbone or had uncertainty in
host identification.

We performed a descriptive analysis of henipavirus
hosts by using R packages dplyr and ggplot2 v.3.5.1
(https:/ / ggplot2.tidyverse.org). This analysis included
filtering and summarizing the metadata, saving unique
host data, and creating visualizations, including a
temporal trend of sequence submission and a heatmap
to represent host species distribution. We created a
choropleth map visualizing total henipavirus sequences
by country and the number of unique host genera
of henipavirus across countries by using Python
packages geopandas (Zenodo, https://zenodo.org/
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records/3946761), matplotlib, and pandas (Python,
https:/ /pandas.pydata.org) to filter and group meta-
data and merge with world shapefile.

Evolutionary Divergence and Spread of Henipaviruses
We screened a total of 167 henipavirus sequences
(>14,000 bp), including 142 complete genomes, to fil-
ter out sequences with unknown nucleotides >0.05%
and aligned by using MAFFT version 7.505 with the
default parameters (33). We trimmed the alignment
by using TrimAl 1.2rev57 and the duplicated se-
quences dropped with Seqkit version 2.8 (34,35). We
used ModelFinder implemented in IQ-TREE2 to de-
tect the best-fit model (36). To assess the relatedness
of henipaviruses across host groups, we computed
the mean genetic distance of henipaviruses within
and between host genera by using MEGA version
11.0.13 (https://www.megasoftware.net) with the
following settings: 500 bootstrap replications, Kimura
2-parameter model, gamma distributed with gamma
parameter set to 4 (37).

We performed a Bayesian time-resolved
phylogeny and ancestral host reconstruction by using
BEAST version 1.10.4 with host genus and country as
discrete characters (38). We used Bayesian discrete
phylogeographic method implemented in BEAST
to construct the ancestral hosts. Because we found
no temporal signature, BEAST analysis was based
on a fixed substitution rate of 1.0 substitutions per
site per unit of time. We ran the analysis for a total
of 200 million iterations and collected samples every
20,000 generations. We used the Hasegawa-Kishino-
Yano substitution model, a strict molecular clock,
and a constant size coalescent prior (39). We chose
those settings to ensure comprehensive sampling of
the posterior distribution. We assessed convergence
of the Markov Chain Monte Carlo chains by using
Tracer version 1.7, where parameters were checked
for sufficient effective sample sizes and the first 10%
of iterations were discarded as burn-in (40). We
used the remaining samples to generate maximum
clade credibility trees, which were visualized by
using FigTree version 1.4.4 (http://tree.bio.ed.ac.
uk/software/figtree) to interpret the phylogenetic
relationships and divergence times within the
dataset. In addition, we performed ancestral sequence
reconstruction by using the empirical Bayesian
method implemented in IQ-TREE 2.3.2 with the
following parameters: the ModelFinder Plus model
selection, DNA sequence type, ancestral sequence
reconstruction, and 1,000 ultrafast bootstrap replicates
(41). This method enables the reconstruction of the
most likely ancestral states at each node of the tree,
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accounting for model uncertainty and providing
robust support for inferred ancestral sequences.

Results

Temporal Trend and Major Host Groups of
Paramyxoviruses

We visualized the temporal trend of paramyxovirus
sequences in GenBank (Figure 1, panel A). A total of
~69,000 paramyxovirus sequences were identified,
and 8.6% (n = 5,841) were complete genomes. Se-
quences of Morbillivirus, Orthorubulavirus, and Respi-
rovirus are predominantly human-associated, where-
as Orthoavulavirus sequences primarily originate from
avian hosts and henipavirus sequences primarily
originate from nonhuman mammal hosts (Figure 1,
panel B). Since 2002, paramyxovirus sequences have
increased exponentially, with noted reductions in
2012,2015, 2018, and 2020 (Figure 1, panel A). Henipa-
viruses accounted for ~1,117 nucleotide sequences,
including 859 from nonhuman mammals. Among
the 142 complete henipavirus genomes recorded, 90
originated from nonhuman animals, largely from the
genera Crocidura and Pteropus (20).

Henipavirus Host Range

Henipaviruses showed the potential to infect diverse
mammalian taxonomic groups. Our analysis revealed
668 henipavirus records involving 51 unique mammal
species distributed among 25 genera and 13 families
(Figures 2, 3; Appendix Table 2). Most henipavirus
host records were associated with wild mammals and
bats and shrews identified as the key animal group

Genetic Diversity and Geographic Spread of Henipaviruses

hosts. Although henipavirus detection spans 51 spe-
cies, not all species act as competent hosts with virus-
shedding and transmission capabilities.

The proportions of henipavirus detection rate
across host families and genera vary (Figure 3).
Bats (order Chiroptera) represent the most diverse
host group for henipaviruses, comprising 64.7% of
the total host species (Figure 2; Appendix Table 2).
Those records involve 4 bat families: Hipposideridae,
Pteropodidae, Rhinolophidae, and Vespertilionidae.
Of note, =65% of NiV detection involved the
Pteropodidae family, and other bat families had a
relatively low detection rate: 5.6 % for Hipposideridae,
3.7% for Rhinolophidae, and 6.6% for Vespertilionidae
(Figure 3, panel A).

The family Pteropodidae is the most diverse,
encompassing 8 genera previously known to
host henipaviruses: Cynopterus, Dobsonia, Eidolon,
Eonycteris, Epomophorus, Hypsignathus, Pteropus,
and Rousettus. Within those genera, henipaviruses
were detected in 25 species, with the genus Pteropus
displaying detection records of 28.8% for HeV and
40.3% for NiV, involving various species such as P.
vampyrus, P. hypomelanus, and P. medius (formerly
b. giganteus) (Figure 3, panel B). The family
Vespertilionidae comprised 2 genera, Myotis, with
a detection record of ~3%, and Scotophilus, with
a detection record of <2%, and 3 species, Myotis
daubentonii, Myotis ricketti, and Scotophilus kuhlii. The
family Hipposideridae includes the single genus
Hipposideros, accounting for 3.7% of NiV instances,
with 3 involved species: H. armiger, H. larvatus, and
H. pomona. The family Rhinolophidae consists of the

Figure 1. Trend in paramyxovirus sequences submitted to the National Center for Biotechnology Information Virus database (https://
www.ncbi.nlm.nih.gov/labs/virus), 1980-2023. A) Sequence count by collection year, showing all complete and partial sequences
compared with all henipaviruses. B) Virus genera and sequence counts by major host group from the VIRION database (32).
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Figure 2. Numbers of henipavirus species by host group for sequences submitted to the National Center for Biotechnology Information
Virus database (https://www.ncbi.nim.nih.gov/labs/virus), 1980-2023. Host groups from the VIRION database (32) are represented at

the genus level.

genus Rhinolophus and exhibits 2.5% NiV detection
records with 2 species: R. affinis and R. sinicus.

Shrews (family Soricidae) have emerged as a
major group of Henipavirus hosts, accounting for
11.7% of recorded henipavirus host species (Figures
2, 3; Appendix Table 2). They are distributed across
2 genera: Chodsigoa, with 2 species (C. hypsibia and C.
smithii), and Crocidura, with 4 species (C. attenuata,
C. lasiura, C. shantungensis, and C. tanakae). Of note,
>85% of LayV instances were recorded in shrews of
the genus Crocidura.

Rodents (order Rodentia) represented =9.8% of
henipavirus host species records, involving 2 families,
Cricetidae and Muridae. The family Muridae is more
diverse, comprising 3 genera: Apodemus, Mus, and
Rattus. The identified species within those genera are
A. agrarius, M. musculus, R. rattus, and R. tanezumi.
The family Cricetidae includes the genus Myodes, and

the single species M. rutilus is associated with >14%
of LayV detection record.

Our data revealed a spectrum of domestic
animals with evidence of henipavirus infection.
Bovids (Bovidae) and swine (Suidae) each accounted
for =3.9% of the host species records. Bovines
encompassed 2 genera: Bos (B. taurus) and Capra (C.
hircus), with 3.7% of NiV instances, whereas swine
are represented by the single genus, Sus (S. scrofa and
S. crofa domesticus), accounting for 6.6% of NiV.

Canids (Canidae), equids (Equidae), and felids
(Felidae) each represent ~1.9% of the host species
records. Canids are represented by the genus Canis
and the species C. lupus, in which 2.8% NiV instances
were identified. Equids included the single genus
Equus, specifically E. caballus (the domestic horse). Of
note, HeV was predominantly detected in domestic
horses, with over 72.8% occurrences, compared with

Figure 3. Proportional counts of henipaviruses by host family and genus for sequences submitted to the National Center for
Biotechnology Information Virus database (https://www.ncbi.nlm.nih.gov/labs/virus), 1980-2023. A) Virus detection proportions across
host families. B) Virus detection proportions across host genera. AngV, Angavokely virus; CedPV, Cedar virus; GnV, Ghana virus; HeV,

Hendra virus; LayV, Langya virus; NiV, Nipah virus.
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1.8% for NiV. Felids were represented by the genus
Felis; the species F. catus (the domestic cat) was
involved in 1.8% of NiV instances.

Geographic Distribution of Henipavirus Hosts

Our analysis is on the basis of henipavirus sequence
records across many countries from the NCBI Vi-
rus database. The dataset comprises information on
the geographic occurrence of potential henipavirus
hosts. We identified a total of 806 of 859 henipavirus
records involving diverse animal host species span-
ning ~11 mammal genera from 13 countries (Figure
4). Although the presence of henipavirus sequences
in a host species may indicate exposure or infection,
the reservoir status for many of those hosts remains
unverified.

China contributed >50% (446) of henipavirus
sequence records with a diverse array of hosts
including 1 bat genus (Eonycteris), 3 rodent genera
(Apodemus, Myodes, Rattus), and 2 shrew genera
(Chodsigoa, Crocidura). Of note, most of those records
involve shrews, particularly the genus Crocidura and
the species C. lasiura, suggesting those small mammals
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are major henipavirus carriers in China. In addition,
2 shrew species, C. lasiura and C. shantungensis, were
found infected with henipaviruses in South Korea.

In mainland Southeast Asia, bat species of the
genus Pteropus emerged as a primary host group for
henipaviruses. In Bangladesh and India, the Indian
flying fox (P. medius) is the reservoir of henipaviruses.
Henipavirus instances in Malaysia were linked to 2
Pteropus species, P. hypomelanus and P. vampyrus,
although some occurrences were noted in domestic
animals including pigs (S. scrofa, S. scrofa domesticus)
and dogs (C. lupus familiaris). In Indonesia, the
large flying fox (P. vampyrus) was identified as
a henipavirus host. In Cambodia and Thailand,
henipavirus occurrences were primarily associated
with the common fruit bat (P. lylei). P. hypomelanus
bats also contributed to a small portion of henipavirus
records in Thailand.

In Australia, henipaviruses are primarily linked
to bat species within the genus Pteropus. The black
flying fox (P. alecto), the spectacled flying fox (P.
scapulatus), and the gray-headed flying fox (P.
poliocephalus) are prominent reservoir host species

Figure 4. Geographic distribution of
henipavirus hosts by country on the
basis of henipavirus sequences in
the National Center for Biotechnology
Information Virus database (https://
www.ncbi.nlm.nih.gov/labs/virus) as
of December 11, 2023. A) Number

of henipavirus sequences in each
country. B) Henipavirus host diversity
at country level, estimated by
calculating the sum of animal genera
per country. The habitat range of
pteropodids is circled in blue and the
shrew genus Crocidura in light green.
C) Henipavirus host species for each
animal genus across countries.
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for henipaviruses in this region. In addition, equids
such as E. caballus are henipavirus hosts of note in
this region.

In Africa, we identified the bat genus Eidolon as a
critical host group of henipaviruses. In Madagascar,
the Madagascan fruit bat (E. dupreanum), an endemic
and vulnerable species, is a prominent host for
henipaviruses. In West Africa, henipaviruses
occurrences were noted in the straw-colored fruit
bat (E. helvum) in Ghana and in the shrew species
C. grandiceps in Guinea. In Europe, henipaviruses
occurrence has also been confirmed with another
shrew species, C. russula, as the only identified host
in Belgium.

Evolutionary Divergence and Cross-Species
Transmission of Henipaviruses

We investigated the evolutionary distances of henipa-
viruses within and between their diverse hosts (Fig-
ure 5, panels A, B). Henipaviruses from the bat genus
Eidolon exhibited the highest within-host genetic dis-
tance (D = 0.92), followed by those from the shrew
genera Chodsigoa (D = 0.62) and Crocidura (D = 0.49)
(Figure 5, panel A). In contrast, the bat genus Pteropus
showed relatively low within-host genetic distance
(D = 0.18) for henipaviruses, and henipaviruses from
swine and equid showed almost no diversity (D<0.1).
The analysis of the genetic distances of henipaviruses
between host groups showed a clear dichotomy be-
tween small nonflying and flying mammal henipavi-
ruses (Figure 5, panel B). Rodents and shrews shared
more closely related henipaviruses, whereas bats of
the genus Pteropus had henipaviruses similar to those

found in domestic animals. Of note, henipaviruses
from Eidolon genus bats appeared distantly related to
all other host groups.

We performed ancestral host reconstruction of
henipaviruses by using both a Bayesian discrete phy-
logeographic approach in BEAST and an empirical
Bayesian method in IQ-TREE. Because both methods
yielded similar results, we generated the phylogenet-
ic tree from IQ-TREE and a BEAST-derived tree (Fig-
ure 6, panels A, B). Phylogenetic analysis supported
the results of the genetic distances of henipaviruses,
displaying 2 main branches: 1 consisting of batborne
henipaviruses and another of rodent- and shrew-de-
rived henipaviruses.

The time-calibrated Bayesian phylogeny
supported the divergence of 2 main clades ~11,000
years ago (95% highest posterior density [HPD]
15,500-8,200 years) (Figure 6, panel B). Considering
host genera as discrete character states, henipaviruses
likely originated in African fruit bats of the genus
Eidolon (Figure 6, panels A, B; Appendix Table 1).
The Madagascan fruit bat hosts the earliest known
henipavirus lineage, other lineages in bats likely
emerged from these early lineages =~9,900 years
ago (95% HPD 14,010-7,400 years). Pathogenic
henipaviruses, including HeV, LayV, NiV, and MojV,
showed a recent divergence from their sister clades
~2,800-1,200 years ago (Figure 6, panel B). Rodent and
shrew henipaviruses displayed an evolutionary origin
in the shrew genus Crocidura.

Bat-derived henipaviruses, including NiV and
HeV, emerged from the bat genus Pteropus. The
zoonotic transmission of those viruses involved

Figure 5. Evolutionary divergence and spread of henipaviruses for sequences submitted to the National Center for Biotechnology
Information Virus database (https://www.ncbi.nlm.nih.gov/labs/virus), 1980-2023. A) Genetic distance of henipaviruses within host
genera. B) Genetic distance of henipaviruses between host genera. SE, standard error.
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Figure 6. Time-calibrated phylogenetic trees showing the evolutionary divergence and spread of henipaviruses for sequences submitted
to the National Center for Biotechnology Information Virus database (https://www.ncbi.nlm.nih.gov/labs/virus), 1980-2023. A) Ancestral
host tree demonstrating divergence of hosts and countries of origin. Scale bar indicates relative number of substitution events per site
per unit of time. B) Time-calibrated Bayesian phylogeny showing the divergence times for henipaviruses. The node bars indicate 95%
HPD. The divergence between batborne and shrewborne henipaviruses occurred 11,000 (95% HPD 15,500-8,200) years ago. AngV,
Angavokely virus; CedPV, Cedar virus; HeV, Hendra virus; HPD, highest posterior density; LayV, Langya virus; MojV, Mojiang virus, NiV,

Nipah virus.

various domestic animals such as horses for HeV
and dogs and pigs for NiV, which indicates potential
cross-species transmission of henipaviruses (Figure
6, panels A, B). Furthermore, the increased diversity
of Crocidura shrew henipavirus lineages, along with
their close phylogenetic relatedness to other shrew
and rodent henipaviruses, suggests shrews might
play a critical role as reservoirs and vectors (Figure
6, panels A, B).

Discussion

In this study, we analyzed the host and geographic
range of henipaviruses by using data from public
repositories. Henipaviruses showed a broad host
range infecting =13 mammal families, including
bats, rodents, and shrews, predominantly in Africa,
Australia, East Asia, South Asia, and Southeast Asia.
Megabats within the genus Pteropus displayed a
high diversity of henipavirus host species. Because
most sampling events targeted pteropodid bats,
comprehensive studies are needed to accurately as-
sess the roles of species from other bat families (42).
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Shrews and rodents have emerged as major nonbat
hosts, which is critical because of their widespread
distribution and ability to host zoonotic pathogens
such as hantaviruses and bornaviruses (43). Shrews
and rodents’ ability to host henipaviruses suggests a
broader ecologic and epidemiologic role for those an-
imals than previously recognized, and further study
would be beneficial to understanding factors leading
to henipavirus maintenance and transmission among
these animals.

The geographic spread and discovery of novel
nonbat hosts, particularly in China, suggests increased
global attention of henipaviruses (18,44). China likely
contains more henipavirus sequence records with a
high diversity of nonbat hosts involving shrews and
rodents. The emergence of LayV as the first nonbat
henipavirus to cause disease in humans indicates
potential roles for shrews in zoonotic transmission
(Figure 7). Moreover, the prominence and the
extensive distribution of shrews, particularly of the
genus Crocidura, suggests those small mammals as
a potential reservoir for henipaviruses in East Asia.
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Of note, the antigenic profile of LayV and MojV
were found to be distinct from NiV, emphasizing
the effect of henipavirus diversification along their
hosts and the potential difficulty to develop a vaccine
that can cover both bat and rodent or shrew derived-
henipaviruses (45). In addition, the route for the
zoonotic transmission of LayV and its geographic
extent necessitates further study.

In regions highly affected by pathogenic
henipavirus diseases, including South and Southeast
Asia and Australia, henipavirus records mostly
involve bats of the genus Pteropus, although other
bat genera may play roles in the maintenance of
henipaviruses. Expanding henipavirus sampling to
Africa, Europe, and South America has improved
understanding of host range, thereby expanding the
geographic extent of henipavirus endemicity from its
traditionally known regions (17-19,25,42-44). Even
with those efforts, henipavirus studies outside of Asia
and Australia remain scarce, potentially overlooking
other henipavirus reservoirs.

Henipaviruses from Eidolon genus bats showed
increased genetic diversity, likely because of their

434

wide geographic distribution and diverse ecologic
niches. Rodents and shrews share closely related
henipaviruses, whereas bats, particularly from the
genus Pteropus, harbor henipaviruses related to those
found in domestic animals. This relation suggests
host-specificadaptations and evolutionary pressures.
Ancestral host reconstruction pointed to the African
fruit bats (genus Eidolon) as the henipavirus origin.
The earliest known henipavirus lineage dates back
~9,900 years, suggesting a longstanding association
with African fruit bats (16,45). The recent divergence
of pathogenic henipaviruses aligns with their
emergence as major zoonotic threats, emphasizing
the dynamic nature of henipavirus evolution and
the potential for sudden outbreaks. Rodent and
shrew henipaviruses likely originated in Crocidura
shrews. The close phylogenetic relationship between
henipaviruses from those animal groups highlights
active host-switching events (Figure 6, panel A).
Moreover, the hopping of bat-derived henipaviruses
from pteropodid bats to diverse domestic animals
underscores the need for monitoring regions with
major reservoirs (Figure 7).

Figure 7. Flowchart showing

the potential for host switching

of henipaviruses and the routes
for potential spillover events.

The question marks indicate
unconfirmed transmission routes.
HeV, Hendra virus; LayV, Langya
virus; NiV, Nipah virus.
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Despite increased paramyxovirus data, several
abrupt declines during major events (severe acute
respiratory syndrome in 2002, Middle East respiratory
syndrome in 2012, Ebola and Zika in 2014-2016, Ebola
in 2018, and COVID-19 in 2020) were noted (Figure
1, panel A). Those observations suggest the effect of
global outbreaks on existing surveillance efforts. The
limited number of henipavirus sequences, specifically
complete genome sequences, limits the understanding
of their diversity and evolution. Of note, despite
evidence of zoonotic spillover of henipaviruses in
Africa, only 2 full genomes were publicly available
during this study.

Public repositories in virus research led to
various challenges because of incomplete data and
reporting inconsistencies. During data collection,
the first marsupialborne henipavirus sequence was
not available online (18). Regions may be
underrepresented because of serologic method or
PCR use without GenBank records, as observed
in the Republic of the Congo, the Democratic
Republic of the Congo, Cameroon, and South
Africa (16,44). Those challenges with public data
collection highlight the importance of improving
online repositories to provide more comprehensive
and accurate information. However, it is crucial
to recognize that most of those limitations are
consequences of the limited resources and logistic
challenges faced by field researchers and affecting
their data collection. Because of those challenges,
it is difficult to expect standardized collection of
surveillance data from all regions. However, focusing
efforts on long-term monitoring and including
less-explored hosts like shrews and rodents is
essential for a better understanding of henipavirus
epidemiology. Enhanced collaboration and resource
sharing between local and international institutions
could help mitigate those challenges and improve
the overall quality of henipavirus research.

In conclusion, the concentration of henipavirus
data from countries such as China and Australia
highlights their laboratory infrastructure and robust
surveillance capacities, which enable extensive data
collection and sequencing. This data concentration
emphasizes the need to increase the capacity of
research facilities and surveillance in other regions to
achieve a more globally representative understanding
of henipavirus dynamics. We stress the importance
of noninvasive methods in virological surveillance.
Practicessuchascullingbatpopulationsanddestroying
their habitats are harmful and unethical. Approaches
that protect both conservation efforts and biodiversity
are necessary.
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etymologia revisited

Haematospirillum jordania

[Hoe.ma.to.spi.ril’lum jor.da’ni.ae]

or the sesquipedalian term Haematospirillum, Haema is derived from the

Greek haima, meaning blood. Spirillum is derived from Medieval Lat-
in in the mid-13th century Latin (spiralis), French in the 1550s (spiral), and
Greek (speira). All suggest a winding or coil. A New Latin reference book
entry in 1875 implied a little coil.

Isolated from human blood, Haematospirillum jordaniae was reported
as a novel genus and species in 2016 by Centers for Disease Control and
Prevention (CDC) scientist Ben W. Humrighouse and his laboratory team,
which included Jean G. Jordan, a microbiologist. This gram-negative bacte-
rium was isolated 14 times in 10 states during 2003-2012 before its identifi-
cation in 2016.

H. jordaniae was previously considered an environmental bacterium
with limited pathogenicity, but increasing numbers of isolates indicated a
possible emerging pathogen. All cases occurred in male patients, and the
pathogen showed a predilection for infecting lower leg injuries. In 2018,
Hovan and Hollinger reported a case of infection in a Delaware man who,
in 2016, had sepsis from a lower leg wound. The organism isolated was
identified at the CDC Special Bacteriology Reference Laboratory (SBRL)
in the Division of High-Consequence Pathogens and Pathology, National
Center for Emerging and Zoonotic Infectious Diseases.
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Candida auris Outbreak and
Epidemiologic Response in
Burn Intensive Care Unit,

IHlinois, USA, 2021—-2023

Hannah J. Barbian,! Louise Lie,! Alyse Kittner, Amanda Harrington, Joshua Carson, Mabel Frias,
David H. Slade, Do Young Kim, Stephanie Black, Jorge P. Parada,?> Mary K. Hayden?

Candida auris is an emerging fungal pathogen associ-
ated with outbreaks in healthcare settings. We report a
multiyear outbreak of C. auris in a burn intensive care
unit in lllinois, USA, during 2021-2023. We identified 28
C. auris cases in the unit over a 2-year period, despite
outbreak response and multimodal mitigation measures.
Of the 28 case-patients, 15 (53.6%) were considered
colonized and 13 (46.4%) had clinical infections. Phylo-
genetic analysis of whole-genome sequences revealed
4 distinct clusters of closely related (0—6 SNP differenc-
es) genomes containing 3—6 cases. Clusters generally
contained temporally related isolates from patients with
epidemiologic links; this finding suggests that multiple
introductions and within-unit spread over a limited time
were responsible for the outbreak, rather than transmis-
sion from a long-term source (e.g., persistent environ-
mental contamination or staff carriage). Here, integrated
traditional and genomic epidemiology supported C. auris
outbreak investigation and response and informed tar-
geted interventions.

Candida auris is a fungal pathogen associated with
colonization and high-mortality invasive infec-
tions in persons with underlying medical conditions,
especially those who are hospitalized or reside in
long-term care facilities (1,2). Prolonged skin coloni-
zation and environmental contamination likely con-
tribute to within-facility persistence and spread (2-5).
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C. auris often displays extensive antifungal resistance
and can acquire resistance rapidly during antifungal
treatment (6-8).

Intensive care units (ICUs) are particularly vul-
nerable to C. auris outbreaks because of prolonged pa-
tient stays, high medical acuity, and extensive use of
medical devices that can encourage pathogen spread
(9-12). Effective infection prevention strategies are
key to curbing the spread of C. auris; those strate-
gies include contact screening, strict hand hygiene
procedures, appropriate use of personal protective
equipment (PPE) and transmission-based precaution
by healthcare providers, use of single-patient equip-
ment, environmental cleaning and disinfection, and
private-room isolation (13). However, C. auris coloni-
zation and transmission have been reported to persist
despite aggressive infection prevention interventions,
making C. auris control a long-term burden in affect-
ed facilities (12,14,15).

In burn ICUs (BICUs), patients are at increased
risk for healthcare-acquired infections because of
breakdown of the skin barrier and the immunocom-
promising effects of burns; infection is the leading
cause of death after burn injury (16). Fungal wound
infections are reported in 6%-45% of all burn admis-
sions; candidemia develops in up to 5% of patients
with severe burns. Unlike most Candida species, C. au-
ris has a tropism for skin (17), and it can readily colo-
nize or infect adjacent large, open, nutrient-rich burn
wounds. Furthermore, because they have frequent
infections and large, open wounds, burn patients of-
ten require treatment with systemic and topical anti-
microbials, both of which have capacity to eliminate
competitive microbiota and encourage colonization

1These first authors contributed equally to this article.
2These authors contributed equally to this article.
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with resistant organisms such as C. auris. Care pro-
vided in BICUs, such as skin debridement, may dis-
perse colonized or infected skin cells into the environ-
ment, which contributes to transmission.

We describe a C. auris outbreak and response in
a BICU in Illinois beginning in 2021. We used whole-
genome sequencing (WGS) to help refine epidemio-
logic inferences and direct interventions. WGS has
been used to support epidemiologic investigations of
C. auris infection, including hospital outbreaks (9,18-
23). Outbreak sequences generally form a unique
clade with limited diversity (9,18); close relation-
ships have been observed between epidemiologically
linked cases (median 7 SNPs) and isolates from the
same person (median 2 SNPs) (21). WGS can also de-
tect antifungal resistance mutations (19,24,25). Thus,
WGS may be a powerful tool to support C. auris out-
break investigations.

Methods

Study Setting and Participants

The Burn Center is a 10-bed intensive care unit caring
for pediatric and adult burn patients at a 547-bed aca-
demic tertiary care medical center in the Chicago met-
ropolitan area, Illinois, USA. The unit accommodates
ICU overflow from other services, including medical
and surgical ICUs. The unit practices universal con-
tact precautions (gowns, gloves, masks, and eye pro-
tection) for all patients, staff, and visitors to the unit.
We abstracted patient data via retrospective review of
the hospital electronic medical records.

The Institutional Review Board of Loyola Univer-
sity (Chicago, IL, USA) reviewed and approved the
protocol for this study (LU218571). Informed consent
was waived.

Case Identification and Investigation
The outbreak investigation, led by the infection pre-
vention team, consisted of admission screening and
weekly point prevalence surveys of all patients in the
unit. We defined a hospital-acquired case of C. auris
as any illness in patient who, after a negative C. auris
admission screen, tested positive for C. auris on subse-
quent weekly point prevalence screens or in any clini-
cal specimen. We defined colonized cases as patients
who had C. auris identified from surveillance cultures
but no detection of C. auris in any clinical specimens.
Clinical cultures refer to blood, wound, respiratory,
or urine cultures.

We conducted epidemiologic investigations to
identify commonalities between cases, including
healthcare workers, medical equipment, prior room
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occupancies, and exposure locations outside of the
BICU, including the operating room, tub room, and
procedural areas such as the interventional radiology
and gastroenterology suites. We reviewed patients’
history of C. auris through query of the Illinois exten-
sively drug-resistant organism registry (34).

Infection Control Measures

Universal contact precautions and masks are used
for all BICU patients; further containment strate-
gies implemented in response to this outbreak in-
volved increased observation of isolation compli-
ance, education of nursing and ancillary staff about
C. auris transmission and control, environmen-
tal cleaning validation, enhanced environmental
cleaning with ultraviolet (UV) light, observation
and training regarding correct use of PPE, and
proper hand hygiene. In addition, the local health
department performed an infection control assess-
ment and response to identify and address infection
control gaps.

Microbiologic Identification of Cases

We isolated C. auris fungus from screening samples
collected from the axilla and groin of patients us-
ing a BBL CultureSwab EZ Collection and Trans-
port System (BD, https://www.bd.com). We then
inoculated samples onto HardyCHROM Candida
(Hardy Diagnostics, https://hardydiagnostics.
com) and incubated aerobically, protected from
light, at 35°C for 72 hours. We isolated C. auris from
clinical samples submitted for routine diagnostic
testing on standard microbiologic media including
sheep blood agar, chocolate agar, inhibitory mold
agar (BBL prepared plated media; BD), and blood
culture media (BACTEC Plus Aerobic and Lytic
Anaerobic media; BD). We performed species iden-
tification by using Biotyper matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry with the MBT Compass Library
version 12 Revision K (Bruker Daltonics, https://
bruker.com).

Whole-Genome Sequencing

We suspended available C. auris isolates in DNA/
RNAshield (Zymo, https://zymoresearch.com) and
transported them to the Regional Innovative Public
Health Laboratory at Rush University Medical Cen-
ter (Chicago, IL, USA). We extracted nucleic acids
using the Cultured Cells DNA Kit and Maxwell ex-
traction system (Promega, https://promega.com)
and prepared sequencing libraries using 1 ng DNA
extract and Nextera XT DNA Library Preparation
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Kit (Illumina, https://illumina.com). We barcoded
genome libraries by using IDT for Illumina DNA/
RNA UD Indexes (Illumina) and balanced using a
small-scale sequencing run of an equivolume pool
(Ilumina iSeq). We subjected final libraries to 2 x
150 paired-end sequencing on NovaSeq6000 (Illu-
mina). We submitted data to the National Center
for Biotechnology Information Short Read Archive
(Appendix Table 1, https:/ /wwwnc.cdc.gov/EID/
article/31/3/24-1195-Appl.pdf).

Bioinformatic and Statistical Analysis

We downloaded all publicly available Illinois C. au-
ris sequences for comparison to outbreak sequences
(Appendix Table 1). We analyzed paired-end se-
quences with the MycoSNP-nf pipeline version 1.4
(https:/ / github.com/CDCgov/mycosnp-nf) by us-
ing clade IV reference B11243 (Genbank accession
no. GCA_003014415.1) and implemented on Terra
as previously described (20,27,28), excluding isolates
with estimated coverage depth <25. We determined
C. auris clade using phylogenetics with clade I-1V ref-
erence sequences. We used SNP differences between
all samples and the reference to build a neighbor-join-
ing tree using MEGA 11 (29) as previously described
with 1,000 bootstrap replicates (21,30). To compare
SNP differences, we used SNP distance matrices with
all available Illinois sequences. To identify potential
antifungal-resistance mutations, we used Snippy (31)
to query for mutations in the FKS1, ERG11, TAC1b,
MRR1, ERG3, and FUR1 genes. We compared mean
SNP differences using Kruskal-Wallis nonparametric
testing with adjusted significance between individual
groups calculated using the Dunn multiple compari-
sons test.
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Results

Outbreak Investigation

The first clinical C. auris isolate in a BICU patient
was identified from blood culture in 2021. Three ad-
ditional case-patients with hospital-acquired C. auris
were identified in the subsequent 2 months (Figure
1). Admission screening in the BICU was initiated 3
months after the first case-patient was detected (Fig-
ure 1). A fifth case-patient, who originally screened
negative on admission, was identified from a wound
culture 83 days after admission; that case was notable
because it was the first confirmed hospital acquisition
of C. auris. A point prevalence survey 5 months af-
ter first case detection identified a sixth case. Weekly
point prevalence screening was initiated 6 months
after first case detection; 22 additional cases were
identified 6-21 months after first case identification
(Figure 1). Weekly point prevalence surveys were dis-
continued 28 days after discharge of the last patient
with C. auris.

We reviewed case records to identify documented
epidemiologic links; specifically, common locations
(rooms), procedures, and staff exposures. Intensive
observation of infection control practices throughout
the BICU identified breaches that may have contrib-
uted to C. auris transmission, including poor hand
hygiene compliance, improper PPE donning and
doffing, cluttered patient care areas preventing thor-
ough environmental cleaning, poor auditing of en-
vironmental cleaning, and inconsistent cleaning and
disinfection practices for shared equipment. Shared
equipment within the unit included bladder scan-
ners, forced-air patient warming devices, vascular
Dopplers, EKG machines, point-of-care ultrasounds,

Figure 1. Epidemiologic curve of
Candida auris outbreak cases in
burn intensive care unit, lllinois,
USA, 2021-2023. Color indicates
whether case was identified by
screening or clinical isolates. PPS,
point prevalence survey.
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and recliners. Particular attention was given to staff
whose patient care activities were extended to areas
in the medical center outside of the BICU, including
physical, occupational, speech and respiratory thera-
py, and radiology staff. The hospital infection control
team and the local health department observed infec-
tion control breaches during the infection control as-
sessment performed 6 months after the first case of C.
auris was detected.

Outbreak Mitigation Measures

Early in the outbreak, a multidisciplinary C. auris
response team, including staff from infection pre-
vention, environmental services, nursing, facilities
management, BICU physicians and hospital leader-
ship, convened to create and implement a structured
plan. All patients in the BICU with positive C. auris
culture results were placed on contact precautions;
signs were placed on the patients’ room doors, and
their electronic medical records were flagged for C.
auris and an isolation order. The team implement-
ed outbreak mitigation measures universally in the
BICU and centered on communication, education,
and process improvement, focusing on environ-
mental cleaning and hand hygiene. Education on C.
auris transmission and necessary precautions were
extended to the BICU nursing staff, with special at-
tention on ancillary groups, particularly those also
providing care to units outside of the BICU: envi-
ronmental service, respiratory therapy, physical and
occupational therapy, food and nutrition services,
radiology, and pastoral care.

The team reviewed cleaning responsibilities be-
tween nursing and environmental service, including
method of cleaning and frequency. Standard clean-
ing practices include floor and surface cleaning with
a disinfectant effective against C. auris, bleach-wipe
cleaning of equipment, and a log to track cleaning of
shared equipment. Storage cabinets were installed in
patient rooms. Black-light audits on discharge cleans
were required on every terminal discharge to monitor
cleaning practices, and environmental service staff
received coaching when cleaning failures were iden-
tified. Germicidal ultraviolet disinfection was per-
formed in patient rooms and above the unit’s nursing
station beginning 9 months after first case detection.
Thirteen months after first case detection, terminal
cleaning of patient rooms incorporated high-intensity
UV disinfection.

Unobtrusive-observer audits revealed that over-
all hand hygiene compliance was 78%-93% during
the outbreak period. Most observations were of nurs-
ing staff; the greatest opportunities for improvement
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in compliance were among patient transporters (32%
compliance), food and nutrition services (35% com-
pliance), and physicians (67 % compliance). The team
increased hand hygiene promotion signage and ef-
forts to normalize just-in-time coaching for hand hy-
giene and PPE breaches among staff and visitors.

Patient Characteristics

During the 21-month investigation, 28 patients were
colonized or infected with C. auris (Table); 4 patients
had invasive C. auris before admission screening. The
average patient age was 49 years (range 16-81 years).
Most patients were admitted with burns (64%), 9 pa-
tients (32%) were admitted with soft-tissue infections,
and 1 patient was on medical ICU service. None of
the patients had a history of C. auris infection, deter-
mined by chart review and query of the Illinois ex-
tensively drug-resistant organism registry. Seven pa-
tients were admitted from outside hospitals or had a
hospitalization <30 days before the BICU admission;
none were admitted from skilled nursing facilities.
The mean length of stay in the BICU before identifica-
tion of C. auris was 26 days (range 7-83 days). C. auris
was identified in clinical cultures from 13 patients,
some of which had C. auris in multiple cultures; 8 had
C. auris identified in blood culture, 6 in respiratory
culture, 8 in wound culture, and 3 in urine culture.
The mean total length of stay in the BICU was 67 days
(Figure 2).

Genomic Analysis of Outbreak Isolates
To investigate the genetic relationship of C. auris
among cases, we conducted WGS on available iso-
lates from the BICU outbreak, including isolates
from 22 (79%) of 28 case-patients and 8 longitu-
dinal isolates from 3 of those patients (Figure 2).
Isolates from the remaining 6 case-patients were
not available for analysis. We also sequenced avail-
able contemporaneous isolates from the same fa-
cility (n = 19) or another healthcare facility within
the medical system (n = 31) to estimate diversity
of hospital C. auris isolates and identify potential
links outside of BICU. Of 80 isolates, 78 (97.5%) had
sufficient genome quality for analysis; all were C.
auris clade IV. Comparison with publicly available
C. auris sequences from Illinois (n = 364) revealed
that genomes from the BICU and related facilities
were interspersed throughout other Illinois C. auris
sequences (Appendix Figure 1), indicating multiple
transmissions to the BICU facility from the broader
diversity in the region.

BICU isolates formed 4 clusters within Illinois
sequences (Figure 3, panel A). Clusters contained
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3-6 unique patients and closely related genomes
(0-8 SNP differences) (Figure 3, panels B-E). Three
BICU isolates did not cluster closely with any oth-
er BICU or Illinois isolate, differing by 7-39 SNPs
from the closest non-BICU and 21-49 SNPs from the
closest BICU isolate (Figure 3, panel A; Appendix
Figure 1). We identified a mean 1.9 (range 0-8) SNP
differences within BICU clusters, which was not
significantly different from SNP differences from

Table. Characteristics of 28 Candida auris outbreak case-
patients in BICU, lllinois, USA, 2021-2023*

Characteristic Value
Sex
F 13 (46)
M 15 (54)
Average age, y (range) 49 (16-81)
Admission diagnosis
Burn 18 (64)
Soft tissue infection not including burns 9 (32)
COVID-19% 1(4)
C. auris culture source
Axillary/inguinal screening culturef 24 (86)
Clinical culture§ 14 (50)
Blood 8 (29)
Respiratory 6 (21)
Wound 8 (29)
Urine 3(11)
Co-infection with multidrug-resistant 13 (46)
organism¢
Mean length of stay from admission to first 26 (7-83)
positive C. auris culture, d (range)
Recent hospitalization <1 month before 8 (29)

hospitalization
Medical devices used <1 week before positive C. auris culture

Central venous catheter 24 (86)
Ventilator 18 (64)
Urinary catheter 24 (86)

Ancillary medical services received <1 week before first positive
C. auris culture

Occupational therapy 23 (82)

Physical therapy 18 (64)

Speech therapy 5 (18)
Mean length of stay in BICU, d (range) 67 (6—442)
C. auris outcome

Colonization 14 (50)

Infection 13 (46)
Discharge disposition

Skilled nursing facility, acute rehab or other 17 (61)
hospital

Home 5(18)

Deceased 6 (21)

*Values are no. (%) except as indicated. BICU, burn intensive care unit.
tMedical intensive care unit service patient on overflow to BICU.

fTen of the 24 patients with a positive axillary/inguinal screen also had C.
auris identified from a clinical culture.

§0f the clinical cultures, 4 patients had C. auris identified only in blood, 3
had C. auris only from wound infections, 1 had C. auris only from
respiratory source, and the remaining 6 had C. auris identified in >1 clinical
culture source.

1A total of 13 patients were co-infected or co-colonized with 19 other
multidrug-resistant organisms: 6 vancomycin-resistant enterococci, 5
extended-spectrum B-lactamase—producing organisms, 3 methicillin-
resistant Staphylococcus aureus, 2 multidrug-resistant Pseudomonas
aeruginosa (MDR-PA), 1 carbapenem-resistant Acinetobacter baumannii,
1 carbapenem-resistant Enterobacterales, 1 AmpC B-lactamase—
producing organism.
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isolates collected from the same patient (p>0.9999)
(Figure 4). However, SNP differences among all
BICU isolates were significantly higher (mean 34.6;
p<0.0001), but not significantly different from, mean
SNP differences among isolates collected within the
same timeframe elsewhere within the medical center
(mean 35.8) or all Illinois (mean 37.9). Those find-
ings indicate that BICU clusters were very closely
related among isolates within the cluster but not
more closely related among clusters than for other
regional isolates, consistent with multiple indepen-
dent introductions from regional C. auris followed
by within-unit spread.

Integrated Genomic and Epidemiologic

Investigation of Outbreak Clusters

Clusters 2 and 4 contained exclusively BICU iso-
lates (Figure 3, panels C, E), whereas clusters 1 and
3 contained sequences collected within the medical
center but outside of the BICU (Figure 3, panels B,
D). In one instance, in cluster 1, Figure 3, panel B), 1
sequence from the same facility collected 4 months
before the first BICU case was identical to the first
BICU case’s genome (patient 1). No epidemiologic
links to BICU patients in this cluster were identi-
fied, and facility stays were separated by 123 days.
In cluster 3 (Figure 3, panel D), 1 sequence from an-
other unit within the facility and 1 sequence from
elsewhere in the medical system collected 1 month
before and 1 month after the first BICU case clus-
tered with BICU isolates (patients 14, 15, 16, 18). No
epidemiologic links were identified between the
cases from the same facility. The case-patient from
elsewhere in the medical system had been hospi-
talized at the BICU facility the month before, over-
lapping with other patients in this cluster. In ad-
dition, this patient and another BICU patient with
C. auris from this cluster were both exposed to the
same healthcare worker (speech therapist) during
overlapping timeframes. Contextual isolates from
institutions outside of the medical system did not
fall in BICU clusters (>8 SNPs) (Figure 3; Appendix
Figure 1).

BICU sequences clustered by collection date;
clusters generally contained isolates collected with-
in 3-6 months of each other (Figure 3, panels B-E).
Clustering patients had overlapping BICU admis-
sion dates in all but 1 instance (Figure 2). In the
exception, a patient (patient 9) from cluster 1 was
admitted to the BICU 91 days after other patients
in cluster 1 were discharged, but the C. auris iso-
late was not sequenced. This patient was then dis-
charged to the same long-term acute care hospital
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Figure 2. Case timeline for outbreak
of Candida auris in burn intensive
care unit (BICU), lllinois, USA,
2021-2023. Horizontal bars indicate
BICU admission duration for each
patient; bar colors indicate genomic
cluster (blue, cluster 1; green,

cluster 2; purple, cluster 3; orange,
cluster 4; gray, not sequenced or no
cluster). Diamonds indicate collection
date of the first C. auris isolate

and any subsequent isolates that
were subjected to whole-genome
sequencing; filled diamonds mean the
isolate was sequenced, unfilled, not
sequenced. In 2 instances (patient

4 and 9), C. auris was isolated after
discharge from the BICU.

as another patient in cluster 1 (Figure 3, panel B).
The isolate belonging to cluster 1 was identified
in an admission screening culture 8 months later,
when the patient was admitted to another unit
within the BICU facility. Thus, C. auris transmis-
sion may have occurred either on the BICU or at
the long-term acute care hospital.

Analysis of Longitudinal Outbreak Isolates
Longitudinal isolates were collected from 3 patients
over 51 (n = 2), 63 (n = 6), and 135 (n = 3) days and
included both clinical and screening isolates. All
longitudinal sequences clustered closely with other
sequences from the same patient. Six of 11 longitu-
dinal sequences were identical to another sequence
from the same person; clinical and screening iso-
lates were often identical to one another (Figure 3,
panels C-E). Specimens collected from the same
person had a mean 1.2 (range 1-4) SNP differences
(Figure 4).

We investigated mutations in antifungal resis-
tance-associated genes to look for longitudinal acqui-
sition of antifungal resistance mutations. We identi-
fied a mutation associated with azole resistance in the
TAC1b gene (I187T) in the last isolate collected from 1
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patient; the 2 isolates obtained from this person ear-
lier did not contain this mutation (Figure 3, panel D)
(32,33). The patient received voriconazole therapy af-
ter collection of the isolates lacking the mutation but
before the emergence of the TACIb mutation. The iso-
late was not subjected to phenotypic antifungal sus-
ceptibility testing.

Discussion

We describe a C. auris outbreak in a BICU that re-
sulted in 28 patients colonized or infected over 2
years. We initially hypothesized that this was one
continuous outbreak with possible environmen-
tal reservoirs on the unit contributing to ongoing
transmission. WGS revealed 4 distinct clusters and 7
distinct genotypes; integration with epidemiologic
information identified a complex outbreak that was
driven both by importation of new strains and by
within-BICU cross-transmission. Two phylogenetic
clusters that included 7 (32%) of the sequenced case
patient isolates contained isolates from both BICU
patients and patients who were cared for in other
units within the medical center, suggesting that
C. auris might have been imported into the BICU
from elsewhere in the facility by contaminated
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Figure 3. Genomic analysis of outbreak and contemporaneous contextual Candida auris isolates in outbreak of C. auris in BICU, lllinois,
USA, 2021-2023. A) Neighbor-joining SNP-based phylogenetic tree of sequences from BICU isolates, isolates collected from the same
facility or another facility within the medical system, and publicly available lllinois sequences collected in 2021-2023. Facility source for 31
of 43 lllinois contextual sequences was confirmed as not within the BICU medical system. The facility source of the remaining 12 isolate
sequences was not known. Branch lengths are SNP distances. Isolate collection year is indicated in metadata column to the right. Numbers
1—4 indicate branches leading to BICU clusters; numbers 57 indicate branches leading to BICU isolates that do not cluster with others.
B-E) Subtrees from BICU cluster 1 (B), cluster 2 (C), cluster 3 (D), and cluster 4 (E). Relevant isolate and patient metadata are indicated

in the columns to the right of tree tips; key at bottom shows metadata coding for panels B—E. Orange tips indicate isolates collected from
the same person. Isolate collection date is shown as months after the first BICU case. Asterisks (*) indicate branches with >95% bootstrap
support. Scale bars indicate SNPs. BICU, burn intensive care unit; SNP, single-nucleotide polymorphism.
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healthcare provider hands or clothing or by shared
equipment. Alternatively, a BICU patient might
have acquired C. auris upon exposure to contami-
nated surfaces or equipment in a common diagnos-
tic or procedure area outside of the BICU. Either of
those pathways could have led to the index BICU
case; the index isolate genome was identical to an
isolate collected from a patient in a unit elsewhere
in the medical center 4 months earlier. However,
epidemiologic links between new case-patients on
the BICU and other patients in the hospital were
not always identified.

Occult colonization, or colonization at low level
or unsampled sites that results in nondetection by
surveillance culture, of newly admitted patients
might also have contributed to importation of C. auris
into the BICU. Although all patients underwent axilla
or groin screening for C. auris at the time of BICU ad-
mission, the sensitivity of this approach has been re-
ported at =62%; to detect 100% of colonized patients,
>6 body sites needed to be screened (15). Indeed, 3
patients were colonized with unique isolates that
did not fall into any of the 4 clusters. Further, 11 of
22 case-patients whose isolates were sequenced and
who had temporally overlapping BICU stays were in-
cluded in 2 clusters that included only BICU patient
isolates, suggesting within-BICU transmission of C.
auris. Thus, undetected colonization at the time of ad-
mission and infection control breaches likely enabled
introduction and transmission of C. auris to occur
on the BICU. As our study demonstrated, C. auris is
transmitted easily in healthcare facilities, and region-
al transmission can be hastened by patient transfers;
in this outbreak, 61% of colonized or infected patients
were discharged to other healthcare facilities. Inter-
facility communication and strict infection control
measures are necessary to limit spread to other pa-
tient populations.

Once C. auris was introduced on the BICU, trans-
mission was likely exacerbated by observed infec-
tion control breaches, particularly poor hand hygiene
practices and lapses in cleaning of shared equipment.
The prolonged lengths of stay of the patients (mean
67 days) also pose infection prevention and control
challenges; C. auris rooms are recontaminated in as
little as 4 hours after disinfection (34), emphasizing
the need for stringent long-term adherence to clean-
ing and basic infection control practices.

The first limitation of our study is that it was con-
ducted retrospectively; we selected samples for WGS
on the basis of availability of stored isolates, and not
all isolates from the outbreak were sequenced. Sec-
ond, in most cases, only 1 isolate per patient was
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Figure 4. Pairwise SNP distances within different Candida auris
populations in study of outbreak in burn intensive care unit, lllinois,
USA, 2021-2023. Black points (which appear as lines for the
large datasets) are pairwise SNP distances between 2 isolate
sequences; horizontal red dashed lines indicate medians. BICU,
burn intensive care unit; NS, not significant (adjusted p>0.05);
SNP, single-nucleotide polymorphism.

available for sequencing. Although some studies
have found that patients can carry multiple geneti-
cally distinct C. auris isolates, genetically similar iso-
lates may be more likely in an acute outbreak setting
(9,21). In our study, all isolates collected from the
same patient were closely related. Third, collection
of epidemiologic metadata was limited to medical re-
cord review; some activities would not be recorded
in the medical record. Further, contamination of por-
table unit-based equipment that is shared between
patients might have contributed to ongoing C. auris
transmission, but this possibility could not be verified
through medical record review, and we conducted no
environmental culturing.

WGS refined our understanding of this C. auris
outbreak. The discovery that the outbreak included
multiple introductions of C. auris onto the unit in-
fluenced our current approach to C. auris investiga-
tion and response; we focus now on between-unit
transmission, including the possible role of ancil-
lary personnel who move throughout the hospital,
and not just on within-unit infection prevention
measures. Furthermore, we conduct admission
screening as well as point prevalence survey pro-
tocols in response to a C. auris case to identify and
isolate colonized patients quickly. Integrated WGS
and epidemiologic investigation is a powerful tool
for identifying drivers of transmission in nosoco-
mial outbreaks.
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Epidemiology of Buruli Ulcer
INn Victoria, Australia, 2017—-2022
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Ee Laine Tay, Rosalina Sa’aga Banuve, Jodie McVernon, Kylie Carville

Buruli ulcer (BU) is a rare, neglected tropical disease
caused by Mycobacterium ulcerans that can lead to se-
vere skin ulcers. To determine the epidemiology of BU in
Victoria, Australia, during 2017—2022 we analyzed sur-
veillance data. A total of 1,751 cases of BU were notified;
968 (55%) patients were male and 781 (45%) female (2
were missing sex data), and 984 (56%) resided in estab-
lished BU-endemic areas, although an increasing num-
ber were in new BU-endemic areas. Most cases (83%,
1,301) were classified as category |. Multivariate mod-
eling demonstrated that factors for severe BU included
being male, being older, and living in a new BU-endemic
or non-BU-endemic area. A relatively shorter interval
between first visit to a clinician and receipt of diagnosis
was protective against severe disease. The expansion of
BU-endemic areas throughout Victoria remains a public
health concern and calls for targeted action, particularly
for patients and clinicians in new BU-endemic areas.

Buruli ulcer (BU) is a devastating skin and tissue
infection caused by Mycobacterium ulcerans (1). BU
is prevalent mainly in tropical sub-Saharan Africa, al-
though ~30 countries have reported cases (2). Although
the number of cases has decreased worldwide, local
epidemics in Australia have countered that trend (3,4).
BU-endemic regions in Australia include the Dain-
tree Rainforest and the Capricorn region in tropical
Queensland and the East Gippsland and metropolitan
Greater Melbourne/ Bellarine regions in the state of Vic-
toria in southeastern Australia (3,5,6). The climate in the
southeastern state of Victoria is temperate; temperature
and weather vary substantially throughout the year (7).

BU is usually exhibited initially as a painless skin
nodule that predominantly affects the distal limbs
and, if left untreated, forms a characteristic ulcer

with undermined edges (8). The average incubation
period for BU is #4-5 months, and the average delay
between symptom onset and diagnosis is 1-2 months
(9). Although the BU mortality rate is low, the illness
can result in substantial socioeconomic effects on in-
dividual persons and communities (2,10).

Residence in or visitation to a BU-endemic area
remains a significant risk factor for M. ulcerans ac-
quisition; previous BU outbreaks have occurred as
geographically defined infections (11). In the temper-
ate climates of Australia, transmission research has
focused on mosquitoes as vectors and small Austra-
lia native marsupials (possums) as animal reservoirs
(12,13). Mosquitoes are infected by biting possums that
carry the bacteria, after which they directly inoculate
humans, causing clinical disease (13,14). An environ-
mental study has shown a correlation between rainfall
and BU, as is seen for other vectorborne diseases in the
region, including Barmah Forest and Ross River fevers,
which further supports the role of mosquitoes (15). De-
finitive evidence was provided through an extensive
field survey and genomic analysis that indicated that
mosquitoes transmit M. ulcerans in southeastern Aus-
tralia from a reservoir of possums (16).

BU was first identified in Victoria in 1948, and
only 50 cases were recorded before 1990 (17). Since
then, the pattern of disease has changed substan-
tially, from low numbers in fixed geographic re-
gions to more widespread transmission (3,18). New
areas of endemicity have emerged, and cases have
increased continually since 2011 (11,19). Within Mel-
bourne, the emergence, continued propagation, and
expansion of BU-endemic areas remains a public
health concern (10).

Author affiliations: Victorian Infectious Diseases Reference
Laboratory, Royal Melbourne Hospital, at the Peter Doherty
Institute for Infection and Immunity, Melbourne, Victoria, Australia
(B. Ravindran, K. Carville); Australian National University,
Canberra, Australian Capital Territory, Australia (B. Ravindran, R.
Sa’aga Banuve); Department of Health, Melbourne (D. Hennessy,

448

M. O’Hara, E.L. Tay); University of Melbourne Department of
Microbiology and Immunology, at the Peter Doherty Institute
for Infection and Immunity, Melbourne (J. McVernon,

K. Carville)

DOI: https://doi.org/10.3201/eid3103.240938

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025


http://www.cdc.gov/eid
https://doi.org/10.3201/eid3103.240938

Using routinely collected surveillance data, we
analyzed the epidemiology of BU in Victoria during
2017-2022, identifying factors that influence disease
severity and mapping the ongoing spread of the dis-
ease. Ethics approval was provided by the Australian
National University Human Research Ethics Com-
mittee (protocol 2017/909).

Methods

In Victoria, BU has been a notifiable condition since
2004; reporting has been required by laboratories
and clinicians under the Public Health and Wellbe-
ing Regulations of 2019 (20). The study population
included all patients with confirmed cases notified to
the Victoria Department of Health during 2017-2022.

Data Sources

We obtained case data from the Public Health Event
Surveillance System database of Victoria. Since Janu-
ary 1,2011, the Victoria Department of Health has col-
lected enhanced surveillance forms that are complet-
ed by notifying clinicians or by public health officers
from case interviews. Information collected included
patients” date of birth, sex, residential address, history
of travel to or residence in BU-endemic areas in the 12
months before symptom onset, date of symptom on-
set, date of first visit to a clinician, date when a clini-
cian first suspected BU, form of the disease, size of the
affected area (World Health Organization [WHO] cat-
egories I, II or III), lesion location, laboratory results
(PCR or culture), and treatment details. To determine
the rate of BU per 100,000 population, we obtained
information about the population of Victoria from the
Australian Bureau of Statistics (21).
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Definitions

Before July 2021, a confirmed case of BU was defined
by definitive laboratory evidence of infection as either
PCR detection of IS2404 insertion sequences or culture
identification of M. ulcerans from a tissue specimen or
lesion swab sample (22). After July 2021, a confirmed
case was defined by definite laboratory evidence as
above and by clinical evidence as a clinical diagnosis
of BU made by a clinician experienced in the manage-
ment of BU, including clinical follow-up to ensure a
consistent clinical course (22).

The Australia Department of Health has defined
BU-endemic areas (11,19) as places where >2 resi-
dents had BU without recalled travel to another BU-
endemic area in the previous year, places adjacent to
an endemic area with >1 affected residents or visitors
without recalled travel history, or places where M.
ulcerans has been detected in the environment (22).
We classified BU-endemic areas in Victoria into 3 cat-
egories: established BU-endemic, new BU-endemic,
and non-BU-endemic areas. Established areas were
Mornington Peninsula, Bellarine Peninsula, Phillip
Island, East Gippsland, South Eastern Bayside sub-
urbs, and Frankston region because they had been
described in previous analyses (11,19). New BU-en-
demic areas included Surf Coast and Geelong (first
identified in 2017) and Inner Melbourne (first iden-
tified in 2019) (Appendix, https://wwwnc.cdc.gov/
EID/article/31/2/24-0983-Appl.pdf). Non-BU-en-
demic areas were all other areas in Victoria not pre-
viously listed (Figure 1). The Department of Health
recorded primary exposure as the most likely area
of BU acquisition, considering the duration and fre-
quency of exposure to known BU-endemic areas and

Figure 1. Geographic areas in
Greater Melbourne and Bellarine
region, Australia, highlighting
new (Inner Melbourne, Geelong
and Surf Coast), established
(Mornington Peninsula, Bellarine
Peninsula, South East Bayside,
Frankston region, Philip Island),
and non—-BU-endemic areas,
2017-2022. Not shown: East
Gippsland BU-endemic area,
which is to the east of the state.
BU, Buruli ulcer.
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SYNOPSIS

exposure timing relative to symptom onset. If a case-
patient resided in a BU-endemic area, the primary
exposure was considered to be the patient’s home ad-
dress, given the assumed duration and frequency of
exposure. For case-patients who reported no history
of residence in or travel to known BU-endemic areas,
primary exposure was considered to be the home ad-
dress at the time of diagnosis.

Lesion severity was classified according to WHO
definitions (23). Category I comprises single, small le-
sions <5 cm in diameter; category II comprises single
lesions of 5-15 cm in diameter; and category III com-
prises single extensive lesions >15 cm in diameter,
multiple lesions, lesions at critical sites (e.g., eye, gen-
italia, joints), and osteomyelitis. Severe disease was
classified as category Il or category IlI lesions.

Similar to previous studies, delay to first visit was
calculated as days from symptom onset to first visit
to a healthcare practitioner (19). Diagnosis delay was
days from first visit to a healthcare practitioner to di-
agnosis date, approximated by the date of notification
to the Department of Health (19).

Statistical Analyses

We imported de-identified data into R version 4.3.2 (The
R Project for Statistical Computing, https://www.r-
project.org) for analysis. To illustrate the study popula-
tion, we descriptively analyzed data. We described first
visit, diagnosis, and total delays by using the median
and interquartile range. To explore differences between
groups, we used x? or Fischer exacts tests for categori-
cal variables and Kruskal-Wallis or Mann-Whitney U
tests for continuous variables. We excluded cases from
multivariate analysis if WHO lesion severity outcome,
lesion location, or manifestation of BU was missing or if
diagnosis or first visit delay could not be calculated be-
cause of missing information. We assessed risk factors
of disease severity by using logistic regression between
independent variables (patient sex, age, residential loca-
tion at time of notification; first visit delay; and diagnosis
delay) and the outcome variable of severe disease. We
included area of residence, as opposed to primary expo-
sure location, because that reflected where case-patients
would access healthcare. We considered all independent
variables for which univariate analysis indicated p<0.25
for inclusion in the multivariate model. To identify differ-
ences between included and excluded case-patients that
were used in the final multivariate model, we conducted
sensitivity analyses.

Results

During 2017-2022, a total of 1,751 confirmed cases
of BU were notified to the Australia Department of
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Health (Table 1). More than half of the patients were
male (968 [55%] male and 781 [45%] female; data on
sex were missing for 2); most were 16-60 (883 [50%])
or >60 (721 [40%]) years of age. Approximately half
of the patients lived in an established BU-endemic
area (984 [56%]). The most common lesion location
was the lower limbs (74%); a small number of pa-
tients had lesions at multiple sites (2%). Most lesions
were category I (1,301 [83%]). After a drop in case
numbers in 2020, case numbers in 2021 and 2022
were similar to those before the COVID-19 pan-
demic; case numbers for 2022 (334 [19% of notified
cases in the study period]) were similar to the previ-
ous high number from 2018 (340 [19%]). Of the 1,604
patients for whom treatment was recorded, most
patients received antimicrobial therapy alone as
treatment (1,144 [71%]) followed by a combination
of surgery and antimicrobial drug treatment (332
[21%]). The median time to seeking care was 28 days
(95% CI 11-50 days), and the median time between
seeking care and diagnosis was 19 days (95% CI 7-42
days). Of the 1,614 patients with a recorded manifes-
tation, the most common manifestation was ulcers
(1,227 [76%]) (Table 1). Of the 387 nonulcerous mani-
festations of BU, most common were cellulitis (126
[33%]), nodules (108 [28%]), and papules (89 [23%]).

The overall rate of BU diagnosis in Victoria was
4.48 cases/100,000 population during the study pe-
riod. The lowest annual rate was 3.28 cases/100,000
population in 2020, and the highest rate was 5.29 cas-
es/100,000 population in 2018.

Demographic Differences by Area of Residence

We found significant differences in sex, age group-
ing, WHO severity score, diagnosis delay, manifes-
tation delay, and manifestation between residents
in new, established, and non-BU-endemic areas.
Compared with new and non-BU-endemic areas,
case-patients residing in established areas were
more likely to be older (48% >60 years of age in es-
tablished areas, 32% in non-BU-endemic areas, 35%
in new areas; p<0.001); to have category I disease
(85% in established areas, 81% in non-BU-endemic
areas, 77% in new areas; p = 0.006); to have a shorter
diagnosis delay (p<0.001) and shorter delay before
first visit (p<0.001) (Table 1). The location of lesions
also differed; case-patients in non-BU-endemic ar-
eas were more likely than those in other areas to
have a lesion on their lower limbs (78% in non-BU-
endemic areas, 71% in established areas, and 68% in
new areas; p = 0.027) and more likely to have differ-
ent treatments recorded at the time of public health
follow-up visits (66% received antimicrobial drugs
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Table 1. Characteristics of BU cases notified to the Victoria Department of Health, overall and by location of residence, Victoria,

Australia, 2017-2022*

Overall, BU area
Variable n=1751 New, n =163 Non-BU-endemic, n =604 Established, n = 984 p value
Sex <0.05
F 781 (45) 78 (48) 244 (40) 459 (47)
M 968 (55) 84 (52) 359 (60) 525 (53)
Missing 2 1 1 0
Age group, y <0.001
0-15 148 (8.5) 16 (9.8) 58 (9.6) 74 (7.5)
16-60 883 (50) 90 (55) 352 (58) 441 (45)
>60 720 (41) 57 (35) 194 (32) 469 (48)
Lesion location <0.05
Arm 350 (21) 41 (27) 101 (17) 208 (23)
Leg 1,206 (74) 103 (68) 460 (78) 643 (71)
Multiple 37 (2.3) 4 (2.6) 15 (2.6) 18 (2.0)
Other 47 (2.9) 4 (2.6) 12 (2.0) 31(3.4)
Missing 111 11 16 84
WHO lesion category <0.05
| 1,301 (83) 114 (77) 462 (81) 725 (85)
Il 176 (11) 21 (14) 77 (13) 78 (9.2)
1] 95 (6.0) 14 (9.4) 32 (5.6) 49 (5.8)
Missing 179 14 33 132
Year of notification 0.001
2017 277 (16) 12 (7.4) 110 (18) 155 (16)
2018 340 (19) 10 (6.1) 125 (21) 205 (21)
2019 299 (17) 19 (12) 115 (19) 165 (17)
2020 217 (12) 16 (9.8) 69 (11) 132 (13)
2021 284 (16) 41 (25) 78 (13) 165 (17)
2022 334 (19) 65 (40) 107 (18) 162 (16)
Treatment 0.001
Antibiotics 1,144 (71) 111 (73) 386 (66) 647 (75)
Antibiotics and surgery 332 (21) 34 (22) 159 (27) 139 (15)
Other 90 (5.6) 6 (3.9) 21 (3.6) 63 (7.3)
Surgical 38 (2.4) 1(0.7) 16 (2.7) 21 (2.4)
Missing 147 11 22 114
Diagnosis delay, d, median (IQR) 19 (7-42) 22 (9-44) 31 (13-58) 13 (6-31) <0.001
Missing 209 20 48 141
Presentation d, median, (IQR) 28 (11-50) 27 (9-45) 30 (14-61) 24 (10-47) 0.001
Missing 251 21 60 170
Manifestation <0.05
Nonulcer 387 (24) 50 (33) 129 (22) 208 (24)
Ulcer 1,227 (76) 102 (67) 454 (78) 671 (76)
Missing 137 11 21 105

*Values are no. (%) except as indicated. Percentages exclude missing data. BU, Buruli ulcer; IQR, interquartile range; WHO, World

Health Organization.

in non-BU-endemic areas, 75% in established areas,
and 73% in new areas; p = 0.027) (Table 1).

When compared with non-BU-endemic and es-
tablished areas, case-patients in new BU-endemic ar-
eas were more likely to be notified in 2021 and 2022
(p<0.001) and to not have an ulcer (33% in new, 24%
in established, and 22% in non-BU-endemic areas; p
= 0.022) The proportions of male and female case-pa-
tients differed by area of residence (p = 0.036) (Table 1).

Demographic Differences by Age and Sex

With respect to age, we noted significant differences
in lesion severity, area of residence, and first visit de-
lay. Patients >60 years of age were more likely to have
category II or category III ulcers (19% of patients >60
years of age, 16% of patients 16-60 years of age, 17%
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of patients 0-15 years of age; p = 0.002) and to live in
an established BU-endemic area (65% of patients >60
years of age, 50% of patients 16-60 years of age, 50%
of patients 0-15 years of age; p<0.001) (Table 2). Pa-
tients who were 16-60 years of age were more likely to
have a longer delay to first visit (p<0.001) and to have
received more antimicrobial drugs without surgery (p
= 0.01) than were patients who were older and young-
er. We found no significant differences by age group
in terms of sex, year of diagnosis, diagnosis delay, or
manifestation type (Table 2).

With respect to patient sex, we found significant
differences in lesion category, area of residence, diag-
nosis delay, and having an ulcer compared with other
manifestations. Male patients were more likely than fe-
male patients to have category II or category III ulcers
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(7.1% of lesions in male vs. 4.6% of lesions in female
patients were category III; p = 0.036); reside in differ-
ent areas (p = 0.036); have a shorter delay to diagnosis
(p = 0.06); or have an ulcer (79% male vs. 72% female;
p<0.001) (Table 2). We found no significant differences
by sex between age group, lesion location, area of resi-
dence, treatment, or delay to first visit (Table 2).

Notifications by Residence

Patient places of residence, by endemicity classifi-
cation, were similar during 2017-2019. In 2020, the
proportion of cases from non-BU-endemic areas

dropped substantially. Patients residing in new
BU-endemic areas increased relative to non-BU-en-
demic and established areas from 2020 (7% [16/217]
of patients to 19% [65/334] of patients in 2022) (Fig-
ure 2). The increased cases in the new BU-endemic
areas primarily resulted from patients residing in the
inner Melbourne BU-endemic area.

Notifications by Primary Exposure Location

Primary exposure location was available for 1,700
(97.1%) case-patients. Over the study period, the
most common primary exposure area continued to be

Table 2. Characteristics of BU cases notified to the Victoria Department of Health, by age group and sex, Victoria, Australia, 2017-2022*

Age group, y Sex
Variable No. 0-15,n=148 16-60,n=883 >60,n =720 No. F,n=781 M, n = 968
Sex 1,749

F 69 (47) 378 (43) 334 (46) NA NA

M 78 (53) 504 (57) 386 (54) NA NA

Missing 1 1 0
Lesion location 1,640 1,638

Upper limb 19 (13) 147 (18) 184 (27) 169 (23) 181 (20)

Lower limb 120 (84) 628 (76) 458 (68) 524 (72) 680 (75)

Multiple 2(1.4) 21 (2.5) 14 (2.1) 12 (1.6) 25 (2.8)

Other 2(1.4) 28 (3.4) 17 (2.5) 24 (3.3) 23 (2.5)

Missing 5 59 47 52 59
WHO lesion category 1,572 1,570

(p<0.01) (p<0.05)

| 116 (83) 671 (84) 514 (81) 599 (85) 701 (81)

1] 20 (14) 88 (11) 68 (11) 71 (10) 105 (12)

11 3(2.2) 36 (4.5) 56 (8.8) 32 (4.6) 62 (7.1)

Missing 9 88 82 79 100
Area of residence 1,751 1,749

(p<0.001) (p<0.05)

New 16 (11) 90 (10) 57 (7.9) 78 (10.0) 84 (8.7)

Non—BU-endemic 58 (39) 352 (40) 194 (27) 244 (31) 359 (37)

Established 74 (50) 441 (50) 469 (65) 459 (59) 525 (54)
Year 1,751 1,749

2017 27 (18) 131 (15) 119 (17) 132 (17) 143 (15)

2018 31 (21) 173 (20) 136 (19) 142 (18) 198 (20)

2019 32 (22) 149 (17) 118 (16) 122 (16) 177 (18)

2020 11 (7.4) 102 (12) 104 (14) 94 (12) 123 (13)

2021 24 (16) 159 (18) 101 (14) 130 (17) 154 (16)

2022 23 (16) 169 (19) 142 (20) 161 (21) 173 (18)
Treatment 1,604 1,602

(p<0.05)

Antibiotics 99 (70) 600 (75) 445 (67) 494 (70) 650 (73)

Both 37 (26) 141 (18) 154 (23) 146 (21) 184 (21)

Dressings/other 5(3.5) 43 (5.4) 42 (6.4) 43 (6.1) 47 (5.3)

Surgical 0 (0) 19 (2.4) 19 (2.9) 24 (3.4) 14 (1.6)

Missing 7 80 60 74 73
Diagnosis delay, d, 1,542 17 (10-36) 21 (8-46) 16 (7-38) 1,540 20 (8-44) 17 (7-42)
median (IQR) (p<0.01)

Missing 17 115 77 92 117
First visit delay, d, 1,500 22 (12-35) 30 (14-60) 21 (7-45) 1,498 28 (9-54) 28 (13-48)
median (IQR) (p<0.001)

Missing 18 134 99 109 142
Manifestation 1,614 1,612

(p<0.001)

Nonulcer 40 (28) 177 (22) 170 (26) 203 (28) 184 (21)

Ulcer 101 (72) 633 (78) 493 (74) 514 (72) 711 (79)

Missing 7 73 57 64 73

*Values are no. (%) except as indicated. Percentages exclude missing data. BU, Buruli ulcer; IQR, interquartile range; NA, not applicable; WHO, World

Health Organization.
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Figure 2. Cases of BU notified to the Victoria Department of
Health, by area of residence and year, Victoria, Australia, 2017—
2022. BU, Buruli ulcer.

established areas (1,427 [84%]), followed by new BU-
endemic areas (216 [13%]) and then non-BU-endemic
areas (57 [3%]). The proportion of patients whose pri-
mary exposure location was a new BU-endemic area
increased substantially from 2017 to 2022 (4% [9/230]
of exposures to 18% [61/330] of exposures), mirrored
by a decrease in a primary exposure location in estab-
lished endemic areas (93% [215/230] of exposures to
78% [256/330] of exposures (Figure 3).

During the study period, the higher number of
primary exposures were in the Mornington Peninsula
(1,028 [60%]), followed by the Bellarine Peninsula
(223 [13%]) and the Frankston Area (116 [7%]). For
57 (3%) patients, no travel to BU-endemic areas was
reported (Figure 4). Although still relatively low com-
pared with the Mornington Peninsula, of note is the
emergence of the inner-city Melbourne area, in which
primary exposure locations substantially increased in
from 2019 (0 exposures) to 2022 (37 exposures, 11%)
(Figure 4).

Seasonality

The date of symptom onset was available for 1,573
(89.8%) patients, and the date of first visit was avail-
able for 1,541 (88.1%) of patients. Symptom onset was
most frequent in July (winter in Victoria) and least

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 3, March 2025
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often in January (summer in Victoria). The peak for
healthcare visitation was August, and the peak for BU
diagnosis was October (Figure 5).

Risk Factors for Severe Disease
Of the 1,751 cases, we excluded 357 (20%) from the
regression model because information was missing
for either the dependent variable; WHO lesion cat-
egory; or the independent variables sex, delay to first
visit, delay to diagnosis, or manifestation. Included
patients were less likely to be from an established
BU-endemic area (p<0.001), have a longer delay to di-
agnosis where recorded (p<0.001), and to have been
notified in 2021 (p<0.001). We found no differences in
sex, age grouping, delay to first visit, manifestation
with an ulcer, or lesion category (Table 3).
Multivariate regression revealed increased odds
of severe BU disease among male patients (odds ratio
[OR] 1.44 [95% CI11.08-1.94]; p = 0.014) with increasing
age per year (OR 1.01 [95% CI 1.00-1.01]; p = 0.015),
residence in a new area (OR 1.69 [95% CI 1.02-2.73];
p = 0.035) or non-BU-endemic area (OR 1.38 [95% CI
1.01-1.88]; p = 0.042), or a longer delay to diagnosis per
day (OR 1.00 [95% CI 1.00-1.01]; p<0.001) (Table 4).
Notifications received in 2018 (OR 0.61 [95% CI 0.39-
0.97]; p = 0.036) and 2021 (OR 0.41 [95% CI 0.23-0.71];
p =0.002) were associated with significantly less severe
disease than were cases notified in 2017.

Figure 3. BU primary exposure locations, by region and year,
Victoria, Australia, 2017-2022. BU, Buruli ulcer.
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Figure 4. Change in Buruli
ulcer primary exposures areas
in Greater Melbourne and
Bellarine region over time by
local government area, Victoria,
Australia, 2017-2022.

Discussion
The continued increase of BU cases in Victoria dem-
onstrates BU progression from a localized disease in
small geographic clusters to further expansion and
emergence of endemic areas (24). Although the Gee-
long and Surf Coast regions are contiguous to the well-
established BU-endemic area of the Bellarine Peninsu-
la, the inner Melbourne area is not coastal and shares
no boundaries with known BU-endemic areas.

The expansion of BU-endemic areas is a pub-
lic health concern, and monitoring the emergence of

Figure 5. Timing of symptom onset (A), first visit to a clinician (B),
and notification of Buruli ulcer (C) among cases notified to Victoria
Department of Health, Victoria, Australia, 2017-2022.

454

new areas is still needed. Current research provides
evidence for possums as a reservoir and mosquitoes as
vectors; thus, environmental surveillance through pos-
sum fecal excreta and mosquito surveys with screening
for M. ulcerans may help supplement current activities
for monitoring spread (16,25). M. ulcerans is probably
introduced into new environments and then expands
rather than emerging from a dormant pathogen reser-
voir; however, initial M. ulcerans introduction into new
BU-endemic areas is unclear (26).

Demographics, clinical signs, and diagnosis de-
lays differ by area of residence. Patient and clinician
understanding of BU disease in established areas may
be greater than that in new or non-BU-endemic areas,
particularly with respect to care seeking and consid-
eration of treatment options.

Similar to previous work, our study demon-
strates that older age (11,18) and living in a new or
non-BU-endemic area are associated with severe BU
lesions (11). Of note, the multivariate model demon-
strated that diagnosis delay, and not first visit delay,
was associated with severe disease. Median delays
between first visit (3 weeks) and diagnosis (4 weeks)
in Victoria are considerably shorter than in other set-
tings such as Nigeria (median delay of 29 weeks) and
Cameroon (median delay of 12 weeks) (27,28). Factors
that contributed to a longer delays in first visit and
diagnosis in those countries include geography and
inaccessibility to healthcare, which are unlikely to be
factors in Victoria (27).

The temporal relationship between symptom on-
set, first visit, and notification of BU followed the pre-
viously described seasonal patterns: symptom onset
peaking mid-winter and dipping mid-summer (29).
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Table 3. Characteristics of BU cases notified to the Victoria Department of Health, by exclusion or inclusion from logistic regression,

Victoria, Australia, 2017—2022*

Variable Excluded, n = 357 Included, n = 1,394 p value
Sex 0.3
F 149 (42) 632 (45)
M 206 (58) 762 (55)
Unknown 2 0
Age, y, continuous 54 (35,70) 53 (36,69) 0.5
Area of residence <0.001
New BU-endemic 30(8.4) 133 (9.5)
Non-BU-endemic 91 (25) 513 (37)
Established BU-endemic 236 (66) 748 (54)
Year <0.001
2017 56 (16) 221 (16)
2018 56 (16) 284 (20)
2019 53 (15) 246 (18)
2020 55 (15) 162 (12)
2021 83 (23) 201 (14)
2022 54 (15) 280 (20)
Diagnosis delay, d, median (IQR) 13 (5, 33) 20 (8, 43) <0.001
Unknown 209 0
Presentation delay, d, median (IQR) 21 (2, 60) 28 (12, 50) 0.2
Unknown 251 0
WHO lesion category
| 145 (83) 1156 (81) 0.2
1/ 33(17) 238 (19)
Unknown 179 0

*Values are no. (%) except as indicated. Percentages exclude missing data. BU, Buruli ulcer; WHO, World Health Organization.

The mosquito season in Victoria is November-April,
which, given the median incubation period of 4-5
months, supports acquisition during the summer in
Victoria (9). Therefore, targeted messages to the pub-
lic in the warmer months with regard to prevention
and to patients and clinicians in the autumn/winter
months with regard to early disease recognition and
diagnosis should be strengthened (30).

Our study period encompasses the COVID-19 pan-
demic, and the effect of nonpharmaceutical control mea-
sures on transmission and public health follow-up was
apparent. The state of Victoria experienced prolonged
lockdowns and movement restrictions (31), which re-

sulted in a low number of BU cases in 2020 and exclu-
sion of several cases in 2021 from the regression model
because of missing data. Competing public health prior-
ities meant that BU patient follow-up could not always
be consistently performed during that period.

Before the COVID-19 pandemic, we observed a
lower proportion of patients with severe disease in
2018, possibly associated with increased public mes-
saging within established areas (32). Another effect of
the COVID-19 pandemic was the increased propor-
tion of patients with severe disease in 2020. How-
ever, further public health messaging may have im-
proved awareness among the public and clinicians,

Table 4. Univariate and multivariate associations between risk factors and severity of BU, Victoria, Australia, 2017—2022*

WHO severity Univariate analysis Multivariate analysis

Variable ,n=1,156  Il/lll, n =238 OR 95% CI p value aOR 95% CI p value
Sex

F 541 (47) 91 (38) 1.00 NA NA 1.00 NA NA

M 615 (53) 147 (62) 1.42 1.07-1.90 0.016 1.44 1.08-1.94 0.014
Age, y, continuous 53 (35-69) 56 (41-74) 1.01 1.00-1.01 0.021 1.01 1.00-1.01 0.015
BU-endemic area

New BU-endemic 105 (9.1) 28 (12) 1.56 0.97-2.46 0.059 1.69 1.02-2.73 0.035

Non-BU-endemic 416 (36) 105 (44) 1.44 1.07-1.94 0.017 1.38 1.01-1.88 0.042

Established BU-endemic 635 (55) 105 (44) 1.00 NA NA 1.00 NA NA
Year

2017 171 (15) 50 (21) 1.00 NA NA 1.00 NA NA

2018 241 (21) 43 (18) 0.61 0.39-0.96 0.032 0.61 0.39-0.97 0.036

2019 203 (18) 43 (18) 0.72 0.46-1.14 0.2 0.68 0.43-1.09 0.11

2020 132 (11) 30 (13) 0.78 0.46-1.28 0.3 0.71 0.42-1.18 0.2

2021 179 (15) 22 (9.2) 0.42 0.24-0.72 0.002 0.41 0.23-0.71 0.002

2022 230 (20) 50 (21) 0.74 0.48-1.15 0.2 0.69 0.44-1.09 0.11
Diagnosis delay, d 18 (7-41) 28 (12-57) 1.03 1.01-1.04 <0.001  1.00 1.00-1.01  <0.001
First visit delay, d 28 (12-51) 26 (10-40) 1.00 1.00-1.00 0.7 NA NA NA

*Values are no. (%) except as indicated. aOR, adjusted odds ratio; BU, Buruli ulcer; NA, not applicable; OR, odds ratio; WHO, World Health Organization.
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particularly in newly identified areas, and resulted in
reduction of severe disease in 2021 (33).

Among the strengths of our study is inclusion of
the extensive public health surveillance database. Lim-
itations included exclusion of cases because of miss-
ing information. Because excluded case-patients were
more likely to live in a BU-endemic area, have a shorter
delay to diagnosis, and be notified in 2020 and 2021,
disease might have been less severe for those case-pa-
tients, which might have biased the multivariate mod-
el to show a stronger association between independent
variables and severe BU lesions. Furthermore, because
the data were from a notifiable public health disease
database, data on other factors that could have influ-
enced the severity of disease were not available, in-
cluding medical comorbidities, socioeconomic status,
or access to healthcare facilities. Last, primary expo-
sure information was not collected consistently across
established, new, or non-BU-endemic areas over the
study period, potentially resulting in misclassification.

Our study findings contribute to the substantial
body of work on BU in Victoria. However, several
findings are concerning, including the near tripling of
cases during 2017-2022 compared with 2011-2016 and
the emergence of multiple new BU-endemic areas (11).
The continued propagation and increased case num-
bers call for clear, targeted, and effective public health
action, which may include continued surveillance of
human cases, enhanced surveillance of mosquitoes
and possum excreta, mosquito control activities, public
health messaging, and clinician education.
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Thelazia callipaeda
Eyeworms in
American Black
Bear, Pennsylvania,
USA, 2023

In November 2023, an American black bear
was legally harvested in Coolbaugh Township,
Monroe County, Pennsylvania. Multiple linear
nematodes observed behind the third eyelid
were later identified as Thelazia callipaeda. The
presence of adult T. callipaeda eyeworms in an
American black bear suggests the establishment
of a sylvatic transmission cycle in the United
States and expansion of the number of definitive
host species used by the zoonotic nematode.

In this EID podcast, Dr. Carol Sobotyk, an assis-
tant professor of clinical parasitology and direc-
tor of the Clinical Parasitology Laboratory at the
University of Pennsylvania, discusses T. callipaeda
eyeworms in an American black bear.
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Effect of Prior Influenza
A(HLN1)pdmO9 Virus Infection on
Pathogenesis and Transmission
of Influenza A(H5N1) Clade
2.3.4.4b Virus in Ferret Model

Xiangjie Sun, Jessica A. Belser, Zhu-Nan Li, Nicole Brock, Joanna A. Pulit-Penaloza, Troy J. Kieran,
Claudia Pappas, Hui Zeng, Jessie C. Chang, Paul J. Carney, Brandon L. Bradley-Ferrell,
James Stevens, Terrence M. Tumpey, Min Z. Levine, Taronna R. Maines

Reports of human infections with influenza A(H5N1)
clade 2.3.4.4b viruses associated with outbreaks in dairy
cows in the United States underscore the need to assess
the potential cross-protection conferred by existing influ-
enza immunity. We serologically evaluated ferrets previ-
ously infected with an influenza A(H1N1)pdmO09 virus for
cross-reactive antibodies and then challenged 3 months
later with either highly pathogenic H5N1 clade 2.3.4.4b
or low pathogenicity H7N9 virus. Our results showed that
prior influenza A(H1N1)pdmQ9 virus infection more ef-
fectively reduced the replication and transmission of the
H5N1 virus than did the H7N9 virus, a finding supported
by the presence of group 1 hemagglutinin stalk and N1
neuraminidase antibodies in preimmune ferrets. Our
findings suggest that prior influenza A(H1N1)pdm09 vi-
rus infection may confer some level of protection against
influenza A(H5N1) clade 2.3.4.4.b virus.

ighly pathogenic avian influenza A(H5NT1) clade

2.3.4.4b viruses have exhibited rapid global spread
in wild birds since 2021 (1,2). That spread has resulted
in numerous outbreaks in domestic poultry and spo-
radic infections in nonavian hosts (1,2), including >20
mammal species in the United States alone since Janu-
ary 2022 (3). On March 25, 2024, H5N1 clade 2.3.4.4b vi-
rus was reported in dairy cows in Texas and Kansas (4),
and the virus was subsequently detected in dairy herds
from over a dozen states within 5 months (5). Those
outbreaks resulted in several confirmed human infec-
tions, primarily after exposure to infected dairy cows or
poultry (6). Although human cases from 2024 generally
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exhibited mild symptoms (7,8), clade 2.3.4.4b viruses
can cause severe infection in humans (9). Viruses isolat-
ed before and concurrent with ongoing dairy farm out-
breaks possess an efficient capacity for replicating in
mammalian hosts and are capable of systemic spread
and lethal infection in both mouse and ferret models
(10-13). Furthermore, some clade 2.3.4.4b viruses, in-
cluding viruses isolated from dairy farm workers in
2024, exhibit a limited capacity for airborne transmis-
sion between ferrets, suggesting a heightened risk to
public health (10-12,14). Those incidents highlight the
ongoing threat posed by H5N1 viruses and underscore
the need for comprehensive risk assessments to evalu-
ate the capacity of clade 2.3.4.4b viruses to cause infec-
tion and disease in diverse human populations.

Although almost all influenza A(H5N1) human
cases in the United States have been associated with
mild disease, and no human-to-human transmission
has been reported, assessing whether the human
population has cross-reactive antibodies that can pro-
vide protection against the disease caused by H5N1
virus infection is critical. Despite previous serologic
surveys indicating very low (0%-1.9%) seropositiv-
ity against H5N1 virus in the general population (15),
recent findings have shown relatively high levels of
cross-reactive neuraminidase inhibition antibodies to
H5N1 clade 2.3.4.4b viruses in healthy adults, likely
because of prior exposure to influenza A(H1N1)
pdm09 (pHIN1) virus (16). In addition, broadly re-
active hemagglutinin (HA) stalk antibodies induced
by seasonal influenza A(HIN1) and A(H3N2) virus
infections in humans have been suggested to provide
some level of protection against zoonotic H5N1 and
H7NO virus infections (17,18).
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Well-controlled studies in mammalian models
can provide crucial insight into the ability of prior
influenza A virus (IAV) exposure to modulate subse-
quent disease after homologous or heterologous viral
challenge (19). Cross-protection against H5N1 clade 1
viruses induced by prior human seasonal IAV infec-
tion has been previously shown in the ferret model
(20,21). However, those studies have not assessed the
role of preexisting immunity in modulating transmis-
sion outcomes and have not explored the extent of
cross-protection or the specific types of cross-reactive
antibodies in preimmune animals. We used a ferret
model to evaluate viral replication and transmission
of the H5N1 clade 2.3.4.4b virus in ferrets with or
without prior immunity against pH1N1 virus.

Materials and Methods

Viruses

We propagated stocks of 3 virus strains: pHIN1 A/
Nebraska/14/2019 (Neb/14); highly pathogenic
H5N1 clade 2.3.4.4b A/Texas/37/2024 (Texas/37);
and low pathogenicity H7N9 A/ Anhui/1/2013 (An-
hui/1), which was isolated from the first wave of
human infections in China in 2013, as described pre-
viously (11,22,23). All virus preparation and animal
infection experiments were conducted in Biosecurity
Level 3 containment laboratories including enhance-
ments required by the US Department of Agriculture
and the Federal Select Agent Program. All animal
studies were approved by the Institutional Animal

Influenza A(H5N1) Clade 2.3.4.4b Virus

Care and Use Committee of the Centers for Disease
Control and Prevention (CDC) and were conducted
under the guidance of the CDC’s Institutional Animal
Care and Use Committee in an AAALAC-accredited
animal facility.

Primary Intranasal Infection with pH1N1 Virus

We serologically tested twelve 8-month-old ferrets by
using the 2023-2024 World Health Organization in-
fluenza reagent kit; all tested negative for circulating
influenza viruses, including A/ Victoria/2570/2019
(HIN1)pdm09, A/Delaware/01/2021 (H3N2), B/
Phuket/3073/2013 (Yamagata lineage), and B/Michi-
gan/01/2021 (Victoria lineage). We then intranasally
inoculated the ferrets with >10> PFU Neb/14 virus
per ferret in 1 mL phosphate-buffered saline under
ketamine/xylazine anesthesia. All 12 ferrets devel-
oped productive infection and exhibited hemaggluti-
nation inhibition (HI) titers of 80-320 against homolo-
gous virus by day 93 postinoculation. We termed that
group of ferrets as preimmune.

Ferret Inoculation and Evaluation of Viral

Replication and Transmission

We then inoculated groups of the preimmune ferrets
and naive ferrets by respiratory inhalation of aerosol-
ized virus for 15 minutes, as previously described (24),
and used an elevated relative humidity (=65%) to bet-
ter emulate environmental conditions on dairy farms.
We administered doses varying from 10°°to 10*® PFU
(Table). At 24 hours postinoculation, we pair-housed

Table. Pathogenicity and transmissibility of influenza viruses in naive and preimmune ferrets in study of the effect of prior influenza
A(H1N1)pdm089 virus infection on pathogenesis and transmission of human influenza A(H5N1) clade 2.3.4.4b virus in ferret model*

Inoculated animals}

Contact animals

Challenge Statust Dose, Temp. % Weight  Peak titer Peak titer ~ Transmission/
virus Donor Contact PFU8  Lethargyy rise, °C# loss** (SD)tt (SD)tt inoculationff
Texas/37 Naive Naive 1005 15 24(2/2) 7.3(212) 5.5(0.7) 2.5(0.6) 22
Texas/37 Naive Preimmune 1024 1.9 1.7 (3/3) 7.9 (3/3) 4.2 (0.4) NA 0/3
Texas/37  Preimmune Naive 102425 1.7 1.5(2/3) 5.5(2/3) 2.5(1.8) NA 0/3
Anhui/l Naive Naive 1027 1.2 1.9(2/3) 4.7 (3/3) 5.7 (0.8) 6.1 (1.5) 3/3
Anhui/l Naive Preimmune 1028 11 1.5 (2/3) 5.4 (1/3) 6.5 (0.4) 5.4 (0.8) 3/3
Anhui/l Preimmune Naive 1026 1.1 1.6 (2/3) 5.4 (2/3) 6.3 (0.2) 3.3(1.5) 2/3

*Preimmune ferrets were those inoculated with influenza A(H1N1)pdm09 (A/Nebraska/14/2019). Naive and preimmune ferrets were challenged with
highly pathogenic influenza A(H5N1) clade 2.3.4.4b A/Texas/37/2024 (Texas/37) and low pathogenicity influenza A(H7N9) A/Anhui/1/2013 (Anhui/1). NA,
not applicable because titers were below the limit of detection; temp., temperature.

TFerrets were serologically naive to contemporary influenza A viruses (naive) or inoculated with A/Nebraska/14/2019 influenza A(H1N1)pdmO9 virus 3

months before use in this study (preimmune).

FInoculated ferrets were monitored for clinical signs of disease for 3 days for the Texas/37 virus and 4 days for the Anhui/1 virus. All animals that were
productively infected after aerosol exposure are shown (n = 3 for all groups except Texas/37 naive donor/naive contact, which is n = 2).

§Presented dose of virus to ferrets following 15-min inhalation exposure to aerosolized virus.

TRelative inactivity index of ferrets inoculated with the challenge virus specified.

#Values in parentheses are no. affected/no. inoculated. Mean maximum temperature rise >1°C among all inoculated animals in degrees centigrade;
number of ferrets with temperature rise >1°C in all productively infected ferrets was shown in parentheses.

**Values in parentheses are no. affected/no. inoculated. Mean maximum weight loss >1% among all inoculated animals expressed as a percentage;
number of ferrets with weight loss >1% in all productively infected ferrets was shown in parentheses.

TtMean maximum nasal wash titer +SD reported as logio PFU/mL among ferrets with positive virus shedding; for NA, titers for all ferrets were below limit

of detection of 10 PFU.

FtValues are no. affected/no. inoculated. Transmission was defined as both the detection of productive virus shedding and seroconversion of surviving
animals to homologous challenge virus or confirmed infection requiring euthanasia. Two contact ferrets, each co-housed with a ferret productively infected
with the Texas/37 virus, were humanely euthanized on days 3 and 4 postcontact; all contact ferrets co-housed with ferrets inoculated with Anhui/1 virus

survived throuah dav 21 nostcontact.
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groups of 3 naive or preimmune ferrets with inocu-
lated ferrets at a 1:1 donor:contact ratio to assess virus
transmission in a direct contact setting. We observed
all ferrets daily for clinical signs of infection, includ-
ing temperature rise, weight loss, and lethargy, and
collected nasal wash daily until day 3 postinoculation
for Texas/37 or day 4 postinoculation for Anhui/1 vi-
rus, as previously described (11,22), at which time we
humanely euthanized inoculated animals to evaluate
virus replication and systemic spread. We monitored
contact ferrets for virus shedding and seroconversion
at day 21 postinoculation as determined by HI titers
using 0.5% turkey red blood cells. We determined
productive transmission by detection of infectious vi-
rus in nasal wash specimens and seroconversion to
homologous challenge virus.

All samples collected for infectious virus deter-
mination were frozen at —80°C until titration by stan-
dard plaque assay in Madin-Darby canine kidney
cells (limit of detection 10 PFU/mL or g of tissue). We
used a 2-way analysis of variance test in Prism 7.05
(GraphPad Software Inc., https://www.graphpad.
com) to assess viral titer differences between naive
and preimmune groups. We considered p<0.05 statis-
tically significant.

Serologic Assessment of Cross-Reactive

Antibodies after Primary pH1N1 Virus Challenge

We developed and performed a high-throughput
multiplex influenza antibody detection assay, as
described previously (25,26). In brief, we included
HA globular head, HA stalk, neuraminidase (NA),
and nucleoprotein (NP) antigens from IAVs and HA
globular head from influenza B viruses in this study
(Appendix 1 Table, https:/ /wwwnc.cdc.gov/EID/
article/31/2/24-1489-Appl.xIsx). We obtained anti-
gens from Sino Biological U.S. Inc. (https://www.
sinobiological.com), the International Reagent
Resource  (https:/ /www.internationalreagentre-
source.org), or by using an in-house baculovirus
expression system to express and purify our own
reagents (27,28).

To each well of a black-wall 96-well plate, we
added 50 pL of microsphere suspension containing
2,000 microspheres for each of the 32 bead regions
in an assay buffer comprising 1x PBS with 0.05%
Tween 20, 1% bovine serum albumin (BSA), and 0.5
mol sodium chloride (total 64,000 microspheres/
well). We then added 1:200 diluted naive or preim-
mune ferret serum in assay buffer to appropriate
wells in duplicates, including 2 serum pools on each
plate as intraassay and interassay controls. We incu-
bated plates in the dark at room temperature for 60
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minutes on an orbital shaker, then washed plates 3
times with 100 pL of assay buffer by using Bio-Plex
Handheld Magnetic Washer (Bio-Rad Laboratories,
https:/ /www .bio-rad.com). We then added 100 pL
of protein A-phycoerythrin conjugate and incubated
plates in the dark at room temperature for 60 minutes
on an orbital shaker. Then, we washed plates 3 times
with 100 pL of reading buffer comprising 1x PBS with
0.05% Tween 20, 1% BSA and read the plates by us-
ing a Bio-Plex MAGPIX Multiplex Reader (Bio-Rad
Laboratories). We calculated median fluorescence in-
tensities by using GraphPad 7.05 software (GraphPad
Software Inc.).

Results

Cross-Reactive Antibodies Induced by pH1N1

Virus Infection

We tested serum samples collected 93 days after pri-
mary pH1N1 virus infection for reactivity against var-
ious HA, NA, and NP antigens (Figure 1). We found
the highest serum antibody levels detected were
against the HA globular head from pHIN1 viruses
predating the challenge strain, but we consistently
detected antibodies against all 6 H1 HA targets as-
sessed. We also detected antibodies reactive to the N1
NA, which were derived from either HIN1 or H5N1
virus isolates, including Texas/37, in all preimmune
animals. Moreover, we detected antibodies against
NP protein of pHIN1 virus A/Brisbane/10/2007
in preimmune ferrets. The NP proteins between
Texas/37 and Neb/14 viruses share 94% similarity.
However, we detected no antibodies against the HA
globular head of H3, H5, or H7 viruses, or the NA
from H3N2 or H7N9 viruses. In addition, Neb/14 vi-
rus infection induced antibodies reactive to group 1,
but not group 2, HA stalks (Figure 1). Furthermore,
alignments of surface exposed residues in the HA,
including HA1 head and HA2 stalk, and NA pro-
teins of Neb/14 and Texas/37 virus revealed higher
similarities in NA surface residues (83.4%, 186/223)
and in the HA2 stalk (80.4%, 111/138) compared with
HA1 surface exposed residues (45%, 107/238) (Ap-
pendix 2 Figures 1, 2, https:/ /wwwnc.cdc.gov/EID/
article/31/2/24-1489-App2.pdf). That finding sup-
ports the observed cross-reactivity to the HA2 stalk
and Texas/37 NA but not to the Texas/37 HA head
in preimmune ferrets. Our serologic findings demon-
strated that pHIN1 infection can induce low levels
of cross-reactive antibodies to HSN1 NA and the HA
stalk from the group 1 H5N1 but not to group 2 H7N9,
virus where cross-reactive antibodies remained at un-
detectable levels.
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Figure 1. Detection of cross-reactive antibodies in study of the effect of prior influenza A(H1N1)pdmQ9 virus infection on pathogenesis
and transmission of human influenza A(H5N1) clade 2.3.4.4b virus in ferret model. After primary pH1N1 infection, we detected cross-
reactive antibodies by using a high-throughput multiplex influenza antibody detection assay. Serum samples from naive and preimmune
ferrets were prediluted 200-fold and added to plates containing antigen-coated microspheres, then plates were incubated with protein
A-phycoerythrin conjugate. Reported values represent the mean of duplicate assays. Antibody titers were expressed as median
fluorescence intensity. Full virus strain names and sources of all antigens are provided (Appendix 1 Table, https://wwwnc.cdc.gov/EID/
article/31/3/24-1489-App1.pdf). HA, hemagglutinin; 1AV, influenza A virus; IBV, influenza B virus; NA, neuraminidase; NP, nucleoprotein.

Attenuation of Texas/37 Virulence and

Transmission in pH1N1 Preimmune Ferrets

To assess if cross-reactive antibodies elicited in fer-
rets after pH1N1 infection could reduce H5N1 clade
2.3.44b virus virulence and transmissibility, we
challenged preimmune and naive control ferrets
via respiratory inhalation of aerosolized Texas/37
virus, to closely emulate natural mammalian expo-
sure to IAV. First, we exposed a group of 3 ferrets to
a low (=3 PFU) dose of aerosolized Texas/37 virus.
In agreement with prior work (29), we productively
infected 2/3 ferrets, which led to a severe and fa-
tal infection in serologically naive ferrets. In addi-
tion, after 48 hours of sustained contact, we detected
successful transmission to cohoused naive animals
in direct contact with infected animals (Table). To
provide a robust challenge, both naive and preim-
mune ferrets received inhaled doses of 10*4-10%*°
PFU of H5N1 virus; then, preimmune ferrets served
as either donors or contacts in direct contact trans-
mission experiments. We humanely euthanized all
donor ferrets on day 3 postinoculation to assess sys-
temic dissemination of virus.

Serologically naive ferrets inoculated by the
aerosol inhalation route with Texas/37 virus ex-
hibited a rapid and severe infection within 3 days
postinoculation (Table). As with the inoculated
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naive ferrets, preimmune ferrets exhibited clinical
symptoms by day 3 postinoculation, but clinical
signs were less severe, and lethargy, temperature
rise, and weight loss were less pronounced. Virus
shedding in nasal wash specimens from the preim-
mune ferrets was delayed (Figures 2, 3), and only
1/3 ferrets had detectable virus shedding on days 1
and 2 postinoculation, compared with 2/3 and 3/3
ferrets in the inoculated naive group at those time-
points (Figure 2, panel A). Although viral titers in
day 3 postinoculation nasal wash and tissues proxi-
mal to the upper respiratory tract (i.e., nasal tur-
binate, ethmoid turbinate, soft palate) were com-
parable between the preimmune and naive ferret
groups, virus was either undetectable in the lower
respiratory tract (trachea, lung), extrapulmonary
tissues (spleen, kidney), and blood, or detected at
lower frequency in other tissues (brain, olfactory
bulb, intestines, liver) in preimmune ferrets rela-
tive to naive animals (Figure 2, panel C).

Unlike the efficient transmissibility of Texas/37
virus during direct contact when both donor and
contact animals were serologically naive (Table;
Figure 3, panel A), Texas/37 did not transmit by
that route when preimmune ferrets served as either
donor or recipient animals. We did not recover in-
fectious virus from nasal wash specimens collected
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from contact animals nor did those animals sero-
convert to H5N1 virus (Table, Figure 3 panels C, E).
Thus, we found that prior exposure to a 2019 pH1IN1
virus in ferrets reduced disease severity and limited
viral spread to the lower respiratory tract and extra-
pulmonary tissues after rechallenge with Texas/37
virus via respiratory inhalation compared with sero-
logically naive animals. We also observed reduced
transmissibility of Texas/37 virus during direct con-
tact when either the donor or recipient animals had
prior pHIN1 exposure.

Effect of Preexisting pH1N1 Immunity on

H7N9 Virus Pathogenesis and Transmission

Because we detected antibodies against antigens
other than HA and NA, such as NP, in preimmune
serum samples (Figure 1), we performed a parallel
experiment, to better understand the breadth and
magnitude of cross-protection. For that experiment

Figure 2. Virus shedding in
study of the effect of prior
influenza A(H1N1)pdmOQ9 virus
infection on pathogenesis and
transmission of human influenza
A(H5N1) clade 2.3.4.4b virus in
ferret model. A, B) Nasal wash
viral titers for influenza A(H5N1)
Texas/37 virus (A) and influenza
A(H7N9) Anhui/1 virus (B). C,
D) Virus titers from tissues for
Texas/37 H5N1 virus collected
3 days postinoculation (C) and
Anhui/1 H7N9 virus collected

4 days postinoculation (D).
Horizontal bars indicate median,
dots indicate individual titers,
whiskers indicate range of
positive titers. Three naive and
3 pH1N1 preimmune ferrets
were inoculated via respiratory
inhalation with Texas/37 or
Anhui/1 virus (Table). Nasal
wash specimens (A, B) were
collected daily. Virus titers were
determined by standard plaque
assay in MDCK cells. Tissue
samples collected from nasal
turbinate, ethmoid turbinate,
soft palate, blood, and rectal
swabs were reported in log,,
PFU/mL. Tissues collected

from lung, brain, olfactory bulb,
intestines, liver, spleen, kidney
were reported in log,, PFU/g. The
limit of detection was 10 PFU per

we used the group 2 low pathogenicity (H7N9 An-
hui/1 virus, which has distinct HA and NA sub-
types to which pHIN1 convalescent serum does not
react. Anhui/1 virus has previously been reported
to cause milder disease and exhibit lower replication
capacity in ferrets compared with the Texas/37 virus
(11,22). Donor ferrets received an aerosol inhalation
dose of 10>°-10?8 PFU of Anhui/1 virus. Donor and
contact animals cohoused for 72 hours before donor
animals were humanely euthanized on day 4 post-
inoculation, which was a sufficient time for efficient
transmission to occur in direct contact between se-
rologically naive donor and contact animals (Table;
Figure 3, panel B).

Upon Anhui/1virusrespiratory inhalation chal-
lenge, only mild clinical signs were observed in both
naive and preimmune ferrets (Table). Virus shed-
ding in nasal wash specimens and systemic tissues
were generally similar across naive and preimmune

mL or g. Statistical analyses were performed using 2-way analysis of variance test when samples were positive for viral titers in all
3 inoculated animals; we considered p<0.05 statistically significant. When <3 inoculated ferrets had detectable virus, the detection
frequency is indicated above the corresponding positions. Anhui/1, low pathogenicity influenza A(H7N9) A/Anhui/1/2013; NS, not
statistically significant; Texas/37, highly pathogenic influenza A(H5N1) clade 2.3.4.4b A/Texas/37/2024.
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Figure 3. Contact transmission of
Texas/37 influenza A(H5N1) virus
and Anhui/1 influenza A(H7N9)
virus in study of the effect of prior
influenza A(H1N1)pdmO09 virus
infection on pathogenesis and
transmission of human influenza
A(H5N1) clade 2.3.4.4b virus in
ferret model. A, C, E) Transmission
of Texas/37 H5N1 virus among
ferrets; B, D, F) transmission of
Anhui/1 H7N9 virus among ferrets.
Different shades indicate individual
animals. We inoculated 3 naive
ferrets per virus (A-D) and 3
preimmune ferrets per virus (E, F)
by respiratory inhalation exposure
(Table). Each inoculated ferret was
pair-housed with a contact recipient,
with (C, D) or without preimmunity
(A, B, E, F); contact was sustained
for 48 hours for Texas/37 and

for 72 hours for Anhui/1 before
inoculated animals were humanely
euthanized. Nasal wash samples
were collected daily from inoculated
ferrets (days 1—4 postinfection) and
on alternate days from the contact
animals (days 1-11 postcontact).
The limit of detection was 10 PFU/
mL. Two naive contact ferrets (panel
A) reached humane endpoints

and were euthanized on days 3

and 4 postinfection. Anhui/1, low
pathogenicity influenza A(H7N9) A/
Anhui/1/2013; EP, endpoint; NS, not
statistically significant; Texas/37,
highly pathogenic influenza A(H5N1)
clade 2.3.4.4b AlTexas/37/2024.

donor animals, except for day 4 postinoculation
ethmoid turbinate and trachea titers, which were
significantly higher in naive ferrets (p<0.05) (Figure
2, panels B, D). Efficient virus transmission during
direct contact was observed when preimmune fer-
rets served as either donor or contact animals (Fig-
ure 3, panels D, F). Overall, we found that prior ex-
posure to pH1INT1 virus had no substantial effect on
H7N9 virus shedding, replication, or transmission
during direct contact, in contrast to viral challenge
with H5N1 virus.

Discussion

Key elements in the risk assessment of emerging IAVs
include evaluating virus transmissibility in animal
models, assessing population immunity against nov-
el IAVs, and determining disease severity and patho-
genesis in humans and animals after infection (30).
Assessing the risk for human infection and human-to-
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human transmission of emerging HPAI H5N1 clade
2.4.4.4b virus, which has caused sporadic human in-
fections among poultry and dairy farm workers in
the United States, is crucial for pandemic prepared-
ness. We showed that ferrets with existing pH1N1
virus immunity had reduced disease severity and
limited viral systemic spread after aerosol inhalation
exposure to Texas/37 virus. Moreover, direct-contact
transmission was abolished when either the donor or
recipient animals had prior HIN1 immunity. Howev-
er, the protective effect of pHIN1 immunity did not
extend to the virus with an HA from different phy-
logenetic group and NA from a distinct subtype, as
evidenced by the minimal effect that pHIN1 immu-
nity had on infection and transmission after challenge
with a group 2 H7N9 virus.

This study builds upon a growing body of lit-
erature on ferrets previously exposed to seasonal
IAVs and subsequently challenged with either
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seasonal or zoonotic IAV (19,21,31). Use of ferrets
with existing IAV immunity from prior infection
with wild-type viruses can provide contextual data
for risk assessment studies (31). Of note, we used a
contemporary 2019 pHINT1 strain to establish prior
immunity, which could influence the subsequent
preimmune profile of animals, as supported by
varying serum H1 HA and N1 NA antibody levels
depending on the year of virus isolation (Figure 1).
Our findings from use of 2019 pH1N1 virus under-
scores the importance of considering the specific
pHIN1 strain used for primary infection in such
studies, and conducting future work that explores
the full breadth of diverse infection histories seen
in humans.

Our findings extend the understanding of
cross-protective effects of pH1N1 immunity against
H5NT1 clade 2.3.4.4b viruses by challenging animals
with a recent human isolate, Texas/37. Unlike other
US isolates, Texas/37 carries a PB2-627K mutation,
likely contributing to enhanced virulence in ferrets
(7). In line with a similar study using a bovine iso-
late (32), we observed reduced disease severity and
systemic viral spread in pH1N1 preimmune ferrets
relative to naive controls. In addition, we found
that while virus shedding in nasal wash specimens
was delayed in preimmune animals early (days
1-2) after infection relative to naive animals, titers
from both groups reached comparable levels by
day 3 postinoculation in specimens from the upper
respiratory tract (nasal wash, nasal and ethmoid
turbinates) and the surrounding milieu (soft pal-
ate). Of note, a previous study also reported that
HIN1-preimmune ferrets exhibited substantially
reduced virus shedding in nasal secretions and
viral replication in both upper and lower respi-
ratory tissues compared with naive ferrets when
challenged with an H5N1 bovine isolate (32). The
differences between that study and ours could be
attributed to variation in H5N1 challenge strains,
cross-protective antibody levels, or differences in
inoculation doses and routes. Beyond examination
of directly inoculated animals, transmission in the
presence of direct contact was reduced when either
donor or recipient ferrets were preimmune, likely
the result of altered host susceptibility and delayed
virus shedding. Although we did not assess respi-
ratory droplet transmission in this study, we antici-
pate that droplet transmission would be unlikely
under this more stringent transmission setting. Of
note, we used inhalation of aerosolized virus to
challenge the animals, which is known to delay on-
set of detectable virus replication and peak titers in
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nasal wash specimens (24), more closely emulating
the kinetics of natural human exposure to IAVs.

In our study, using a comprehensive panel of
antigens in serologic tests, we identified antibodies
that reacted to H5N1 NA and the group 1 HA stalk,
but not to the HA heads of H5 and H7 viruses or
the group 2 HA stalk. Broadly reactive NA and HA
stalk antibodies have been shown to play a key role
in cross-heterosubtypic protection in animal models
(33,34), which likely contributed to the cross-protec-
tion observed in our study. In addition, human epide-
miologic studies have demonstrated that populations
with previous exposure to pH1IN1 might experience
less severe outcomes from H5N1 infection (18). How-
ever, we only explored cross-protective immunity at
approximately 3 months after seasonal pHIN1 pri-
mary infection. The duration of such immunity and
correlation between the level of NA or HA stalk an-
tibodies, specifically H5 HA stalk antibodies, and
protection efficacy warrant further study, as do com-
prehensive evaluations of how prior vaccination may
contribute to modulating disease severity.

Our experimental evidence from the ferret mod-
el underscores the potential role of cross-reactive
HA stalk and NA antibodies in reducing disease se-
verity and transmission after H5N1 virus infection.
However, future studies of larger group sizes are
warranted, as are studies investigating how antibod-
ies targeting internal influenza virus proteins, such
as NP, or cellular immunity, contribute to cross-
protection. In addition, a single seasonal virus in-
fection in naive ferrets cannot fully recapitulate the
complexity of human IAV immune history. Future
studies involving ferrets vaccinated with different
types of influenza vaccines or repeatedly exposed
to seasonal viruses more closely mirroring the var-
ied infection histories in humans will help provide
deeper insights into cross-immunity elicited across
different IAV subtypes. Furthermore, inclusion of
multiple zoonotic strains to assess relative contribu-
tions of nonspecific effects in preimmune animals, as
demonstrated here by performing tandem challenge
studies and serology assessments with both H5N1
and H7N9 viruses, is a practice not typically used in
the field yet shown to be a key provider of essential
contextual information.

In conclusion, our results showed that prior
pHINI virus infection more effectively reduced the
replication and transmission of H5N1 virus than it
did H7N9 virus in a ferret model. Those results sug-
gest that pHIN1 virus immunity may confer some
level of protection against H5N1 clade 2.3.4.4.b virus
in humans.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025


http://www.cdc.gov/eid

About the Author

Dr. Sun is a microbiologist in the Influenza Division,
National Center for Immunization and Respiratory
Diseases, Centers for Disease Control and Prevention,
Atlanta, Georgia, USA. Her research primarily focuses
on using the ferret model to understand influenza virus
pathogenicity and transmissibility.

References

1.

10.

11.

12.

Bevins SN, Shriner SA, Cumbee JC Jr, Dilione KE,

Douglass KE, Ellis JW, et al. Intercontinental movement

of highly pathogenic avian influenza A(H5N1) clade

2.3.4.4 virus to the United States, 2021. Emerg Infect Dis.
2022;28:1006-11. https:/ / doi.org/10.3201/eid2805.220318
Caliendo V, Lewis NS, Pohlmann A, Baillie SR, Banyard AC,
Beer M, et al. Transatlantic spread of highly pathogenic avian
influenza H5N1 by wild birds from Europe to North America
in 2021. Sci Rep. 2022;12:11729. https:/ / doi.org/10.1038/
s41598-022-13447-z

Elsmo EJ, Wiinschmann A, Beckmen KB,
Broughton-Neiswanger LE, Buckles EL, Ellis J, et al. Highly
pathogenic avian influenza A(H5N1) virus clade 2.3.4.4b
infections in wild terrestrial mammals, United States, 2022.
Emerg Infect Dis. 2023;29:2451-60. https:/ /doi.org/10.3201/
€id2912.230464

Burrough ER, Magstadt DR, Petersen B, Timmermans SJ,
Gauger PC, Zhang J, et al. Highly pathogenic avian
influenza A(H5N1) clade 2.3.4.4b virus infection in domestic
dairy cattle and cats, United States, 2024. Emerg Infect Dis.
2024;30:1335-43. https:/ / doi.org/10.3201/ eid3007.240508
US Department of Agriculture. HPAI confirmed cases in
livestock [cited 2024 Aug 30]. https:/ /www.aphis.usda.gov/
livestock-poultry-disease/avian/avian-influenza/
hpai-detections/hpai-confirmed-cases-livestock

Centers for Disease Control and Prevention. CDC reports
fourth human case of H5 bird flu tied to dairy cow

outbreak [cited 2024 Aug 30]. https:/ /www.cdc.gov/media/
releases/ 2024/ p-0703-4th-human-case-h5.html

Uyeki TM, Milton S, Abdul Hamid C, Reinoso Webb C,
Presley SM, Shetty V, et al. Highly pathogenic avian
influenza A(H5N1) virus infection in a dairy farm worker.

N Engl ] Med. 2024;390:2028-9. https:/ /doi.org/10.1056/
NEJMc2405371

Morse ], Coyle ], Mikesell L, Stoddard B, Eckel S, Weinberg M,
et al. Influenza A(H5N1) virus infection in two dairy farm
workers in Michigan. N Engl ] Med. 2024;391:963-4.

https:/ /doi.org/10.1056 / NEJMc2407264

World Health Organization. Disease outbreak news: human
infection caused by avian influenza A(H5N1)— Chile, 21
April 2023 [cited 2024 Sep 10]. https:/ /www.who.int/
emergencies/ disease-outbreak-news/item/2023-DON461
Eisfeld AJ, Biswas A, Guan L, Gu C, Maemura T, Trifkovic S,
et al. Pathogenicity and transmissibility of bovine H5N1
influenza virus. Nature. 2024;633:426-32. https:/ /doi.org/
10.1038/s41586-024-07766-6

Pulit-Penaloza JA, Belser JA, Brock N, Kieran TJ, Sun X,
Pappas C, et al. Transmission of a human isolate of clade
2.3.4.4b A(H5NT1) virus in ferrets. Nature. 2024;636:705-10.
https:/ /doi.org/10.1038 /s41586-024-08246-7

Restori KH, Septer KM, Field CJ, Patel DR, VanInsberghe D,
Raghunathan V, et al. Risk assessment of a highly
pathogenic H5N1 influenza virus from mink. Nat Commun.
2024;15:4112. https:/ /doi.org/10.1038 /s41467-024-48475-y

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Influenza A(H5N1) Clade 2.3.4.4b Virus

Kandeil A, Patton C, Jones JC, Jeevan T, Harrington WN,
Trifkovic S, et al. Rapid evolution of A(H5N1) influenza
viruses after intercontinental spread to North America.

Nat Commun. 2023;14:3082. https:/ /doi.org/10.1038/
541467-023-38415-7

Gu C, Maemura T, Guan L, Eisfeld AJ, Biswas A, Kiso M,

et al. A human isolate of bovine H5NT1 is transmissible

and lethal in animal models. Nature. 2024;636:711-8.
https:/ /doi.org/10.1038/s41586-024-08254-7

Chen X, Wang W, Wang Y, Lai S, Yang ], Cowling BJ, et al.
Serological evidence of human infections with highly
pathogenic avian influenza A(H5N1) virus: a systematic
review and meta-analysis. BMC Med. 2020;18:377.

https:/ /doi.org/10.1186/512916-020-01836-y

Daulagala P, Cheng SMS, Chin A, Luk LLH, Leung K,

Wu JT, et al. Avian influenza A(H5N1) neuraminidase
inhibition antibodies in healthy adults after exposure to
influenza A(HIN1)pdm09. Emerg Infect Dis. 2024;30:168-71.
https:/ /doi.org/10.3201/eid3001.230756

Ekiert DC, Friesen RH, Bhabha G, Kwaks T,

Jongeneelen M, Yu W, et al. A highly conserved
neutralizing epitope on group 2 influenza A viruses.
Science. 2011;333:843-50. https:/ /doi.org/10.1126/
science.1204839

Gostic KM, Ambrose M, Worobey M, Lloyd-Smith JO.
Potent protection against HSN1 and H7N9 influenza via
childhood hemagglutinin imprinting. Science. 2016;354:722-
6. https:/ /doi.org/10.1126/science.aag1322

Skarlupka AL, Ross TM. Immune imprinting in the
influenza ferret model. Vaccines (Basel). 2020;8:173.

https:/ /doi.org/10.3390/ vaccines8020173

Bissel S], Wang G, Carter DM, Crevar CJ, Ross TM, Wiley CA.
HINT1, but not H3N2, influenza A virus infection protects
ferrets from H5N1 encephalitis. ] Virol. 2014;88:3077-91.
https:/ /doi.org/10.1128/JVI1.01840-13

Nuiiez IA, Jang H, Huang Y, Kelvin A, Ross TM. Influenza
virus immune imprinting dictates the clinical outcomes in
ferrets challenged with highly pathogenic avian influenza
virus H5N1. Front Vet Sci. 2023;10:1286758. https:/ / doi.org/
10.3389/ fvets.2023.1286758

Belser JA, Gustin KM, Pearce MB, Maines TR, Zeng H,
Pappas C, et al. Pathogenesis and transmission of avian
influenza A (H7N9) virus in ferrets and mice. Nature.
2013;501:556-9. https:/ / doi.org/10.1038 /nature12391
Pulit-Penaloza JA, Brock N, Jones ], Belser JA, Jang Y, Sun X,
et al. Pathogenesis and transmission of human seasonal and
swine-origin A(H1) influenza viruses in the ferret model.
Emerg Microbes Infect. 2022;11:1452-9. https:/ / doi.org/
10.1080/22221751.2022.2076615

Gustin KM, Belser JA, Wadford DA, Pearce MB, Katz JM,
Tumpey TM, et al. Influenza virus aerosol exposure and
analytical system for ferrets. Proc Natl Acad Sci U S A.
2011;108:8432-7. https:/ / doi.org/10.1073/ pnas.1100768108
Li ZN, Weber KM, Limmer RA, Horne B]J, Stevens J,
Schwerzmann J, et al. Evaluation of multiplex assay
platforms for detection of influenza hemagglutinin

subtype specific antibody responses. ] Virol Methods.
2017;243:61-7. https:/ /doi.org/10.1016/

jjviromet. 2017.01.008

Li ZN, Liu F, Gross FL, Kim L, Ferdinands J, Carney P, et al.
Antibody landscape analysis following influenza vaccination
and natural infection in humans with a high-throughput
multiplex influenza antibody detection assay. MBio.
2021;12:e02808-20. https:/ / doi.org/10.1128 / mBio.02808-20
Yang H, Carney P, Stevens ]. Structure and receptor binding
properties of a pandemic HIN1 virus hemagglutinin.

465


http://www.cdc.gov/eid
https://doi.org/10.3201/eid2805.220318
https://doi.org/10.1038/s41598-022-13447-z
https://doi.org/10.1038/s41598-022-13447-z
https://doi.org/10.3201/eid2912.230464
https://doi.org/10.3201/eid2912.230464
https://doi.org/10.3201/eid3007.240508
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/
https://www.aphis.usda.gov/livestock-poultry-disease/avian/avian-influenza/
https://www.cdc.gov/media/releases/2024/p-0703-4th-human-case-h5.html
https://www.cdc.gov/media/releases/2024/p-0703-4th-human-case-h5.html
https://doi.org/10.1056/NEJMc2405371
https://doi.org/10.1056/NEJMc2405371
https://doi.org/10.1056/NEJMc2407264
https://www.who.int/
https://doi.org/10.1038/s41586-024-07766-6
https://doi.org/10.1038/s41586-024-07766-6
https://doi.org/10.1038/s41586-024-08246-7
https://doi.org/10.1038/s41467-024-48475-y
https://doi.org/10.1038/s41467-023-38415-7
https://doi.org/10.1038/s41467-023-38415-7
https://doi.org/10.1038/s41586-024-08254-7
https://doi.org/10.1186/s12916-020-01836-y
https://doi.org/10.3201/eid3001.230756
https://doi.org/10.1126/science.1204839
https://doi.org/10.1126/science.1204839
https://doi.org/10.1126/science.aag1322
https://doi.org/10.3390/vaccines8020173
https://doi.org/10.1128/JVI.01840-13
https://doi.org/10.3389/fvets.2023.1286758
https://doi.org/10.3389/fvets.2023.1286758
https://doi.org/10.1038/nature12391
https://doi.org/10.1080/22221751.2022.2076615
https://doi.org/10.1080/22221751.2022.2076615
https://doi.org/10.1073/pnas.1100768108
https://doi.org/10.1016/j.jviromet.2017.01.008
https://doi.org/10.1016/j.jviromet.2017.01.008
https://doi.org/10.1128/mBio.02808-20

RESEARCH

28.

29.

30.

31.

PLoS Curr. 2010;2:RRN1152. https:/ /doi.org/10.1371/
currents.RRN1152

Yang H, Carney PJ, Chang JC, Villanueva JM, Stevens ].
Structure and receptor binding preferences of recombinant
hemagglutinins from avian and human H6 and H10
influenza A virus subtypes. ] Virol. 2015;89:4612-23.

https:/ /doi.org/10.1128 /JV1.03456-14

Belser JA, Pulit-Penaloza JA, Brock N, Sun X, Kieran TJ,
Pappas C, et al. Ocular infectivity and replication of an
A(H5NT1) clade 2.3.4.4b influenza virus associated with
human conjunctivitis in a dairy farm worker: an in vitro and
ferret study. Lancet Microbe. In press 2025.

Centers for Disease Control and Prevention. CDC’s
influenza risk assessment tool (IRAT) [cited 2024 Aug 30].
https:/ /www.cdc.gov/ncird/whats-new/ cdcs-influenza-
risk-assessment-tool.html

Le Sage V, Rockey NC, French AJ, McBride R, McCarthy KR,
Rigatti LH, et al. Potential pandemic risk of circulating
swine HIN2 influenza viruses. Nat Commun. 2024;15:5025.
https://doi.org/10.1038 /s41467-024-49117-z

32. LeSage V, Werner BD, Merrback GA, Petnuch SE,
O’Connell AK, Simmons HC, et al. Influenza A(H5N1)
immune response among ferrets with existing influenza
A(HIN1) immunity. Emerg Infect Dis. 2025;31.
https:/ /doi.org/10.3201/eid3103.241485

33. Rockman S, Brown LE, Barr IG, Gilbertson B, Lowther S,
Kachurin A, et al. Neuraminidase-inhibiting antibody is a cor-
relate of cross-protection against lethal H5SN1 influenza virus
in ferrets immunized with seasonal influenza vaccine.

J Virol. 2013;87:3053-61. https:/ /doi.org/10.1128 /JV1.02434-12

34. Sandbulte MR, Jimenez GS, Boon AC, Smith LR, Treanor JJ,
Webby R]. Cross-reactive neuraminidase antibodies
afford partial protection against H5N1 in mice and are
present in unexposed humans. PLoS Med. 2007;4:e59.
https://doi.org/10.1371/journal. pmed.0040059

Address for correspondence: Xiangjie Sun, Centers for Disease
Control and Prevention, 1600 Clifton Rd NE, Mailstop H17-5,
Atlanta, GA 30329-4018, USA; email: jgz1@cdc.gov

etymologia revisited
Nipah Virus

[ne " -pa vi'-ras]

Originally published
in May 2019

n 1994, a newly described virus, initially called equine mor-
billivirus, killed 13 horses and a trainer in Hendra, a suburb
of Brisbane, Australia. The reservoir was subsequently identi-
fied as flying foxes, bats of the genus Pteropus (Greek pteron
[“wing”] + pous [“foot”]). In 1999, scientists investigated reports
of febrile encephalitis and respiratory illness among workers
exposed to pigs in Malaysia and Singapore. (The pigs were be-
lieved to have consumed partially eaten fruit discarded by bats.)
The causative agent was determined to be closely related
to Hendra virus and was later named for the Malaysian village
of Kampung Sungai Nipah. The 2 viruses were combined into
the genus Henipavirus, in the family Paramyxoviridae. Three ad-
ditional species of Henipavirus— Cedar virus, Ghanaian bat vi-
rus, and Mojiang virus —have since been described, but none
is known to cause human disease. Outbreaks of Nipah virus
occur almost annually in India and Bangladesh, but Pteropus
bats can be found throughout the tropics and subtropics, and
henipaviruses have been isolated from them in Central and
South America, Asia, Oceania, and East Africa.
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A previous study demonstrated noninferior efficacy of
4-month rifapentine/moxifloxacin regimen for tuberculo-
sis (TB) treatment compared with the standard regimen.
We explored results among study participants with dia-
betes. Among 2,516 randomized participants, 181 (7.2%)
had diabetes. Of 166 participants with diabetes in the
microbiologically eligible analysis group, 26.3% (15/57)
had unfavorable outcomes in the control regimen, 13.8%
(8/58) in the rifapentine/moxifloxacin regimen, and 29.4%
(15/51) in the rifapentine regimen. The difference in pro-
portion of unfavorable outcomes between the control and
rifapentine/moxifloxacin arms in the microbiologically
eligible analysis group was —12.5% (95% CI| -27.0% to
1.9%); the difference between the control and rifapentine
arms was 3.1% (95% Cl —13.8% to 20.0%). Safety out-
comes were similar in the rifapentine/moxifloxacin regi-
men and control arms. Among participants with TB and
diabetes, the rifapentine/moxifloxacin arm had fewest un-
favorable outcomes and was safe. Our findings indicate
that the rifapentine/moxifloxacin regimen can be used in
persons with TB and diabetes.

uberculosis (TB) and diabetes are important pub-

lic health concerns because they have high global
prevalence and high mortality rates (1). The presence
of diabetes in patients with TB has been shown to be
associated with poor TB treatment outcomes, such
as prolonged times for sputum smear or sputum
culture conversion, treatment failure, relapse, and
an increased mortality rate (2-11). Worse treatment
outcomes in persons with diabetes might be attribut-
able to several interwoven factors, including immune
dysregulation, lower drug exposures, and higher fre-
quency of underlying conditions (12-14).

The Tuberculosis Trials Consortium Study 31/
AIDS Clinical Trials Group A5349 (https:/ /clinical-
trials.gov/study/NCT02410772) was a randomized,
controlled, noninferiority phase 3 trial that exam-
ined two 4-month treatment-shortening rifapentine
containing regimens compared with the standard
6-month control regimen for treatment of drug-

susceptible pulmonary TB in adults and adolescents
(15). One investigational regimen contained rifapen-
tine, moxifloxacin, and isoniazid administered for
4 months plus pyrazinamide administered during
the first 2 months (rifapentine/moxifloxacin regi-
men). The other investigational regimen contained
rifapentine plus isoniazid administered for 4 months
plus pyrazinamide and ethambutol administered
during the first 2 months (rifapentine regimen). The
trial demonstrated that the 4-month rifapentine/
moxifloxacin regimen had efficacy that was nonin-
ferior to that of the control and was safe and well-
tolerated. The rifapentine regimen did not meet the
noninferiority criteria for efficacy. In that study, the
time to stable sputum culture conversion to negative
was shorter in participants treated with each of the
investigational 4-month regimens compared with
the control regimen (15).

On the basis of the trial results, the rifapentine/
moxifloxacin regimen has been recommended by the
World Health Organization (WHO) and Centers for
Disease Control and Prevention (CDC) for use for the
treatment of drug-susceptible pulmonary tuberculo-
sis (16,17). Given the importance of the TB and dia-
betes syndemic, we compared the efficacy and safety
across study regimens for the subgroup of partici-
pants with diabetes.

Methods

Study Design, Participant Enroliment,

Randomization, and Follow-up

Full details of the parent study design, eligibility cri-
teria, enrollment and randomization, safety moni-
toring, and study outcomes have been previously
published (15). In brief, we enrolled participants
>12 years of age with newly diagnosed pulmonary
TB during January 2016-October 2018. We ran-
domly assigned enrolled participants in a 1:1:1 ratio
to 1 of the 3 regimens (i.e., control, rifapentine, or
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rifapentine/moxifloxacin). We administered study
drugs once daily, by directly observed therapy, on
>5 of 7 days/week.

The study protocol required diabetes screening
before enrollment. Hemoglobin Alc (HgbAlc) was
the preferred test. If such testing was not available,
we collected readings of fasting blood glucose (de-
fined as no caloric intake for >8 hours) or nonfasting
blood glucose. A prior diagnosis of diabetes at the
time of TB diagnosis was self-reported by the study
participants and verified with medical documentation
when available. Concomitant medications taken dur-
ing the study were routinely recorded by the study
sites on the concomitant medications case report form
and thereafter coded and characterized by using the
WHO Drug Dictionary’s anatomic therapeutic classi-
fication system (18). We used the WHO Drug Diction-
ary’s standardized drug groupings to identify class 2
category drugs used in diabetes (18).

Because we used different approaches in differ-
ent sites for capturing data on diabetes, we developed
a consensus definition of diabetes. We classified par-
ticipants as having diabetes if any of the following
case selection criteria were met at baseline: a prior
diagnosis of diabetes, receipt of insulin or any other
diabetes medications, HgbAlc >6.5%, fasting blood
glucose >126 mg/dL, or nonfasting blood glucose
>200 mg/dL.

All participants had study visits at baseline, at
weeks 2, 4, 8,12, 17, 22, and 26, and at months 9, 12,
15, and 18 after randomization (15). During study vis-
its, we evaluated participants for adverse events, col-
lected blood samples for complete blood count and
biochemical analyses through week 22, and collected
sputum samples for mycobacterial culture through
the follow up. We collected adverse event reports
through the 18 months of the study follow-up period.
We graded adverse events severity on the basis of
Common Terminology Criteria for Adverse Events
criteria version 4.03 (19).

The study was approved by the CDC institutional
review board. Each participating institution provided
for the review and approval of protocol and its in-
formed consent documents by a local institutional or
ethics committee or relied formally on the CDC in-
stitutional review board’s approval. All participants
provided written informed consent. The study data
were monitored by a data safety monitoring board
coordinated by the study sponsor.

Definitions of Outcomes
The primary efficacy outcome was TB disease-free
survival 12 months after randomization. For each
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participant, we assigned a primary outcome status
of favorable, unfavorable, or not assessable, as de-
scribed previously; we further classified unfavorable
outcomes as TB-related or not TB-related (15). We
defined time to stable culture conversion as the time
to the first of 2 consecutive negative sputum cultures
without an intervening positive culture.

The primary safety outcome was the proportion
of participants with grade >3 adverse events during
treatment (with onset up to 14 days after the last dose
of study medication). Tolerability was a secondary
safety outcome and was defined as premature dis-
continuation of the assigned regimen for any reason
other than microbiologic ineligibility.

Analysis Populations

The microbiologically eligible analysis population in-
cluded participants with culture-confirmed TB with-
out resistance to isoniazid, rifampin, and fluoroqui-
nolones. The assessable analysis population excluded
those without an assessable outcome. We considered
microbiologically eligible and assessable as primary
analysis populations. Secondary analysis populations
included participants who completed >75% and >95%
of treatment doses (2 per protocol analysis popula-
tions), and all participants randomized (intention to
treat). We included all randomized participants that
started study treatment in safety analyses.

Statistical Analysis

We used descriptive statistics to summarize the de-
mographic and clinical characteristics among partici-
pants with diabetes. For primary efficacy and safety
secondary subgroup analysis, we calculated the risk
difference between the regimens and their respective
95% Cls.

Pharmacokinetics

We sampled all participants who underwent random-
ization for pharmacokinetic analysis. All participants
had 1-3 sparse pharmacokinetic samples (timepoints
were at 0.5, 5, and 24 hours postdose), and at some
sites participants had 7 intensive pharmacokinetic
sampling (timepoints were at 0.5, 3, 5, 9, 12, and 24
hours postdose), conducted during weeks 2-8 of TB
treatment. We determined plasma concentrations of
rifapentine, 25-desacetyl-rifapentine, rifampin, iso-
niazid, pyrazinamide, ethambutol, and moxifloxacin
by using validated high-performance liquid chroma-
tography assays. We developed population pharma-
cokinetic models for each of the 6 drugs, and we cal-
culated the individual area under the concentration

time curve from 0-24 hours (AUC_,, ) and maximal
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plasma concentration (C
compared AUC_,,.
t-tests by diabetes.

) for each drug (20). We
and C__ for each drug by using

Results

Study Population

Of 2,516 randomized participants in the full study,
181 (7.2%) we classified as having diabetes (Table 1;
Appendix Figure, https://wwwnc.cdc.gov/EID/
article/31/3/24-1634-Appl.pdf). Among 181 par-
ticipants who were classified as having diabetes, 83
(45.8%) reported a prior diabetes diagnosis at enroll-
ment. Participants with diabetes were from study
sites in 12 countries (Brazil, Haiti, India, Kenya, Ma-
lawi, Peru, South Africa, Thailand, Uganda, United
States, Vietnam, and Zimbabwe). The percentage of
participants with diabetes among the enrolled sites
was 19.3% (17/88) in sites located in South America,
15.5% (45/290) in Asia, 5.7% (104/1832) in Africa, and
4.9% (15/306) in North America.

We examined baseline demographics and clinical
characteristics of participants with diabetes by regi-
men (Appendix Table 1). Overall, 67.4% were male
and 32.6% female, the median age was 46 years, 16
(8.8%) participants were HIV-positive, 132 (72.9%)
had baseline cavitation on chest radiograph, and the
median body mass index was 21 kg/m? A total of
146 (80.1%) of 181 participants had available HgbAlc
results at baseline (median value 7%). Sixty-two par-
ticipants (34.3%) reported receiving medications for
diabetes. Among the 83 participants reporting a prior
diagnosis of diabetes at baseline, 8 (9.6%) reported
having diabetes mellitus type 1 and 73 (88.0%) re-
ported having diabetes mellitus type 2; for 2 (2.4%),
the type of diabetes was unknown. Twenty partici-
pants were classified as having diabetes on the basis
of blood glucose test results only.

Compared with participants without diabetes,
participants with diabetes were older (median age 46
vs. 30 years); more often reported Asian race (25.9%
vs. 10.3%), White race (8.4% vs. 1.0%), >1 race (18.1%

vs.13.0%), or Hispanic ethnicity (13.3% vs. 2.4%); were
more often enrolled at study sites in Asia (25.9% vs.
10.1%) or South America (9.6% vs. 3.1%); had higher
bodyweight (56 vs. 53 kg); had smaller (<4 cm) cavity
size (44.6% vs. 32.2%); and had lower (negative to 1+)
smear positivity grade (55.4% vs. 42.2%) (all p<0.005)
(Appendix Table 2). The presence of baseline cavita-
tion on chest radiograph was similar (72.9% of par-
ticipants with diabetes had cavitary disease vs. 72.3%
participants without diabetes). We observed a shorter
time-to-detection in liquid media in participants with
diabetes compared with those without diabetes (8.27
days vs. 8.82 days; p = 0.03).

Efficacy

We included 166 participants with diabetes (91.7%)
in the microbiologically eligible analysis population
and 155 (85.6%) participants in the assessable analysis
population (Figure 1; Appendix Table 3). Among par-
ticipants in the microbiologically eligible population,
unfavorable outcomes occurred in 26.3% of partici-
pants in the control regimen and 13.8% of participants
in the rifapentine/ moxifloxacin regimen, indicating a
risk difference from control of -12.5% (95% CI -27.0%
to 1.9%). Unfavorable outcomes occurred in 29.4% of
participants in the rifapentine regimen, indicating a
risk difference from control of 3.1% (95% CI -13.8%
to 20.0%). For the assessable analysis population, un-
favorable outcomes occurred in 17.6% of participants
in the control regimen and 12.3% of participants in
the rifapentine/moxifloxacin regimen, indicating an
absolute difference from control of -5.4% (95% ClI
-18.9% to 8.1%). Unfavorable outcomes occurred in
23.4% of participants in the rifapentine regimen, indi-
cating an absolute risk difference from control of 5.8%
(95% CI -10.2% to 21.8%). The percentage of partici-
pants with TB-related unfavorable outcome was 5.3%
in the control arm, 3.4% in the rifapentine/moxifloxa-
cin regimen, and 19.6% in the rifapentine regimen in
the microbiologically eligible population and 5.9% in
the control arm, 3.5% in the rifapentine/moxifloxa-
cin regimen, and 21.3% in the rifapentine regimen

Table 1. Diabetes status of 181 participants at enroliment, by tuberculosis drug regimen, in a study assessing efficacy and safety of 4-
month rifapentine-based tuberculosis treatments in persons with diabetes at sites in 12 countries,* January 2016—October 2018

No. patients (%)

Criteriont Control, n =59 Rifapentine/moxifloxacin, n = 66 Rifapentine,n =56 Total, N =181
Hemoglobin A1c >6.5% 49 (83.1) 43 (65.2) 43 (76.8) 135 (74.6)
Prior reported diagnosis of diabetes 31 (52.5) 36 (54.5) 16 (28.6) 83 (45.9)
Receiving antidiabetic drugst 22 (37.3) 29 (43.9) 11 (19.6) 62 (34.3)
Fasting blood glucose >126 mg/dL 14 (23.7) 18 (27.3) 13 (23.2) 45 (24.9)
Nonfasting blood glucose >200 mg/dL 5(8.5) 13 (19.7) 4(7.1) 22 (12.2)

*Brazil, Haiti, India, Kenya, Malawi, Peru, South Africa, Thailand, Uganda, United States, Vietnam, and Zimbabwe.
tDiabetes criteria were assessed at enroliment (baseline). Randomized trial participants meeting >1 of these criteria at enrollment were included in these

analyses.

TWorld Health Organization Drug Dictionary’s standardized drug groupings were used to identify class 2 category drugs used in diabetes (18).
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Figure 1. Unadjusted differences in unfavorable outcomes in each analysis population among participants with diabetes in a study
assessing efficacy and safety of 4-month rifapentine-based tuberculosis treatments in persons with diabetes at sites in 12 countries (Brazil,
Haiti, India, Kenya, Malawi, Peru, South Africa, Thailand, Uganda, United States, Vietham, and Zimbabwe), January 2016—October 2018.
Results of the efficacy results in all 5 analysis populations are shown: rifapentine/moxifloxacin regimen versus control regimen (A) and
rifapentine regimen versus control regimen (B). Solid dots indicate primary results, open dots indicate secondary results, and error bars
indicate 95% Cls. Dashed vertical line indicates the noninferiority margin of 6.6% for overall results in the randomized trial (18).

in the assessable population (Appendix Table 3). We
observed no cases of acquired TB drug resistance in
participants with diabetes.

In sensitivity analysis limited to the 83 partici-
pants with prior diabetes diagnosis, proportions of
unfavorable outcome were slightly higher than in
analysis of all participants classified as having dia-
betes, but differences between regimens were similar
(Appendix Table 4). Participants with diabetes had
higher overall proportion of unfavorable outcomes
compared with participants without diabetes (micro-
biologically eligible population, 22.9% vs. 15.4%; as-
sessable population, 17.4% vs. 11.4%).

Time to Culture Conversion

We found no statistically significant difference in
time to stable sputum culture conversion to nega-
tive in participants with diabetes treated with
each of the experimental regimens compared with
the control regimen: rifapentine/moxifloxacin
regimen hazard ratio 1.3 (95% CI 0.9-1.9) in lig-
uid media and 1.4 (95% CI 1.0-2.1) on solid me-
dia; rifapentine regimen hazard ratio 1.0 (95% CI
0.7-1.5) in liquid media and 1.1 (95% CI 0.8-1.7)
on solid media (Figure 2). CIs were wide, and the
point estimates of the hazard ratios were simi-
lar to those previously reported for the whole
study population (15). In the microbiologically
eligible population in participants with diabetes,
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culture conversion was achieved by the 8-week
follow-up visit in liquid media in 62.3% in the con-
trol arm, 84.2% in the rifapentine/moxifloxacin
arm, and 75.1% in the rifapentine arm and, on solid
media, in 67.3% in the control arm, 91.2% in the ri-
fapentine/moxifloxacin arm, and 85.6% in the rifa-
pentine arm.

Safety and Tolerability

Of 178 participants with diabetes included in the safe-
ty analysis population, 24.7% experienced grade >3
adverse events during treatment (31.6% in the control
arm, 23.1% the in the rifapentine/moxifloxacin arm,
and 19.6% in the rifapentine arm) (Table 2). The dif-
ference in proportion of participants with grade 3-5
adverse events between the control and rifapentine/
moxifloxacin arm was -8.7% (95% CI-24.5to 7.1), and
the difference between the control and rifapentine
arm was -11.0% (95% CI -26.7 to 4.8).

Serious adverse events during treatment were
experienced by 14% participants with diabetes
(17.5% in the control arm, 10.8% in the rifapentine/
moxifloxacin arm, and 14.3% in the rifapentine arm)
(Table 2). Two deaths (3.5%) occurred in participants
in the control arm and none in the rifapentine or rifa-
pentine/ moxifloxacin arms. Six participants perma-
nently discontinued study treatment (6.2% the in the
rifapentine/moxifloxacin arm and 3.6% in the rifa-
pentine arm) (Table 2). The percentage of participants
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that had any transaminase value during treatment of
>5-fold the upper limit of normal was highest in the
rifapentine/moxifloxacin arm (6.2%, 4/65) com-
pared with the rifapentine arm (3.6%, 2/56) and the
control arm (3.5%, 2/57) (Table 2). No participants
in the control regimen had any transaminase value
of >10-fold the upper limit of the reference range,
compared with 3.6% in the rifapentine arm and 3.1%
in rifapentine/ moxifloxacin arm. The most frequent
adverse events among participants with diabetes
were hepatitis (n = 14), hypertension (n =9), and dia-
betes mellitus under inadequate control (n = 8) (Ap-
pendix Table 5). One case of peripheral neuropathy
was reported in a participant in the rifapentine arm
(Appendix Table 5).

Discontinuation of assigned treatment for any
reason (tolerability) in microbiologically eligible anal-
ysis population was 19.3% in the control arm, 13.8%
in the rifapentine/moxifloxacin arm, and 13.7% in the
rifapentine arm (Table 2). The difference in propor-
tion of discontinuation of assigned treatment for any
reason between the control and rifapentine/moxi-
floxacin arm was -4.9% (95% CI -18.0% to 8.2%), and
the difference between the control and rifapentine
arm was -4.7% (95% CI -18.4% to 9.0%).

In a sensitivity safety analysis limited to partici-
pants with prior diabetes diagnosis, point estimates
of grade >3 adverse events were higher than in analy-
sis of all participants classified as having diabetes but
showed similar findings across the regimens (Ap-
pendix Table 6). The proportion of participants with
grade >3 adverse events was higher in participants
with diabetes compared with those without diabetes
(24.7% vs.16.9%; p = 0.01).

Pharmacokinetics

We compared model-estimated mean AUC_,, and
C,...in participants classified with diabetes with those
of participants without diabetes for each of the study
drugs (Table 3). Rifamycin (rifampin and rifapentine)
AUC ,, and C__ were similar among participants
with diabetes and participants without diabetes. Par-
ticipants with diabetes compared with participants
without diabetes had lower AUC_,, values for moxi-
floxacin and ethambutol and higher C__ values for
pyrazinamide, but the magnitude of these differences

was modest.

Discussion

In this prespecified subgroup analysis among partici-
pants with diabetes enrolled in the parent TB study,
the efficacy of the 4-month rifapentine/moxifloxa-
cin regimen was comparable to that of the control
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regimen: 13.8% (8/58) unfavorable outcomes in
microbiologically eligible and 12.3% (7/57) unfa-
vorable outcomes in assessable populations, among
participants in the 4-month rifapentine/moxifloxa-
cin regimen, compared with 26.3% (15/57) in micro-
biologically eligible and 17.6% (9/51) in assessable
populations, for the control regimen. The 4-month
rifapentine regimen without moxifloxacin had more
unfavorable outcomes among participants with
diabetes (29.4% [15/51]) compared with the control
group (23.4% [11/47]). Thus, moxifloxacin was essen-
tial for the success of the 4-month regimen, including
among persons with diabetes.

Figure 2. Analysis of time to sputum culture conversion
(number of weeks from randomization) in liquid (A) and solid
media (B) among participants with diabetes, by tuberculosis
drug regimen, in the microbiologically eligible analysis
population in a study assessing efficacy and safety of 4-month
rifapentine-based tuberculosis treatments in persons with
diabetes at sites in 12 countries (Brazil, Haiti, India, Kenya,
Malawi, Peru, South Africa, Thailand, Uganda, United States,
Vietnam, and Zimbabwe), January 2016—October 2018.
Because scheduled study visits did not necessarily occur
exactly at 8 weeks, the proportion of participants with culture
conversion at 8 weeks is estimated from the Kaplan-Meier
estimator at t = 10 weeks. Differences were not statistically
significant for any comparisons.
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Participants with diabetes had higher overall
proportion of unfavorable outcomes compared with
participants without diabetes. The presence of se-
vere TB disease, as indicated by baseline cavities
on chest radiograph, was similar between partici-
pants with and without diabetes (72.9% vs. 72.3%),
although some indication of a higher bacillary load
was observed in participants with diabetes at base-
line because of shorter time-to-detection in liquid
media. With regard to the study drug concentra-
tions in participants with and without diabetes,
rifamycin exposures unexpectedly were not dif-
ferent between persons with versus without dia-
betes, and differences in the pharmacokinetics of
moxifloxacin, ethambutol, and pyrazinamide were
modest. Of note, the proportion with unfavorable
outcomes by arm was 14.6% in the control arm and
15.5% in the rifapentine/moxifloxacin arm in the
overall study population (15) but 26.3% in the con-
trol and 13.8% in rifapentine/moxifloxacin arms

Rifapentine TB Treatments in Persons with Diabetes

among people with diabetes. The percentage of
participants with TB-related unfavorable outcomes
was 5.3% in the control and 3.5% in rifapentine/
moxifloxacin arms. Those findings suggest that
the high potency of the moxifloxacin and optimal-
ly dosed rifapentine in the experimental regimen
might have played an important role in successful
TB treatment in persons with diabetes.

Among participants with diabetes, both 4-month
investigational rifapentine regimens appeared to
have comparable (and perhaps even better) safety
compared with the 6-month control regimen, includ-
ing the proportion of participants with grade >3 ad-
verse events, serious adverse events, and all-cause
discontinuations. Mortality rates during TB treat-
ment were low among participants with diabetes
(1.1%), and no deaths were observed in the rifapen-
tine/ moxifloxacin and rifapentine arms. Mortality
rates were also low in the overall study popula-
tion (0.6%) (15). We did not observe an imbalance

Table 2. Safety and tolerability among 178 participants with diabetes (safety analysis population*), by tuberculosis drug regimen, in a
study assessing efficacy and safety of 4-month rifapentine-based tuberculosis treatments in persons with diabetes at sites in 12

countries,t January 2016—October 2018t

Control, Rifapentine/ Rifapentine, Total,
Characteristic n=57 moxifloxacin, n = 65 n =56 N=178
Primary safety outcome
Participants with grade >3 adverse event, no. (%) 18 (31.6) 15 (23.1) 11 (19.6) 44 (24.7)
Unadjusted risk difference compared with control (95% ClI) —8.7% -11.0%
(=24.5t07.1) (=26.7 to 4.8)
Secondary safety outcome
Participants with treatment-related grade >3 adverse event, 4 (7.0) 7 (10.8) 4(7.1) 15 (8.4)
no. (%)
Unadjusted risk difference compared with control (95% ClI) 3.3% 0.5%
(6.7 t1013.2) (-9.2t0 10.1)
Other safety outcomes, no. (%)
Participants with any serious adverse event during treatment 10 (17.5) 7 (10.8) 8(14.3) 25 (14.0)
Participants who died§ 2(3.5) 0 0 2(1.1)
Participants with any adverse event resulting in 0 4 (6.2) 2(3.6) 6 (3.4)
discontinuation of study treatmentq
Participants with any grade >3 adverse event 18 (31.6) 19 (29.2) 13 (23.2) 50 (28.1)
during 28 weeks after randomization
Liver function test values, no. (%)
ALT or AST >5-fold upper limit of normal# 2(3.5) 4 (6.2) 2(3.6) 8 (4.5)
ALT or AST >10-fold upper limit of normal 0 2(3.1) 2(3.6) 4(2.2)
Serum total bilirubin 23-fold upper limit of normal** 1(1.8) 5(7.7) 3(5.9) 9(5.1)
ALT or AST >3-fold upper limit of normal plus 1(1.8) 3(4.6) 2(3.6) 6 (3.4)
serum total bilirubin >2-fold upper limit of normal (Hy's Law)
Tolerability among microbiologically eligible analysis population,
n =166
Discontinuation of assigned treatment for any reason, no. (%) 11/57 (19.3) 8/58 (13.8) 7/51 (13.7)  26/166 (15.7)
Unadjusted risk difference compared with control (95% ClI) —4.9 4.7
(-18.0t0 8.2) (=18.4 10 9.0)

*The safety analysis population included all participants who underwent randomization and received >1 dose of the assigned treatment. Safety was
assessed during the on-treatment period (the time during which the participants were receiving the study treatment and up to 14 days after the last dose),
unless otherwise specified. Adverse events were graded by the site investigators on the basis of the Common Terminology Criteria for Adverse Events

criteria, version 4.03 (19).

TBrazil, Haiti, India, Kenya, Malawi, Peru, South Africa, Thailand, Uganda, United States, Vietnam, and Zimbabwe.

TALT, alanine aminotransferase; AST, aspartate aminotransferase.

§In the control regimen group, 2 participants died from pulmonary tuberculosis.
lin the rifapentine/moxifloxacin regimen group, 4 participants had hepatitis. In the rifapentine regimen group, 2 participants had hepatitis.

#ALT or AST >5-fold upper limit of normal corresponds to grade >3.
**Total bilirubin >3-fold upper limit of normal corresponds to grade >3.
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Table 3. AUC, 24, and Crax in participants with and without diabetes, by tuberculosis drug, in a study assessing efficacy and safety of
4-month rifapentine-based tuberculosis treatments in persons with diabetes at sites in 12 countries,* January 2016—October 2018t

Value Diabetes status No. participants Mean SD p valuet
AUC0_24h, ug x h/mL
Rifapentine No 1,565 572.44 183.8 0.25
Yes 122 553.98 169.1
Moxifloxacin No 783 25.51 7.0 0.0001
Yes 66 22.34 6.0
Rifampin No 770 53.32 375 0.94
Yes 59 53.69 35.2
Isoniazid No 2,335 16.52 12.1 0.51
Yes 181 15.80 14.5
Ethambutol No 1,552 15.93 3.2 0.0002
Yes 115 14.89 2.8
Pyrazinamide No 2,335 346.14 91.5 0.48
Yes 181 340.77 99.2
Crnax, 1g/mL
Rifapentine No 1,565 33.10 8.7 0.17
Yes 122 31.97 8.7
Moxifloxacin No 783 2.67 0.7 0.23
Yes 66 2.55 0.8
Rifampin No 770 10.20 4.8 0.60
Yes 59 10.52 4.5
Isoniazid No 2,335 2.83 0.9 0.25
Yes 181 2.75 0.9
Ethambutol No 1,552 1.82 0.6 0.43
Yes 115 1.87 0.6
Pyrazinamide No 2,335 30.34 7.2 0.008
Yes 181 32.05 8.3

*Brazil, Haiti, India, Kenya, Malawi, Peru, South Africa, Thailand, Uganda, United States, Vietnam, and Zimbabwe.
TAUCo-24n, area under the concentration time curve from 0-24 hours; Cmax, maximal plasma concentration.
TA t-test was used to compare pharmacokinetic parameters between participants classified as having or not having diabetes at enrolIment.

across study arms in diabetes-associated adverse
events, such as diabetes mellitus under inadequate
control, hyperglycemia, diabetic ketoacidosis, dia-
betic neuropathy, or diabetic retinopathy.

The percentage of participants with grade >3
adverse events was higher in participants with dia-
betes compared with those without diabetes (24.7%
[44/178] vs. 16.9% (393/2,328). This increase might
be attributable to age-related factors and underlying
conditions in the diabetes population, given than
participants with diabetes, compared with partici-
pants without diabetes, were older (median age 46
years vs. 33 years), and also might be attributable to
diabete-related adverse events, such as inadequate
glucose control.

A limitation of our study is that testing for
diabetes was only required at the time of enroll-
ment, and not all study participants had HgbAlc
tests done. Some participants were classified in this
analysis to have diabetes solely on the basis of a
laboratory test result (hemoglobin or random or
fasting glucose test), and we recognize potential for
transient hyperglycemia induced by acute illness
(stress hyperglycemia) among patients with TB dis-
ease (21). However, we performed sensitivity anal-
yses limited to participants with a prior established
diabetes diagnosis, and efficacy and safety results
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were consistent. The parent trial was not powered
for this subgroup analysis and had relatively few
participants with diabetes (18). Thus, correspond-
ingly large Cls around point estimates occurred
for efficacy and safety outcomes. The prevalence
of diabetes was relatively low (7.2%) among trial
participants; however, it appears to be similar the
comparative age-adjusted diabetes prevalence in
the populations of Africa (5.3%) and general global
populations (9.8%) (22). We noted an imbalance in
numbers of participants with diabetes among the
regimens; slightly more were randomized in the
rifapentine/moxifloxacin arm, given that random-
ization was stratified by the site, cavitation, and
HIV status at the baseline, but not by diabetes. Fur-
thermore, because study protocol did not require
blood glucose testing after enrollment, we could
not assess the affect of glycemic control on TB treat-
ment outcomes in participants with diabetes.

In conclusion, among participants in a larger
TB treatment trial who had diabetes, we found the
study’s rifapentine/moxifloxacin regimen had im-
proved culture conversion on solid media and a
numerically better point estimate for efficacy and
similar safety to control. Further studies of TB
treatment using the rifapentine/moxifloxacin regi-
men in larger numbers of patients with diabetes
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is needed. Our findings suggest that persons with
diabetes are good candidates for the rifapentine/
moxifloxacin regimen.
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Influenza A(H5N1) Immune
Response among Ferrets with
Influenza A(H1N1)pdmO09 Immunity

Valerie Le Sage, Bailee D. Werner, Grace A. Merrbach, Sarah E. Petnuch, Aoife K. O’Connell,
Holly C. Simmons, Kevin R. McCarthy, Douglas S. Reed, Louise H. Moncla, Disha Bhavsar,
Florian Krammer, Nicholas A. Crossland, Anita K. McElroy, W. Paul Duprex, Seema S. Lakdawala

The emergence of highly pathogenic avian influenza
A(H5N1) virus in dairy cattle herds across the Unit-
ed States in 2024 caused several human infections.
Understanding the risk for spillover infections into
humans is crucial for protecting public health. We in-
vestigated whether immunity from influenza A(H1N1)
pdm09 (pH1N1) virus would provide protection from
death and severe clinical disease among ferrets intra-
nasally infected with H5N1 virus from dairy cows from
the 2024 outbreak. We observed differential tissue tro-
pism among pH1N1-immune ferrets. pH1N1-immune
ferrets also had little H5N1 viral dissemination to or-
gans outside the respiratory tract and much less H5N1
virus in nasal secretions and the respiratory tract than
naive ferrets. In addition, ferrets with pH1N1 immunity
produced antibodies that cross-reacted with H5N1
neuraminidase protein. Taken together, our results
suggest that humans with immunity to human seasonal
influenza viruses may experience milder disease from
the 2024 influenza A(H5N1) virus strain.

In March 2024, an outbreak of highly pathogenic
avian influenza A(H5N1) clade 2.3.4.4b virus was
identified in dairy cattle herds in Texas, USA, and
then spread to >400 herds in >15 states (1). That
spread emphasized the need to monitor H5N1 clade
2.3.4.4b for pandemic potential. H5N1 clade 2.3.4.4b
virus infections of various mammals resulted in se-
vere disease and death, including among foxes, mink,
cats, cetaceans, pinnipeds, and cows (2,3). In early
April 2024, a case of human infection was identified in

Texas (4), and more human H5N1 cases were identi-
fied among workers associated with poultry or dairy
farms in California, Missouri, Michigan, Colorado,
and Washington (5). In August 2024, human infec-
tions in the United States were characterized by con-
junctivitis and mild respiratory symptoms, and most
did not require hospitalization (5).

Most persons experience their first influenza vi-
rus infection by 5 years of age (6). Thus, current H5N1
human infections are occurring among persons with
prior influenza A virus (IAV) immunity. The reduced
disease severity among persons infected with the
2024 H5N1 virus might be driven by immunity to
human seasonal influenza viruses. Statistical mod-
eling analysis of known human cases of H5N1 and
H7N?9 infection indicated that childhood hemaggluti-
nin (HA) imprinting may provide lifelong protection
against severe infection and death from those viruses
(7). Specifically, previous research has suggested that
immune imprinting with human seasonal HIN1 or
H2N2 influenza viruses would reduce disease sever-
ity to H5N1 because H5, H1, and H2 share a similar
group 1 HA stalk domain (7). Despite the potential
effects such immunity could have to reduce H5N1
replication and pathogenesis, risk assessment of the
2024 H5N1 outbreak strain has only been performed
in immunologically naive ferrets (§). We investigated
whether ferrets with HIN1 immunity would experi-
ence reduced virus replication and disease severity
from dairy cow H5N1 virus.
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Methods

Cell Preparation

We obtained MDCK cells and human 293T cells from
the American Type Culture Collection (https://
www.atcc.org). We maintained the MDCK cells in
minimum essential medium and the 293T cells in
Dulbecco Modified Eagle Medium. We supplemented
both cell media with 10% fetal bovine serum, 2 mmol
L-glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin. We incubated cells at 37°C with 5%
carbon dioxide (CO,). We obtained human 293F cells
Medium (Thermo Fisher Scientific, https://www.
fishersci.com) and maintained cells at 37°C with 5%-
8% CO, in FreeStyle 293 Expression (Thermo Fisher
Scientific) supplemented with 100 U/mL penicillin
and 100 mg/mL streptomycin.

Virus Generation

We generated A/dairy cattle/Texas/24-008749-001/
2024(H5N1) (GISAID accession no. EPI_ISL_19014384)
virus from 8 plasmid reverse genetics system and
propagated in MDCK cells (Appendix, https://ww-
wnce.cde.gov/EID/article/31/3/24-1485-Appl.pdf).
We determined noncoding regions for each segment
from consensus alignment of H5N1 strains from the
2.3.4.4b clade viruses.

Human Subjects Research and Ethics Statement

As part of this research, we assessed human serum
samples for cross-reactive antibodies to H5N1 virus
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(Figure 1). The University of Pittsburgh institutional
review board approved collection of serum samples
from healthy adult donors who provided written
informed consent for their samples to be used in
infectious disease research (protocol approval no.
STUDY20030228). All participants self-reported age,
sex, ethnicity, and race.

Ferret Infections
We screened ferrets before this study to ensure no in-
fluenza immunity before they arrived at University
of Pittsburgh (Appendix). Using our previously de-
veloped preimmune ferret model (9,10), we infected
5 ferrets with recombinant influenza A(H1IN1)pdm09
(pHIN1) virus by using the A/California/07/2009
strain. We infected ferrets either experimentally by
intranasal introduction of A/California/07/2009 or
naturally by exposure to an experimentally infected
ferret in a controlled transmission study conducted at
the University of Pittsburgh.

pHIN1-immune animals then recovered from
acquired infections and were housed for 98 days
before we infected 5 pHIN1-immune and 5 immuno-
logically naive ferrets with A/dairy cattle/ Texas/24-
008749-001/2024(H5N1), termed cow/Tx/24 H5NI1.
We intranasally inoculated all 10 ferrets with 10* 50%
tissue culture infectious dose (TCID,)) cow/Tx/24
H5N1 virus in 500 pL of L-15 media (250 uL in each
nostril). We monitored ferrets daily during the post-
inoculation period and recorded clinical signs, in-
cluding weight loss, temperature, activity, sneezing,

Figure 1. Neutralizing antibody
titers in human serum used in a
study of influenza A(H5N 1) immune
response among ferrets with pH1N1
immunity. We used serum samples
collected from healthy persons during
2020-2021 with birth years ranging
from 1940-2009. We tested serum
for neutralizing antibodies against
pH1N1 virus and 2024 outbreak
virus A/dairy cattle/Texas/24-
008749-001/2024(H5N1). Each dot
represents the neutralizing antibody
titer of a single person to neutralize
100 TCID, of pH1N1 or cow/Tx/24
H5N1 on Madin-Darby canine kidney
cells. Solid horizontal lines indicate
the geometric mean value each
birth decade; dotted line represents
the limit of detection for the assay.
cow/Tx/24, Aldairy cattle/Texas/24-
008749-001/2024(H5N1); pH1N1,
influenza A(H1N1)pdm09; TCID,,
50% tissue culture infectious dose.
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Figure 2. Infection timeline

and virus replication titers in

a study of influenza A(H5N1)
immune response among

ferrets with pH1N1 immunity.

A) Schematic of experimental
timeline for 2 groups of ferrets
intranasally infected with H5N1
strain cow/Tx/24. Group 1 (n =
5) was previously infected with
pH1N1 98 days before H5N1
infection and group 2 (n = 5)
was immunologically naive. At 3
dpi, 3 animals from each group
were humanely euthanized. We
monitored the remaining ferrets
from groups 1 and 2 until 14 dpi
or until the endpoint criteria were
reached. Schematic was created
in BioRender (https://www.
biorender.com). B, C) Viral titers
from ferret tissues (B) and nasal
secretions (C). B) Tissues were
collected from H5N1-infected
ferrets without (n = 3) and with (n
= 3) pH1N1 immunity at 3 days

H5N1 Response among Ferrets with HIN1 Immunity

postinfection. Unpaired t-test analysis was used to determine statistically significant (p<0.05) differences: lungs, p = 0.0124; trachea,
p<0.008; soft palate, p = 0.0072; nasal turbinate, p = 0.0061; small intestine, p = 0.0014. C) Nasal wash samples were collected from
H5N1-infected ferrets without (n = 5) and with (n = 5) pH1N1 immunity on the indicated dpi: 1-3 dpi, n = 5 from each group; 4 dpi, n = 2
from each group; 5 and 6 dpi, n = 2 for immune group and n = 1 from the naive group; 7 dpi, n = 2 from the immune group . Each circle
represents a single ferret. Open circles indicate values above the limit of detection. Horizontal bars indicate means; whiskers indicate
SDs of viral titers; dashed line represents the limit of detection. cow/Tx/24, A/dairy cattle/Texas/24-008749-001/2024(H5N1); dpi, days

postinfection; NT, nasal turbinate; pH1N1, influenza A(H1N1)pdm09; TCID

5 90% tissue culture infectious dose.

coughing, and nasal discharge, as previously de-
scribed (11). For animals that reached >10% weight
loss, we provided urgent care diet cat food 2x/day to
entice eating.

Humane endpoints for this study included body-
weight loss >20% (relative to weight at challenge) and
a prolonged inactivity as assessed by trained veteri-
nary staff. Three animals from each group were eu-
thanized 3 days postinoculation (dpi) for tissue titra-
tion; the other 2 ferrets from each group were kept
for >14 days or until they reached endpoint criteria
(Figure 2, panel A).

Ferret Sample Collection and Preparation
We collected nasal wash from each ferret at 1-7 days
postinoculation (dpi). To examine whether pH1N1
altered cow/Tx/24 H5N1 tissue tropism, we eutha-
nized 3 intranasally infected ferrets from each group
at 3 dpi to collect tissues (lungs, trachea, soft palate,
nasal turbinates, heart, liver, spleen, small intestine,
and brain) and determined virus titers (Appendix).
We titered nasal wash and organ samples in
MDCK cell cultures. We made 10-fold serial dilutions
and inoculated dilutions on 96-well plates by using 4

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

wells/dilution. We observed the MDCK cells at 4 dpi
for cytopathic effect (CPE). We calculated viral titers
by using the Reed and Muench method (12) and ex-
pressed the results as log,, TCID, /mL.

Animal Ethics Statement

Ferret experiments were conducted in Biosecurity
Level 2 and 3 facilities at the University of Pittsburgh
in compliance with the guidelines of the Institutional
Animal Care and Use Committee (approved proto-
col nos. 22061230 and 21089461). For all nasal washes
and survival blood draws, animals were sedated with
isoflurane following approved methods. Ketamine
and xylazine were used for sedation for all terminal
procedures, followed by cardiac administration of eu-
thanasia solution. Approved University of Pittsburgh
Division of Laboratory Animal Resources staff ad-
ministered euthanasia. HSN1 studies were performed
in accordance with the University of Pittsburgh select
agent permit no. 20230320-074008.

Microneutralization Assays

We heat inactivated human and ferret serum sam-
ples at 56°C for 30 minutes. We determined the titer
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of neutralizing antibodies by incubating 2-fold se-
rial dilutions of the heat-inactivated serum samples
with 10** TCID,; of influenza virus for 1 hour at
room temperature with continuous rocking. We
added media with tosyl phenylalanyl chlorometh-
yl ketone-treated trypsin to 96-well plates with
confluent MDCKs before adding the virus-serum
mixture. After 4 days, we determined the CPE and
expressed the neutralizing antibody titer as the re-
ciprocal of the highest dilution of serum required to
completely neutralize the infectivity of each virus
on MDCK cells. We calculated the concentration of
antibody required to neutralize 100 TCID, of virus
on the basis of the neutralizing titer dilution divid-
ed by the initial dilution factor, multiplied by the
antibody concentration.

Histology

We stained respiratory tissue sections collected from
euthanized ferrets with hematoxylin and eosin for
histopathologic analysis or influenza A nucleoprotein
for immunohistochemistry (Appendix). We initially
examined the prepared slides blinded to experimen-
tal groups to eliminate observer bias, then by unblind-
ing for figure preparation. We developed an ordinal
scoring system to summarize the histopathologic and
immunohistochemical findings: 0, not observed; 1
(mild), <10% of parenchyma impacted; 2 (moderate),
from 10%-25% of parenchyma affected; and 3 (se-
vere), 25%-50% of parenchyma affected.

ELISA

We adhered 500 ng of recombinant HA full-length
soluble ectodomains or recombinant neuraminidase
(NA) to high-capacity binding 96 well-plates (Corn-
ing, https://www.corning.com) overnight in phos-
phate-buffered saline (PBS) at 4°C (Appendix). We
then washed the HA- or NA-coated plates with a
0.05% vol/vol PBS-Tween-20 (PBS-T) buffer and then
blocked with PBS-T containing 2% bovine serum al-
bumin for 1 hour at room temperature. We removed
the blocking solution and added 2-fold dilutions of
ferret serum in blocking solution to the wells. We
then incubated the plates for 1 hour at room tempera-
ture. We removed the primary antibody solution and
washed the plates 3 times with PBS-T. We added a
secondary Goat Anti-Ferret IgG H&L (HRP) (Abcam,
https:/ /www.abcam.com) diluted 1:10,000 in block-
ing solution to the wells and incubated for 30 minutes
at room temperature. We then washed the plates 3
times with PBS-T. We developed the plates by using
150 pL 1-Step TMB Substrate (Thermo Fisher Scien-
tific). After a brief incubation at room temperature,
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we stopped HRP reactions by adding 100 pL of 4N
sulfuric acid solution. We read the plates by using a
SpectraMax 340PC384 Microplate Reader (Molecular
Devices, https://www.moleculardevices.com) at 450
nm. We performed all measurements in duplicate.
We then graphed the average of the 2 measurements
for each ferret sample as the mean absorbance at 450
nm by using Prism software version 9.0 (GraphPad,
https:/ /www.graphpad.com).

Results

Neutralizing Antibody Levels in Humans

H5NT1 IAVs have not circulated widely in the human
population, and major immunity against those strains
likely does not exist. To assess whether any cross-re-
active antibodies existed in the human population,
we conducted neutralization assays with human se-
rum against cow/Tx/24 H5N1 and pHIN1, and re-
sults revealed high levels of circulating antibodies
against pHINI1 in persons of all ages (Figure 1). Of
note, 12 of the 60 serum samples tested had detectable
levels of cross-neutralizing antibodies against cow/
Tx/24 H5N1 that were above the limit of detection.
Of the 12 serum samples with cross-neutralizing an-
tibodies, 10 were collected from persons born in the
1940s, 1950s, and 1960s and 2 were from persons born
after 1970 (Figure 1), which correlates well with H5
cross-reactive antibodies in older persons (13). Those
data suggests persons born after 1980 could be more
susceptible to infection with H5N1 virus from dairy
cows. We do not know the ages of persons with docu-
mented H5N1 infections since 2022.

Effect of pH1N1 Immunity on Viral Titers
and Dissemination
We sought to extend our prior work (9,10) and ex-
amine the role of pHIN1 immunity on dairy cow
H5NT1 infection severity and replication in the ferret
model. In ferrets without pHIN1 immunity, cow/
Tx/24 H5N1 resulted in high viral loads in the respi-
ratory tissues and produced a systemic infection, as
observed by virus detection in the heart, liver, spleen,
and intestine (Figure 2, panel B). In contrast, ferrets
with pHIN1 immunity exhibited lower levels of virus
replication that were limited to the respiratory tract
and were statistically significant (p<0.01) (Figure 2,
panel B). The lack of virus in the brain of ferrets with-
out pHIN1 immunity at 3 dpi is consistent with data
reported from other groups (8).

Nasal wash titers were also drastically differ-
ent between the 2 groups of ferrets. Virus was con-
sistently detected over time in the nasal washes of
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ferrets without prior immunity, whereas most
pHIN1-immune ferrets had no detectable cow/
Tx/24 H5N1 virus in nasal washes; the exceptions
were 1 ferret at 4 dpi and a different ferret at 6 dpi
(Figure 2, panel C). Of note, we detected virus in the
nasal turbinates of the pH1NI1-immune ferrets eu-
thanized at 3 dpi, despite a lack of virus in the nasal
wash; however, virus levels were much lower than
among animals without prior immunity (Figure 2,
panels B, C). That difference could be attributed to
the methods of sample collection. Nasal washes are
performed by pushing fluid through 1 nostril and
collecting the liquid from the other nostril, which
samples the tip of the turbinates. In contrast, the en-
tire nasal turbinate tissue is collected at the time of
necropsy and homogenized to collect any released
and cell associated viruses; thus, turbinates would
be expected to have higher virus levels.

Histopathological analysis of lung tissues har-
vested at 3 dpi indicated both groups of ferrets had
similar lung injury (Figure 3, panel A). However, more
detailed examination of the data indicated that ferrets
with pHIN1 immunity had more residual mono-
nuclear perivascular infiltrates and bronchus-asso-
ciated lymphoid tissue (BALT) hyperplasia (Figure
3, panels B, C), which may play a role in preventing
development of severe clinical disease. Immunohis-
tochemistry with IAV nucleoprotein (NP) indicated
that pHIN1-immune ferrets had limited NP-positive
cells in the trachea, mainstem bronchi, and bronchi-
oles than ferrets without prior immunity (Figure 4).
In pHIN1-immune ferrets with areas of BALT hyper-
plasia, we detected limited viral antigen and necro-
tizing bronchointerstitial pneumonia (Figure 4, panel
C). Furthermore, we observed IAV NP antigen in al-
veolar pneumocytes (both type 1 and 2) in ferrets irre-
spective of immune status (Figure 4, panel C). Those
findings are in contrast to pH1N1 infection in ferrets,
in which pHINT1 virus infected epithelial cells in the
large and small airways (14-18).
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Examination of the tracheobronchial lymph node
histology revealed more lymphoid depletion, ne-
crosis, fibrin, and edema in ferrets without pHIN1
immunity compared with pHINI-immune ferrets
(Figure 5). Overall, those data indicated that resident
lymphoid changes in ferrets with pHIN1 immunity
may have reduced cow/Tx/24 H5N1 replication and
dissemination to other organs, which could affect dis-
ease severity.

Effects of pH1N1 Immunity on H5N1 Mortality

and Severe Disease

We followed H5N1-infected ferrets with (n = 2) and
without (n = 2) pHIN1 immunity to 14 dpi to exam-
ine death outcomes (Figure 6, panel A). The 2 animals
with pHIN1 immunity survived challenge with cow/
Tx/24 H5N1 virus, whereas the 2 immunologically
naive ferrets were humanly euthanized at 4 dpi and
6 dpi because severe clinical signs developed (Figure
6, panel A). We observed that ferrets with pHIN1 im-
munity had <5% weight loss, whereas naive ferrets
experienced >10% weight loss (Figure 6, panel B). As-
sessment of clinical signs, such as diarrhea, fever, na-
sal discharge and playfulness, revealed more severe
clinical signs in all immunologically naive animals
than among those with prior pHIN1 immunity (Fig-
ure 7).

Surviving ferrets with pHIN1 immunity sero-
converted against cow/Tx/24 H5N1, albeit to low
microneutralization titers of 20 and 80 (Table). In ad-
dition, neither of the 2 pHINI-immune ferrets had
a >4-fold rise in pHIN1 antibodies after cow/Tx/24
H5NT1 challenge (Table). Taken together, those data
indicated that pHIN1 immunity protects ferrets from
severe clinical disease and death caused by cow/
Tx/24 H5N1 infection.

Cross-Reactive NA Antibody Production
IAV infection induces antibody responses against HA
and NA proteins that can provide varying levels of

Figure 3. Lung infiltrates measured
in a study of influenza A(H5N1)
immune response among ferrets
with pH1N1 immunity. We blindly
scored 5 lung sections for ferrets
with no prior or existing pH1N1
immunity for lung injury (A),
perivascular mononuclear infiltrates
(B), and BALT hyperplasia (C). Each
dot represents the cumulative score
of the 5 sections for each ferret. Bar
values indicate means; whiskers
indicate SDs. BALT, bronchus-
associated lymphoid tissue; pH1N1,
influenza A(H1N1)pdm09.

481


http://www.cdc.gov/eid

RESEARCH

Figure 4. Hematoxylin and eosin—stained and immunohistochemistry tissue samples from a study of influenza A(H5N 1) immune response
among ferrets with pH1N1 immunity. A) Tracheal tissue. Scale bars indicate 20 mm; inset shows magnification x400. B) Bronchial tissue.
Scale bars indicate 50 mm; inset shows magnification x200. C) Bronchiole tissue. Scale bars indicate 50 mm; inset shows magnification x200.
Ferrets with no prior immunity (left panels) or existing influenza A(H1N1)pdm09 immunity (right panels) were infected with 10* 50% tissue
culture infectious dose of H5N1 strain A/dairy cattle/Texas/24-008749-001/2024(H5N1) and humanely euthanized 3 days postinfection. Images
show hematoxylin and eosin stained (purple) tissues and immunohistochemistry of influenza A nucleoprotein (blue). Dotted squares indicate
areas that are magnified within the inset panel in tissues from ferrets with no prior immunity versus pH1N1-immune ferrets. BALT, bronchus-
associated lymphoid tissue; Br, bronchiole; pH1N1, influenza A(H1N1)pdm09.

protection against subsequent infections (19). In ad-
dition, cross-reactive HA stalk-specific antibodies are
able to play a role in reducing influenza virus disease
severity (20-22). To identify immune factors that con-
tribute to the protection of pHINI1-immune ferrets
from severe disease, we measured neutralizing and
total HA binding antibodies. Before challenge with
cow/Tx/24 H5N1 virus, ferrets with pHIN1 immu-
nity exhibited high levels of neutralizing antibodies
against pH1N1 but no neutralizing antibodies above
the limit of detection against cow/Tx/24 H5N1 (Fig-
ure 8, panel A).

To explore the production of nonneutralizing
cross-reactive HA antibodies, we performed an ELI-
SA with serum from ferrets with pH1N1 immunity by
using the whole H1 (A/California/07/2009 HIN1) or
H5 (A/dairy cattle/Texas/24008749001 /2024 H5N1)
HA protein (Figure 8, panel B). Ferrets with pHIN1
immunity produced antibodies that bound to H1 as
expected but displayed the same background levels
of antibody binding to the H5 HA protein as ferrets
with no prior immunity (Figure 8, panel B), indicating
no detectable cross-reactive HA antibodies against
the avian H5 protein.
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Finally, we performed an ELISA using NA from a
human(A/Michigan/45/2015H1N1)oravian(A/mal-
lard/New York/22-008760-007-original /2022 H5N1,
which is 98.7% similar to cow/Tx/24 NA) IAV to
determine whether pHIN1-immune ferrets had any
cross-reacting NA antibodies that might contribute to
the protection against severe disease before challenge
with H5N1. Of note, serum samples from pHIN1-
immune ferrets had antibodies that bound to both the

Figure 5. Hematoxylin and eosin—stained lymph node samples
from a study of influenza A(H5N1) immune response among
ferrets with pH1N1 immunity. Ferrets with no prior immunity
(left panel) or pH1N1 (right panel) were infected with 10* 50%
tissue culture infectious dose of H5N1 strain A/dairy cattle/
Texas/24-008749-001/2024(H5N1) and humanely euthanized 3
days postinfection. Dotted squares indicate areas that are with
cortical lymphoid necrosis and depletion in tissues from ferrets
with no prior immunity versus normal secondary germinal center
in pH1N1-immune ferret. Scale bars indicate 100 mm. pH1N1,
influenza A(H1N1)pdm09.
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Figure 6. Mortality rates and weight change in a study of influenza A(H5N 1) immune response among ferrets with pH1N1 immunity. A)
Mortality rates; B) percentage weight change. We observed percentage of weight change as an indicator of severe disease in ferrets
with or without pH1N1 immunity among ferrets intranasally infected with H5N1 strain A/dairy cattle/Texas/24-008749-001/2024(H5N1).

pH1N1, influenza A(H1N1)pdm09.

human and avian NA antigens, but ferrets without
immunity had background binding levels (Figure 8,
panel C). Those data suggest that cross-reactive NA
antibodies to avian N1 may be produced from a hu-
man seasonal pH1NT1 infection.

Discussion

Influenza A(HIN1)pdm09 immunity in ferrets was
sufficient to protect from severe disease and death
from highly pathogenic avian influenza A(H5N1)
virus from dairy cows. We also observed signifi-
cantly reduced H5N1 viral titers in nasal secre-
tions and respiratory tract tissues in the animals
with pHIN1 immunity (p<0.01). Of note, protec-
tion from H5N1 infection was not due to cross-
neutralizing antibodies in serum because ferrets
with pHIN1 immunity did not generate systemic
antibodies that cross-neutralized the cow/Tx/24

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

H5N1 virus (Figure 8, panel A). Rather, we found
ferrets with pHIN1 immunity produced cross-re-
acting antibodies to H5SN1 NA protein (Figure 8,
panel C), which is consistent with observations re-
ported from human serologic data (23). Immunity
to NA has previously been implicated in providing
protection during the 1968 H3N2 pandemic (24,25),
and can reduce disease severity of naturally infect-
ed and experimentally challenged persons (26).
NA antibodies may be involved in protection
from severe disease observed in the pH1IN1-immune
ferrets. However, further studies on the mechanisms
of protection are clearly warranted and should in-
clude an examination of mucosal immunity from
antibodies in the respiratory tract that have broad
binding potential. Tissue-resident memory T cells
may also help reduce the severity of disease, as is sus-
pected in the case of H1 immunity protecting from

Figure 7. Cumulative clinical signs
scores in a study of influenza
A(H5N1) immune response among
ferrets with pH1N1 immunity.
Ferrets with or without pH1N1
immunity were intranasally
infected with H5N1 strain A/

dairy cattle/Texas/24-008749-
001/2024(H5N1). Clinical signs of
infection were monitored each day
postinfection and quantified into a
cumulative signs scores based on
5 ferrets on days 1-3 and 2 ferrets
on days 4—14 postinfection or until
euthanasia. pH1N1, influenza
A(H1N1)pdmO09.
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Figure 8. Cross-reactive NA binding antibodies in a study of influenza A(H5N1) immune response among ferrets with pH1N1. Ferrets
with or without pH1N1 immunity were intranasally infected with H5N1 strain A/dairy cattle/Texas/24-008749-001/2024(H5N1). A) Serum
samples were collected from 5 ferrets with pH1N1 immunity on day 98 postinfection and tested for neutralizing antibodies against
pH1N1 and 2024 cow/Tx/24 H5N1 viruses. Each dot represents the antibody titer of a single ferret to neutralize 100 TCID,; of pH1N1

or cow/Tx/24 H5N1 on MDCK cells. Solid line indicates the geometric mean value for each virus; dotted line represents the limit of
detection for the assay. B) Serum IgG against purified HA proteins in ferrets with or without pH1N1 immunity. Solid lines show ferret
serum reactivity to human HA (A/Michigan/45/2015 H1N1) and the dashed lines show ferret serum reactivity to dairy cow HA from A/
dairy cattle/Texas/24008749001/2024(H5N1). Dots indicate means; whiskers indicate SDs. C) Serum IgG antibodies against purified NA
proteins in ferrets with or without pH1N1 immunity. Solid lines show ferret serum reactivity to human NA (A/California/07/2009 H1N1);
dashed lines show ferret serum reactivity to avian NA from A/mallard/New York/22—-008760-007-original/2022(H5N1). Dots indicate

means; whiskers indicate SDs. Absorbance
influenza A(H1N1)pdm09; TCID

450°

507

absorbance at 450 nm for each dilution; HA, hemagglutinin; NA, neuraminidase; pH1N1,
50% tissue culture infectious dose.

airborne transmission of human seasonal H3N2 virus
(9). A conservation of immunodominant T-cell epit-
opes between H5N1 and seasonal influenza viruses,
including HIN1, was recently reported and suggest-
ed to potentially provide a level of cross-protective
immunity (27). We did note that the lung tissues of
ferrets with pHIN1 immunity had increased mono-
nuclear perivascular infiltrates and BALT hyperpla-
sia, consistent with tissue-specific T-cell responses,
although additional investigation is required.

The mild infection noted in the 2 pHIN1-immune
ferrets that survived until day 14 might account for
the low levels of neutralizing antibodies against cow/
Tx/24 H5N1 (Table). That observation may be critical
to inform the use of H5 seroconversion as a detection
mechanism for prevalence of H5 infections in farm
workers because mild infections may not produce a
robust systemic antibody immune response.

All adults have immunity from repeated influ-
enza virus infections over their lifetimes, but how
previous exposures translate into protection may
be strain-dependent and change over time. Hu-
man H5N1 infections during 2003 had a 30%-50%
mortality rate worldwide (28). However, since the
emergence of the 2.3.4.4b clade in 2020, the mor-
tality rate has been declining; during 2020-2024,
at least 80 human infections with various H5N1
clades were reported, but only 8 deaths were re-
ported (28). Of note, in 2024, at least 72 human infec-
tions and 2 deaths from H5N1 have occurred; both
deaths were reported in Cambodia from 2.3.2.1c
clade, which is distinct from 2.3.4.4b (28). The mild
clinical manifestations of H5N1 human cases in the
United States could be due to several factors, in-
cluding changes in the viral genome that result in a
less pathogenic virus, inoculation routes and doses,

Table. Serologic testing from a study of influenza A(H5N1) immune response among ferrets with pH1N1 immunity*

Microneutralization titers

H5N1 pH1N1
Ferret no. Euthanasia, dpi 0 dpi At euthanasia 0 dpi At euthanasia
Naive group
1 3 <20 <20 ND ND
2 3 <20 <20 ND ND
3 3 <20 <20 ND ND
4 4 <20 <20 ND ND
5 6 <20 <20 ND ND
pH1N1-immune group
1 3 <20 <20 905 1,016
2 3 <20 <20 508 320
3 3 <20 <20 2,032 508
4 14 <20 20 2,560 2,032
5 14 <20 80 640 2,032

*Aldairy cattle/Texas/24-008749-001/2024(H5N1) strain (GISAID accession no. EPI_ISL_19014384) was used for HSN1 inoculation. dpi, days

postinoculation; ND, not done; pH1N1, influenza A(H1N1)pdm09.

484

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025


http://www.cdc.gov/eid

immunity to HINI1 strains that circulated widely
since 2010, or a combination of those factors. How-
ever, additional research into the level of protec-
tion afforded by other human seasonal influenza
viruses, particularly currently circulating H1N1
viruses and those before the 2009 HIN1 pandemic,
is needed to assess whether currently circulating
H1IN1 viruses produce a protective immune sig-
nature but other prior strains do not. In particular,
understanding whether infection from HIN1 or
H2N2 strains circulating before 1970 can produce
antibodies that cross-react with H5N1 would be
useful, given the presence of cross-neutralizing
antibodies observed persons born before 1970. Fi-
nally, determining whether immunity to conserved
regions of the NA or other viral proteins are driv-
ing the protection observed with pHIN1 infection
is crucial because we detected no neutralizing anti-
bodies in younger persons (Figure 1).

One limitation of this study is the small num-
ber of human serum samples used to test for cross-
neutralizing antibodies against dairy cow HS5NT.
However, another group reported similar findings
from a different assay (T.A. Garretson et al., unpub.
data, https://doi.org/10.1101/2024.10.31.2431651.
Other limitations that should be addressed in future
work include the small number of animals used in
our preimmune studies, use of only 1 subtype of
human seasonal virus for the immune imprint, and
challenge with only 1 strain of H5N1. Lethality after
highly pathogenic avian A(H5N1) influenza infec-
tion can be strain specific, and published work has
shown that another dairy cattle H5N1 strain was
only partially lethal in immunologically naive fer-
rets (30), but a human H5N1 isolate from Texas was
lethal in ferrets (29,30). Therefore, assessment of ad-
ditional H5N1 strains isolated from dairy cows and
human spillover infections is needed. Other groups
have performed studies with ferrets having imprints
from vaccination or seasonal human influenza vi-
rus infection and shown protection against different
Hb5NT1 strains (31-35; P.H. Brigleb et al., unpub. data,
https:/ /doi.org/10.1101/2024.10.23.619695).

In conclusion, we found ferrets with immunity
to pHINT1 virus exhibited reduced H5N1 virus rep-
lication and dissemination, had less mortality and
fewer disease symptoms from H5N1 infection, and
expressed H5N1 cross-reacting antibodies to the
NA protein. Those results suggest that immunity to
heterotypic influenza viruses may explain the mild
symptoms observed during 2024 H5N1 infection of
dairy and poultry farm workers. Although human
Hb5NT1 infections from the 2024 outbreak resulted in
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mostly mild illnesses, additional research addressing
the effects of prior influenza immunity on the patho-
genesis and transmission of H5N1 could shed light
on the 2024 outbreak strain and inform pandemic
risk plans.

This article was preprinted at https:/ /www.biorxiv.org/
content/10.1101/2024.10.23.619881v1.
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Norovirus
[nor’-o-vi‘ras]

Genus of viruses that cause viral gastroenteritis. Noro-
viruses are named after the original strain, “Norwalk
virus,” which caused an outbreak of acute gastroenteritis
among children at an elementary school in Norwalk, Ohio,
in 1968. Numerous outbreaks of disease with similar symp-
toms have been reported since, and the etiologic agents were
called “Norwalk-like viruses” or “small round-structured
viruses.” Noroviruses are transmitted primarily through
the fecal-oral route and are highly contagious; as few as 10
viral particles may infect a person.
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Postelimination Cluster of
Lymphatic Filariasis, Futuna, 2024

Clément Couteaux, Thibaut Demaneuf, Laurent Bien, Manuel Munoz,
Bernadette Worms, Samuel Chésimar, Gwenael Takala, Atonio Lie, Vincent Jessop,
Malia Kalemeli Selemago, Valelia Uhila, Monika Toa, Dominique Euller, Cyrille Goarant

After detection of 2 clinical lymphatic filariasis (LF) cases
in a postelimination context in 2023 on the island of Fu-
tuna (Wallis and Futuna archipelago), the Wallis and Fu-
tuna Health Agency conducted a LF prevalence survey
in Futuna in May 2024. This cross-sectional study, car-
ried out among schoolchildren <18 years of age, identi-
fied 5 children with antigenemia, indicating an estimated
antigenemia prevalence in Futuna children nearing 2%.
The study also confirmed a spatial cluster of cases in the
village of Taoa, where the child antigenemia prevalence
reached 7.5% (95% CI 2.1%-18.2%), and demonstrated
a link between infection and traditional housing. We ob-
served microfilariae in contact cases during secondary
investigations. These findings suggest resurgence of LF
in a postelimination context, in which the expected child
antigenemia prevalence should not exceed 1%. This
situation should prompt a new mass drug administration
campaign using triple therapy and the reinforcement of
epidemiologic and entomologic surveillance.

Lymphatic filariasis (LF) is a vectorborne neglect-
ed tropical disease caused by nematode worms.
Three worm species can cause the disease, Brugia
malayi, B. timori, and Wuchereria bancrofti; the last of
those is responsible for LF in Pacific Island countries
and territories (PICTs). In 2018, =51 million people
were infected with LF globally, and by 2021, ~40 mil-
lion cases of lymphoedema (i.e., elephantiasis of the
lower limbs or hydrocele [scrotal edema] resulting
from the blockage of lymph flow in lymphatic ves-
sels) were reported (1,2).

In 2000, the World Health Organization (WHO)
launched the Global Program for the Elimination
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of Lymphatic Filariasis (GPELF). This program'’s
strategy is based on mapping LF-endemic areas, re-
ducing filarial transmission through mass drug ad-
ministration (MDA) of microfilaricides, conducting
post-MDA surveillance to document elimination,
and implementing postelimination surveillance (2,3).
In 2022, a total of 8 PICTs had reached the “elimina-
tion as a public health problem” status, including
Wallis and Futuna, and another 8 were in the process
of MDA (4).

Wallis and Futuna (WF) is an overseas collectivity
of France in the Pacific Ocean, 370 km east of Samoa
and 800 km west of Fiji (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/31/3/24-1317-App1.
pdf). The territory consists of 2 island groups: Wallis,
locally named Uvea (74 km?), and Futuna and Alofi
(46 km?), 230 km southwest of Wallis. Wallis is 1 king-
dom with a population of 8,088, whereas Futuna has 2
kingdoms, Alo and Sigave, whose combined popula-
tions total 3,063 population, according to a 2023 cen-
sus (5,6). The Health Agency (Agence de Santé) is the
sole regulator and operator of healthcare services.

Until the 1980s, WF was a hyperendemic area for
LF, which was transmitted locally by Aedes polyne-
siensis mosquitoes. Microfilaria prevalence rates were
20% in 1958 and 10% by the end of the 1970s (7,8). Di-
ethylcarbamazine MDA campaigns were implement-
ed throughout the archipelago during 1978-2007;
unfortunately, however, no information regarding
treatment is available. In 2001, WF joined the Pacific
Program for the Elimination of Lymphatic Filariasis,
the regional component of the WHO-led GPELF. After
a survey reporting a 1% infection prevalence, 6 MDA
campaigns with diethylcarbamazine and albendazole
were implemented in 2002, 2003, 2004, 2005, 2006,
and 2007; reported coverage rates ranged from 53% to
66% (2,9,10). Three transmission assessment surveys
(TASs) (a pre-TAS in 2006 and TASs in 2012 and 2016)
performed using immunochromatographic card tests
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reported child prevalence of filarial antigenemia <1%
(10). In 2018, WHO declared the elimination status of
LF (10,11). Subsequently, no postelimination surveil-
lance was implemented.

In October 2023, a lower limb lymphedema was
diagnosed and reported in Wallis in a 70-year-old
man. A retrospective investigation of medical records
identified another lower limb lymphedema in 2022 in
a 34-year-old man and a hydrocele in an 11-year-old
child in 2021, both of whom were living on the island
of Futuna. All 3 cases were serologically positive for
LF (Novalisa IgG ELISA Enzyme Linked Immunoab-
sorbent Assay; Gold Standard Diagnostics, https://
www.goldstandarddiagnostics.cn) and  showed
marked hypereosinophilia (>1,500 cells/mm? [refer-
ence range 40-500 cells/mm?®]). A search of a labora-
tory information system identified 109 patients with
marked hypereosinophilia during May 15, 2023-May
27,2024; 57 cases were in Futuna, and 52 were in Wal-
lis, indicating a prevalence of hypereosinophilia 3
times higher in Futuna.

A rapid diagnostic test (RDT) (Bioline Filariasis
Test Strip; Abbott, https:/ /www.abbott.com), typical-
ly used for TAS, was offered to patients identified on
the basis of having hypereosinophilia, leading to the di-
agnosis of 15 cases of antigenemia (2 in Wallis and 13 in
Futuna). In Futuna, 10 of the 13 cases were in patients
who lived in the village of Taoa, and none had any clin-
ical signs. Those findings triggered further investiga-
tion of the LF situation in Futuna. Our study aimed to
assess the prevalence of LF in children <18 years of age
in Futuna, specify the spatial distribution of LF cases,
and identify factors associated with infection.

Methods

Study Design

We conducted a cross-sectional study in all Futuna
schools to assess infection status by using an RDT,
as recommended by WHO, for postelimination sur-
veillance. We used a non-TAS methodology because
WHO does not recommend TAS methodology for
postelimination surveillance, given its lack of sensi-
tivity in low-prevalence settings. We assessed pos-
sible risk factors for LF by administering a question-
naire and retrieved eosinophil counts from medical
records when available. After the school-based study,
we screened household contacts of LF-positive chil-
dren by using secondary surveys.

Survey Population
We used data from the latest general population
census (conducted in 2023). The target population
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consisted of children <18 years of age living in Fu-
tuna, totaling 808 persons, according to a 2023 census.
The source population was children <18 years of age
attending schools in Futuna, born after the last round
of MDA in 2007. The territorial education directorate
(Vice Rectorat) provided the list of schoolchildren in
Futuna for 2024, which totaled 619 children.

We included children from the source popula-
tion in the survey if they were enrolled in schools on
Futuna Island from 1st grade (6 years of age) to 10th
grade (15-16 years of age), if their parents completed
the questionnaire and provided written informed
consent for testing, and if they attended school on the
day of the survey. We excluded children enrolled in
special needs classes and those who declined to pro-
vide a blood sample. Given the small population size,
all 448 eligible children were offered the test.

Data Collection

Three weeks before the screening, we distributed
a survey questionnaire to be self-administered and
filled in by parents. We defined LF disease status
on the basis of the result of a prospective RDT from
a drop of capillary blood taken from the child’s
fingertip. We collected information on variables
related to exposure to the bites of Ae. polynesiensis
mosquitoes (the vector of LF in WF), which includ-
ed information on the type of housing (traditional,
permanent house, or hut), the presence of mosquito
window screens, and the use of topical mosquito
repellents or fumigants. We also asked participants
about their perception of mosquito biting intensi-
ties. Although other biting insects might contribute
to this perception, the limited diversity of mosquito
or biting midges species in Futuna mean that Ae.
polynesiensis mosquitoes probably are the strongest
contributor to the perception of biting intensities
(8,12). To our knowledge, no precise evaluation
of Ae. polynesiensis mosquitoes biting intensity has
been conducted in Futuna. However, studies from
other Pacific Islands where Ae. polynesiensis mos-
quitoes are present indicate that this species is the
cause of a high biting intensity (13,14). We searched
medical records for eosinophil counts from up to 5
years before.

The patient questionnaire included questions
regarding a set of sociodemographic variables:
identity (surname and first name), date of birth,
sex, class, school, and test results with the date of
the test. The surveillance team collected a geoloca-
tion variable of positive cases by using GPS during
secondary surveys of household in which positive
cases had been identified.
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Organization of the Survey and Case Definition

We conducted screening in schools in Futuna during
May 14-17, 2024, by deploying a team of 4 interview-
ers who had been formerly trained to perform the
RDT. After interviewers verified the child’s identity
and parental consent, we provided the child with in-
formation about the purpose of the test and asked for
oral consent. After obtaining consent, we took a capil-
lary blood sample from the child’s fingertip.

We used the Abbott Bioline Filariasis Test Strip
for screening (15). We rechecked positive samples
by using the same test performed in the laboratory
from a venous puncture in the next 2 days to com-
ply with the health regulations of France, which re-
quires confirmation of the RDT in a laboratory set-
ting. We defined a case of LF by a positive filariasis
test strip antigenemic test confirmed_in the labora-
tory. We did not evaluate microfilaremia because
the technique for doing so was not available in
the laboratory.

Survey of Case-Patient Contacts

After laboratory confirmation of the antigenemic cas-
es detected in the schools, we offered all persons liv-
ing in the same household as a positive case-patient
an RDT on heparinized whole blood, in accordance
with WHO recommendations. We also performed a
qualitative search for microfilariae by direct search on
fresh blood smear.

Information Flow and Analyses

We handwrote RDT results on each child question-
naire during the survey. We then entered all deiden-
tified data into an Epi Info form (https://www.cdc.
gov/epiinfo). We cleaned the data by using Excel
(Microsoft, https://www.microsoft.com) and ana-
lyzed data by using R version 4.2.1 (The R Project for
Statistical Computing, https://www.r-project.org)
with R studio 2022.02.3+492 (https://rstudio-desk-
top.fr.download.it).

We described the dataset using the same terms as
in the questionnaire. We combined some variables to
create binary choices for the analysis (e.g., inhabitants
of tin shacks and fale [a traditional Polynesian house
with open sides and a thatched roof] were defined as
living in traditional housing). We compared eosino-
phil counts on the basis of the test result as a quantita-
tive variable, as we did for the child’s age. We calcu-
lated prevalence of filarial antigenemia on the basis of
the population screened and whether a valid positive
or negative RDT result was obtained.

We used Fisher exact tests for qualitative variables
and Mann-Whitney-Wilcoxon tests to compare the
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means of a child’s age and eosinophil concentration.
We considered differences with a p value <0.05 to be
statistically significant. We used univariate logistic
regression to study the association between screen-
ing results and risk factors. We excluded data on the
presence of mosquito nets from the logistic regression
analysis because it was a confounder with the type of
habitat. In additionally, the low proportion of cases
precluded the interpretation of a multivariate analy-
sis. For the spatial analysis, we considered all known
LF cases from Futuna on the basis of the school-based
survey and positive contacts of antigenemic children,
clinical cases, and antigenemic cases identified from
the active eosinophilia-based surveillance, which to-
taled 21 cases.

We generated maps by using the Leaflet package
in R (16). We used the global Moran I test, “spdep”
R package (17) to detect the presence of spatial auto-
correlation and to identify a possible cluster of cases.
We used SaTScan software and the Kulforff method
(18) based on a spatial Poisson discrete model to
identify clusters by the Monte Carlo method and
reported results with their radius, the number of
observed and expected cases, the relative risk, and
their statistical significance level. In addition, we
calculated the barycenter (i.e., the arithmetic mean
of the latitudes and longitudes) of the Taoa village
cases. We used binomial distribution to estimate the
LF prevalence in children.

Ethics Considerations

Wallis and Futuna does not have an ethics commit-
tee. This survey was presented to and received a fa-
vorable recommendation from the Health Agency
Medical Committee, acting as an institutional review
board, and from WHO. We offered antigenemic case-
patients triple therapy with albendazole, diethylcar-
bamazine, and ivermectin, per WHO recommenda-
tions, free of charge.

Results

Study and Survey Populations

Of 448 eligible children, 353 returned the question-
naires, completed by their parents, yielding a 79%
participation rate. Approximately 83% of the children
in the population surveyed took part in the screening,
making the screening rate in the eligible population
just above 65%. The proportion of the eligible popula-
tion who had an interpretable test, positive or nega-
tive, was 61% (Appendix Figure 2). The mean age of
the children participating in the survey was 10.3 years
(SD 2.8 years), and the mean eosinophil count was 571
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cells/mm?® (SD 623 cells/mm?). Approximately 54%
of participants were girls and 46% boys. Half were at-
tending elementary schools, and half were attending
junior high schools or high schools. Almost 60% of
the pupils attended a school in the kingdom of Alo.
The distribution by class, from 1st to 9th grade, was
fairly even (at ~10% per grade), whereas <5% attend-
ed 10th grade. Only 3 villages had >10% representa-
tion (Taoa, Ono, and Leava); children from Taoa ac-
counted for #17% of the participants. In contrast, the
villages of Fiua, Tamana, Tavai, and Vele each had
<5% representation in the population sampled (Table
1). The sample proved to be a fair representation of
the target population (Appendix Table 1).

The habitation type most reported was permanent
house, accounting for 94% of the population studied;
80% of habitations did not report having mosquito
nets. More than 30% of participants reported using
topical mosquito repellents or pyrethroid-containing
mosquito coils. The same proportion rated mosquito
biting intensity as “fairly high” or above. Nearly 80%
of households raised pigs; 30% of households had >10
pigs. Over 83% of the survey population took part in
the infection screening, and nearly 4% were absent
from school on the day of the survey. For the 293 chil-
dren taking the RDT, 20 tests (6.8%) were invalid, 5
(1.7%) were positive, and 268 (91.5%) were negative
(Table 2). The high rate of invalid tests was mainly
attributable to insufficient sampling, given that the
minimum volume of blood for the filariasis test strip
testis 75 pL.

Estimated Prevalence in the Child Population

Based on the proportion of positive tests among valid
readings, the prevalence estimate was 1.8% (95% CI
0.6%-4.2%). The prevalence was 2.4% (95% CI 0.7%-
6.1%) in the kingdom of Alo, compared with 0.9%
(95% CI 0.0%-5.1%]) in the kingdom of Sigave. Preva-
lence reached 7.5% (95% Cl12.1%-18.2%) in the village
of Taoa (Figure 1).

Spatial Analysis

Global Moran index was significantly different from
that expected (Moran I 0.353; p<0.001), indicating
positive spatial autocorrelation and the presence
of >1 LF cluster. Clustering analysis with SaTScan
revealed a significant cluster in the village of Taoa
(relative risk 18.91; p<0.001), which had 16 cases. All
cases detected in Taoa were in children who lived 750
m from the barycenter (Figure 2). One case detected
during the school survey had already been detected
through the recently introduced active surveillance
based on hypereosinophilia.
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Table 1. Description of sociodemographic and biologic variables
of children <18 years of age screened for lymphatic filariasis,
Futuna, May 2024*

No.
Variable patients Value
Age, y, mean (SD) 353 10.27 (2.79)
Eosinophil concentration, 114 571.00 (623.03)
cells/mm?, mean (SD)
Sex
F 191 54.1
M 162 45.9
Elementary school level, 1st-5th 178 50.4
grade
Location of school
Fiua 69 19.6
Kolopelu 109 30.9
Sausau 69 19.5
Sisia 106 30.0
School grade
10th grade 16 4.5
9th grade 37 10.5
8th grade 39 11.0
7th grade 39 111
6th grade 43 12.2
5th grade 30 8.5
4th grade 44 12.5
3rd grade 37 10.5
2nd grade 28 7.9
1st grade 40 11.3
Village of habitation (2023 census population [%])
Fiua (245 [8.0]) 16 4.6
Kolia (237 [7.7]) 29 8.2
Leava (302 [9.9]) 41 11.6
Malae (155 [5.1]) 18 5.1
Nuku (202 [6.6]) 28 7.9
Ono (504 [16.5]) 46 13.0
Poi (165 [5.4]) 19 5.4
Tamana (147 [4.8]) 10 2.8
Taoa (443 [14.5]) 59 16.7
Tavai (132 [4.3]) 13 37
Toloke (168 [5.5]) 33 9.4
Vaisei (139 [4.5]) 13 3.7
Vele (222 [7.2]) 28 7.9

*Values are % frequency except as indicated.

Factors Associated with Infection

We observed no effect of age on infection status and
no difference by school grade (e.g., 1 case in each
grade in elementary school except 1st grade and 1
case in 7th grade. One single case was in a child liv-
ing in the kingdom of Sigave, compared with 4 in the
kingdom of Alo. Fisher tests indicated significant dif-
ferences for village of residence (p = 0.006) and habi-
tation type (p = 0.030). We identified no positive cases
in children from households with mosquito nets. In
contrast, 15% of LF-negative schoolchildren’s habita-
tions had mosquito nets, a nonsignificant difference.
We also observed no significant difference for the use
of insect repellents, mosquito coils usage at home, or
perceived mosquito biting intensity. All 5 case-pa-
tients and 78% of children testing negative reported
raising pigs at home (p = 0.59 by Fisher test). Univari-
able logistic regression models identified associations
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Table 2. Social and behavioral variables and lymphatic filariasis
test results, Futuna, May 2024
Variable and test result
Habitation type

No. patients Frequency, %

Tin hut 2 0.6
Closed traditional fale* 6 1.7
Open traditional fale 12 3.4
Permanent house 330 94.3
Mosquito net at habitation
No 273 77.8
Yes 47 13.4
Partial 31 8.8
Repellent or mosquito coil use
Never 120 34.2
Sometimes 120 34.2
Often 60 17.1
Very often 15 4.3
Always 36 10.2
Perceived biting density
Absence of bites 92 26.7
Low 155 449
Fairly high 70 20.3
High 19 55
Very high 9 2.6
No. pigs at household
0 74 21.0
1-5 78 221
6-10 97 275
>10 104 294
Lymphatic filariasis rapid diagnostic result
Negative 268 91.5
Positive 5 1.7
Invalid 20 6.8

*Fale, a traditional Polynesian house with open sides and a thatched roof.

between testing positive and living in Taoa (odds ra-
tio 17.9 [95% CI 2.0-163.5]; p = 0.003) and living in a
traditional habitation (OR 12.0 [95% CI1 1.9-77.8]; p =
0.023) (Table 3).

Biologic Factors Associated with Infection

Eosinophil counts were 2.3 times higher in children
testing positive compared with children testing
negative for LF. However, this difference was not

Figure 1. Estimated prevalence of lymphatic filariasis in
schoolchildren in Futuna overall, in the kingdoms of Alo and
Sigave, and in the village of Taoa, Futuna, May 2024. A total of
283 schoolchildren were screened. Error bars indicate 95% Cls.
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significant in our small dataset (p = 0.2 by Mann-
Whitney-Wilcoxon test).

Contact Investigations

After RDT confirmation of LF in 5 children in the
school survey, we offered a screening test to all per-
sons living in the same household as the children with
antigenemia. Among these 10 contacts, the father of a
5-year-old child tested positive. A blood smear con-
firmed microfilaremia in this adult (Figure 3; Video,
https:/ /wwwnc.cdc.gov/EID/article/31/3/24-
1317-V1.htm).

Discussion

In this postelimination LF prevalence assessment
in Futuna, >60% of the eligible population was
screened, showing a prevalence of nearly 2% among
schoolchildren, twice the expected prevalence in the
general population in a postelimination context (19).
This estimate reached 7.5% in 1 village. Given that
the survey population was born after the last MDA
round, a much lower prevalence would be expected if
transmission had been stopped. This study also iden-
tified a link between infection and traditional hous-
ing, which posed a significant risk (p = 0.023). The
small number of cases limited multivariate analysis
and led unprecise results with wide Cls. Although
cases were identified through RDTs, microfilaremia
was evidenced from fresh blood smears during con-
tact investigations.

The youngest positive case-patient in this study
was 7 years of age; earlier eosinophilia-based sur-
veillance had also identified a case in a 6-year-old.
Our results are robust and generalizable to the entire
child population of Futuna and can be used for public
health decision-making.

The 2012 and 2016 TAS surveys screened almost all
primary school children, reaching coverage of 90% in
2012 and 88% in 2016, meaning prevalence underesti-
mation is unlikely. In this 2024 study, systematic screen-
ing was extended to secondary school children, achiev-
ing a 61% screening rate. This reemergence probably
has multifactorial causes. The effectiveness of the LF-
elimination program depends on administering mass
treatments to >65% of the eligible population. In WF,
average MDA coverage during 2002-2007 was <58%.
Unfortunately, island- or age-specific MDA coverage
data is lacking, so whether Futuna had lower coverage
or age-specific gaps remain uncertain (10). Age-specific
MDA heterogeneities have been identified as possible
drivers of LF resurgence in Madagascar (20).

Ae. polynesiensis mosquitoes, LF vectors in WF,
are exophilic and reaching high densities in rural and
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Figure 2. Geolocation of lymphatic filariasis cases detected in Futuna during October 2023—June 2024 and barycenter of Taoa cases.
Kingdoms of Alo and Sigave are indicated. Inset maps show location of Wallis and Futuna in South Pacific.

sylvatic environments (12). This aggressive exopha-
gous species feeds on humans and animals outdoors
(21). In 1981, biting intensities nearing 100 bites/hour
were reported at dusk in Wallis (8); similar findings
were reported in Samoa (13). The vector’s biology
might explain the increased LF risk linked with tra-
ditional habitations like the Polynesian fale. The 3.3
male:female sex bias among 21 cases (clinical and
antigenemic) since October 2023 probably reflects
higher exposure during more male-centered activi-
ties, such as agriculture, farming, and sociocultural
practices such as traditional kava-drinking ceremo-
nies (Tauasu), during which men remain outdoors
from dusk to early night.

No vector-control measures were implemented
during 2013-2021 in Futuna, a highly favorable en-
vironment for Ae. polynesiensis mosquitoes, which
are recognized as a good LF vector, even with low
microfilaremia (10,22,23). Together with the high vec-
tor density and intense biting exposure, vector biol-
ogy and ecology probably were strong determinants
of this reemergence. Xenomonitoring could improve
surveillance and guide much-needed vector-control
strategies in post-MDA surveillance (24).

Furthermore, LF was not a target for postelimina-
tion surveillance. The shorter wording “elimination”
used without “as a public health problem” probably
caused confusion between “elimination” and “eradi-
cation.” Consequently, medical staff might not have
considered LF as a possible diagnosis in recent years,
abandoning passive surveillance altogether.
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Active surveillance based on hypereosinophil-
ia initiated in October 2023 used a threshold value
of 1,500 cells/mm?® to evaluate LF using an RDT. A
study in French Polynesia evaluated the predictive
performance of eosinophilia for LF infection, estab-
lishing a lower threshold value of 500 cells/mm?® for
optimal sensitivity and specificity (25). According to
the laboratory information system, 500 patients had
eosinophilia above the 500 cell/mm? threshold dur-
ing June 2023-June 2024, suggesting that many LF
cases remain to be identified. Sustaining this surveil-
lance while adopting the lower threshold could in-
crease sensitivity.

Table 3. Univariable logistic regression model results for biologic
and risk factors associated with lymphatic filariasis, Futuna,

May 2024*
Variable Univariate OR (95% CI) p value
Eosinophil count, cells/mm? 1.00 (1.00-1.00) 0.092
Age, y 0.87 (0.62-1.22) 0.415
Village of habitation

Other Referent

Taoa 17.90 (2.0-163.5) 0.003
Habitation type

Permanent house Referent

Traditional 12.00 (1.9-77.8) 0.023
Repellent or mosquito coil use

No Referent

Yes 2.10 (0.2-18.6) 0.498
Perceived biting density

High Referent

Low 1.50 (0.2-13.5) 0.715
Pigs at household

No Referent

Yes 20,541,717 (0.0—0) 0.113
*OR, odds ratio.
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Figure 3. Microphotographs

of microfilaria from a sample
collected in Futuna, June 2024.
A) Fresh blood smear from an
antigen-positive child’s close
contact; original magnification
x40. B) Smear after May-
Grunwald-Giemsa staining;
original magnification x100).

This LF surveillance could also be reinforced by
integrating a LF RDT during standardized health
population surveys aimed at monitoring behavioral
risk factors for noncommunicable diseases, includ-
ing the Global School-Based Health Survey for ado-
lescents and STEPWise for adults conducted on av-
erage every 5 years (26,27). In addition, reinforcing
vector-control activities, reducing breeding sites, and
promoting individual protection against mosquito
bites are essential measures, especially for vulnerable
populations living in traditional habitations.

Furthermore, new rounds of MDA could be con-
sidered for Futuna, because active surveillance has
not shown any resurgence in Wallis. Risk mapping
could be refined through xenomonitoring to support
this decision. Since 2017, WHO has recommended
triple therapy within the GPELF framework (28).
Adding ivermectin aims to provide longer micro-
filaricidal activity, further decreasing LF transmis-
sion. Ivermectin might also have co-benefits, notably
protecting from helminthiases and scabies. Howev-
er, although triple therapy safety has been reported,
its efficacy for subperiodic diurnal LF was not prop-
erly evaluated (29).

A systematic bibliographic search on PubMed
found no reported cluster or postelimination LF resur-
gence in the 8 PICTs that declared LF elimination since
2016. The reemergence evidenced in Futuna illustrates
the importance of postelimination surveillance.

This cross-sectional study estimated LF preva-
lence in persons <18 years of age born after the last
MDA round at 2%, much higher than the WHO
elimination criterion of <1%. Child prevalence
reached 2.5% in the kingdom of Alo and 7.5% in
Taoa. Despite a localized cluster in Taoa, 1 case in a
child from Sigave with no linkage to Taoa highlight-
ed the need for islandwide interventions. The study
also revealed an association between housing type
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and LF infection, suggesting traditional or precari-
ous housing as a risk factor linked to Ae. polynesiensis
mosquito biology.

Although hypereosinophilia might be a predic-
tive marker of LF, our study lacked statistical sig-
nificance, and further studies are required to confirm
this predictive value in the specific context of Futu-
na. The low coverage of MDA administered during
2002-2007, the temporary absence of vector-control
measures, and the absence of postelimination surveil-
lance together might explain the resurgence.

These results should have implications on LF
elimination programs because they illustrate the criti-
cal role of postelimination surveillance and the com-
plexity of its implementation, through the introduc-
tion of targeted screening strategies, integrated with
larger-scale surveys or xenomonitoring. For countries
that have made considerable efforts to achieve elimi-
nation, sustaining the elimination status will require
implementing efficient postelimination surveillance,
particularly in areas where transmission of LF is
ensured by Ae. polynesiensis mosquitoes. Our study
points to the need to step up epidemiologic and en-
tomologic postelimination surveillance and the prob-
able benefits from implementing new rounds of MDA
on the island of Futuna to tackle the reemergence of
LF. Particular attention should be paid to vulnerable
populations who are more affected by this neglected
tropical disease, which was no longer considered as a
public health problem. This LF reemergence is also a
wake-up call for countries that have already reached
the status of elimination as a public health problem.
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Model-Based Analysis of Impact,
Costs, and Cost-effectiveness
of Tuberculosis Outbreak
Investigations, United States

Sourya Shrestha, Lucia Cilloni, Garrett R. Beeler Asay, J. Steve Kammerer, Kala Raz,
Tambi Shaw, Martin Cilnis, Jonathan Wortham, Suzanne M. Marks, David Dowdy

Outbreak investigation is an essential component of
tuberculosis (TB) control in the United States, but its
epidemiologic impact and cost-effectiveness have not
been quantified. We modeled outbreak investigation
activities in the United States during 2023-2032 and
estimated corresponding epidemiologic impact, eco-
nomic costs (in 2022 US$), and incremental cost-effec-
tiveness ratios from the healthcare system perspective
(cost per additional quality-adjusted life-year gained).
We projected that outbreak investigations would result
in 1,030,000 (95% uncertainty interval [Ul] 376,000—
1,740,000) contacts investigated, leading to 4,130 (95%
Ul 1,420-7,640) TB diagnoses and 104,000 (95% Ul
37,600-181,000) latent TB infection diagnoses, at a total
cost of US $219 million (95% Ul $80-$387 million). We
estimated that 5,560 (95% Ul 1,720-11,400) TB cases
would be averted through early detection and treatment,
and the incremental cost-effectiveness of outbreak in-
vestigations, compared with no outbreak investigations,
was $27,800 per quality-adjusted life-year gained (95%
Ul $4,580-$68,700).

Outbreak investigation continues to be an essen-
tial part of tuberculosis (TB) control in the Unit-
ed States (1-3). By promptly detecting and treating TB
disease and latent TB infection (LTBI) among contacts
of persons with TB or in settings in which TB trans-
mission is likely to be ongoing, outbreak investiga-
tions play a critical role in curbing ongoing commu-
nity transmission. TB incidence in the United States
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fell by >70% during 1993-2019, and widespread pro-
grammatic implementation of contact and outbreak
investigations was likely a key contributor to this ob-
served decline (4,5).

However, TB outbreaks continue to cause sub-
stantial illness, particularly in vulnerable popula-
tions, which include persons in racial and ethnic mi-
nority groups, persons living in congregate settings
(such as correctional facilities and homeless shelters),
and persons with underlying conditions, who have
a higher predisposition to poor TB outcomes (6-9).
Even though a minority of new TB cases (=14%) in
the United States are attributed to recent transmission
(10,11), extensive public health resources are required
for TB investigation and control, and outbreak inves-
tigations can present substantial financial and work-
load burdens to frontline public health departments.
As such, outbreak prevention and control remain
essential to eliminate TB in the United States, and
improving the impact of these activities can further
accelerate progress toward TB elimination goals. In
this model-based analysis, we sought to estimate the
epidemiologic effects of control efforts and quantify
the cost-effectiveness of TB outbreak response efforts
in the United States.

Methods

Projection of TB Outbreaks in the United States

We projected the number of TB cases, the number of
TB clusters, and the distribution of cluster sizes in the
United States during 2023-2032. TB cases were pro-
jected by extrapolating the trend of TB cases during
2014-2019 (1.1% annual decline) (1). To allow for ad-
ditional uncertainty in TB incidence caused by other
factors, such as the COVID-19 pandemic-related dis-
ruptions, we assumed that, relative to the prepandemic
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TB trajectory, from a 5% increase to a 10% decline could
be seen in the number of cases projected during the
study period (Tables 1, 2). We simulated cluster size
distributions of TB outbreaks using a branching process
model with a Poisson lognormal distribution (12). This
model was previously developed and fitted to geno-
type cluster size distribution data in the United States
(12), where cases were defined as clustered if they had
matching spacer oligonucleotide typing (spoligotype)
and 24-locus mycobacterial interspersed repetitive unit-
variable number tandem-repeat genotyping results, and
they were reported within the same state during 2012-
2016 (29) (Appendix, https://wwwnc.cdc.gov/EID/
article/31/3/24-0633-Appl.pdf). Finally, we estimated
the number of clusters on the basis of both the projected
number of incident cases and the cluster size distribu-
tion, such that the sum of cases across simulated clusters
equaled the projected number of incident cases.

Epidemiologic Impact of Outbreak Investigation

For the purposes of this analysis, we assumed that all
genotype clusters of >3 cases would be considered
for outbreak investigation response, consistent with
assumptions in previous outbreak investigation re-
views (2). We estimated the number of contacts in-
vestigated per case during an outbreak investigation
using historical data on outbreak investigations in the
United States (2,3), accounting for contact investiga-
tions expected to occur outside of outbreak investi-
gation based on the Aggregate Reports for Program
Evaluation (ARPE) from reporting jurisdictions (50
states and 9 cities) to the Centers for Disease Control
and Prevention (CDC) (13) (Appendix). Among the
contacts investigated during the outbreak response,
we estimated the number of persons who would be
identified as having TB disease and LTBI on the basis
of historical data on outbreak investigations and from

Table 1. Descriptions, estimates and uncertainty ranges for parameters describing TB outbreaks and outbreak investigations in study
of impact, costs, and cost-effectiveness of TB outbreak investigations, United States*

Point Lower Upper
Model parameters estimate value value Sources and additional notes
Projection of TB cases and outbreaks
Projected decline in TB cases, year-on-year 1.06% 0% 2% Based on year-on-year % decline in TB cases
% decline in the United States, 2014—2019 (1).
Change in TB incidence from the projected No 10% 5% Assumption. If r is the annual rate of decline in
baseline because of other factors (e.g., change decrease increase TB cases before the pandemic, and A is the
COVID-19 pandemic) impact of the pandemic, then the number of TB
cases projected in the year y, TB(y) is given by:
TB(y) = TB(2019) x (1 — A) X e "(v=2019),
Ro 0.29 0.19 0.38 Shrestha et al. (12)t
Individual level heterogeneity, SD of the 1.9 1.8 2 Shrestha et al. (12)f
Poisson lognormal model
Characterization of outbreak investigation
Outbreak investigation threshold >3 cases Assumption, as in Mindra et al. (2).
No. contacts investigated per case during 55 10 78 Mitruka et al. (3) reported 42 total contacts
outbreak investigation investigated per case among 27 outbreaks
during 2002—-2008; Mindra et al. (2) reported 88
contacts per case among 21 outbreaks during
2009-2015. We assumed that on average 10
contacts would be evaluated per case outside
of outbreak investigation, on the basis of ARPE
report (13), and that 5% of the case
investigations occur as a part of outbreak
investigation (Appendix,
https://wwwnc.cdc.gov/ElD/article/31/3/24-
0633-App1.pdf).
% Contacts evaluated 79% 75% 85% ARPE report (13)
% LTBI diagnoses in evaluated contacts 13% 10% 15% Mitruka et al. (3), ARPE report (13)
% Contacts with LTBI initiating LTBI treatment 73% 70% 75% ARPE report (13)
% Contacts with LTBI completing LTBI 57% 55% 65% ARPE report (13); this is a product of the
treatment percentage of contacts with LTBI initiating
treatment, and percentage of those initiating
that complete treatment.
% Evaluated contacts with TB disease 0.5% 0.29% 0.72% Mitruka et al. (3) reports 0.62%; 0.72% by

ARPE report (13); Mindra et al. (2) reports
0.29%.

*3HP, 3 months of isoniazid and rifapentine; 9H, 9 months of isoniazid; ARPE, Aggregate Reports for Program Evaluation; CDC, Centers for Disease
Control and Prevention; IGRA, interferon-y release assay; LTBI, latent TB infection; QALY, quality-adjusted life-years; Ro, basic reproduction number; TB,

tuberculosis.

tBased on Poisson lognormal distributions fitted to cluster-size distribution of genotype linked cases in the United States during 2012-2016.
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Table 2. Descriptions, estimates and uncertainty ranges for parameters describing TB natural history, costs of TB outbreak
investigations, and cost-effectiveness evaluation in study of impact, costs, and cost-effectiveness of TB outbreak investigations,

United States*

Point Lower Upper
Model parameters estimate value value Sources and additional notes
Characterization of TB natural history and the impact of intervention
% Contacts who will develop TB within 6.6% 3% 15%  Based on estimates of reactivation of LTBI among recent
5 years after infection exposure (14) and among close contacts of TB patients
(15). Lower value of 3% reflects uncertainty in the
recency of the infection among contacts.
Efficacy of completed LTBI treatment 93% 70% 95% Estimates from 9H trial and noninferiority of 3HP
compared with 9H (16,17).
Ry of cases detected during outbreak 0.29 0.15 1.5 Ro of 0.29 from Shrestha et al. (12). Upper value of 1.5
investigation for Ry reflects outbreak settings with higher transmission.
% Reduction in infectious period 50% 25% 75% Modeled as reduction in Ry based on higher case
through early detection detection and natification in contact investigations (18),
resulting in reduction in delays in TB diagnosis, a
contributor to outbreaks (2).
Unit cost estimates, 2022 US$
Cost of PCR-based genotyping, per $35 $25 $50 CDC (culture, typing, and identification by nucleic acid
isolate probe, amplified probe technique) (19).
Cost of outbreak investigation, cost per $151 $86 $225 Unpublished data from 2 outbreaks in California
contact during outbreak investigationt (average cost of $106 per contact (2014 US$) (T. Shaw,
unpub. data) (Appendix,
https://wwwnc.cdc.gov/ElD/article/31/3/24-0633-
App1.pdf); unpublished CDC data reports mean cost of
$175.90 ($78.00-$293.50) (2022 US$) (20).
Cost of LTBI testing per contact $71 $60 $80 Includes costs of IGRA LTBI testing, and costs of chest
radiograph and TB test to rule out TB disease among
those testing positive for IGRA (19,21,22).
Cost of LTBI treatment per infected $515 $300 $700 Includes costs of 3HP (23), laboratory testing, and
contact toxicity both requiring and not requiring hospitalization
(24). Assumes toxicity among 3.2% (20) of persons
receiving LTBI treatment (25), and 0.015% requiring
hospitalization (26).
Cost of TB treatment per contact with $23,543 $15,000 $30,000 Direct TB treatment costs for non—-MDR TB (27).
disease
QALY estimates
Annual discount rate 3% Assumption
QALYs gained per TB case averted 1.16 0.74 1.39  Assumes 4.7% average mortality among people with TB,
36.3 years of average life expectancy at TB diagnosis,
and health utility of 0.76 during TB treatment (28).3
QALYs lost per LTBI treatment 0.002 0.0015  0.0025 Jo et al. (20).8

*3HP, 3 months of isoniazid and rifapentine; 9H, 9 months of isoniazid; ARPE, Aggregate Reports for Program Evaluation; CDC, Centers for Disease
Control and Prevention; IGRA, interferon-gamma release assay; LTBI, latent TB infection; MDR, multidrug resistant; QALY, quality-adjusted life-years;

TB, tuberculosis.
TExcludes costs associated with TB and LTBI treatment.

1See Appendix for details on TB mortality rates; other data were incorporated to construct the range.
8QALY estimate assumes toxicity among 3.2% of persons receiving LTBI treatment (25), and 0.015% requiring hospitalization (26).

contact investigations (2,3,13). For persons who test-
ed positive for LTBI, we also estimated the proportion
who would initiate and complete LTBI treatment on
the basis of data reported in ARPE (13).

We assumed that outbreak investigations would
result in earlier detection of TB, thus also prevent-
ing further transmission by reducing the number of
secondary cases by 50% (with sensitivity analysis
including an uncertainty range of 25%-75%). On the
basis of historical data (2,3,13), we assumed that TB
disease would be diagnosed and treatment would be
initiated in 0.5% (uncertainty range 0.29%-0.72%) of
contacts; we assumed that LTBI would be diagnosed
in 13% (uncertainty range 10%-15%) of contacts, and
57% (uncertainty range 55%-65%) of them would

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

initiate and complete LTBI treatment (13) with an ef-
ficacy of 93% (uncertainty range 70%-95%) (16,17).
We assumed that 6.6% (uncertainty range 3%-15%)
of persons in whom LTBI was diagnosed during an
outbreak investigation would develop reactivation
TB within 5 years (in the absence of LTBI treatment),
on the basis of published estimates of progression af-
ter recent exposure or progression specifically among
close contacts (14,15).

Cost-effectiveness of Outbreak Investigation

We used a TB-centered health systems perspective to
estimate costs and cost-effectiveness and focused on
incorporating costs and benefits that are directly re-
lated to TB-related services and outcomes. We relied
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Figure 1. Projected TB cases and outbreaks, 2023-2032, United States, in study of impact, costs, and cost-effectiveness of TB
outbreak investigations. Shown are the total number of TB cases (A), the number of TB cases occurring in outbreaks (B), the total
number of TB clusters (C), and the number of TB outbreaks (i.e., clusters of >3 cases) (D) projected to occur during 2023-2032 and
cluster size distributions of the TB clusters (E). Clusters of size 1 are assumed to have no transmission links, and only clusters with >3

cases (shaded in orange) are investigated in outbreak investigations.

on published literature and other sources to estimate
costs associated with outbreak investigations (Tables
1, 2). We incorporated costs of genotyping, assuming
all cases (including those that might end up being part
of outbreak investigation) are genotyped; conducting
outbreak investigation on all outbreaks of >3 cases
(excluding TB and LTBI treatment costs); and testing
contacts of outbreak TB cases for LTBI and treating
persons who tested positive. Unit costs of genotyping
included the costs of culturing Mycobacterium tubercu-
losis, genotyping the isolate, and nucleic acid amplifi-
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cation at the CDC laboratory. Outbreak investigation
costs were based on 2 sources. The first source was un-
published data from 2 outbreaks in northern Califor-
nia during 2010-2014 (T. Shaw, unpub. data). A total of
276 contacts were investigated across the 2 outbreaks;
the corresponding total cost was $29,238 ($106 [in 2014
US dollars] per person investigated), including coor-
dination and communication, analytical activities, case
management, contact identification, and evaluation
(Appendix). We also used CDC data from Njie et al.
(20), who reviewed the costs of contact investigations

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025
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Table 3. Projected scope of TB outbreak investigations during 2023-2032 in study of impact, costs, and cost-effectiveness of TB

outbreak investigations, United States*

Projected outcome Point estimate Lower bound Upper bound
No. TB outbreaks with >3 cases investigated 3,350 2,610 4,010
No. outbreak-related TB cases 21,700 14,600 28,800
No. contacts investigated during outbreak investigations 1,030,000 376,000 1,740,000
No. TB cases detected 4,130 1,420 7,640
No. contacts with LTBI detected 104,000 37,600 181,000
No. contacts with LTBI initiating treatment 75,700 27,100 131,000
No. contacts with LTBI completing treatment 61,500 22,000 107,000

*The point estimate is the mean, and the lower and upper bounds represent the 2.5th and 97.5th percentiles across all 10,000 simulations. LTBI, latent

TB infection; TB, tuberculosis.

across the United States and estimated the mean cost
to be $175.90 (95% CI $78.00-$293.50) per contact. In
estimating unit costs of testing and treatment, we as-
sumed that interferon-gamma release assays were
used for LTBI testing and that treatment consisted of
the 3HP regimen (3 months of self-administered iso-
niazid and rifapentine) (21). We accounted for the costs
of chest radiography (19,22) and laboratory costs (23),
as well as toxicity and hospitalization during treat-
ment (24-26). The averted future costs of TB treatment
likewise included inpatient and hospitalization costs
(30,31) (Tables 1, 2). We assumed that outbreak in-
vestigation costs were distributed evenly over the 10-
year analytic period, that future cases resulting from
exposure during outbreaks occurred within 5 years of
completing the outbreak investigation, and that those
cases were distributed exponentially over the 5-year
period. We measured all costs from the health system
perspective and matched costs to 2022 dollars using
the Health Care Price Index for personal consumption
expenditures from the US Bureau of Economic Analy-
sis (32). We discounted future costs and cost savings at
3% annually.

The primary cost-effectiveness outcome was the
incremental cost-effectivenessratio (ICER) of outbreak
investigation activities (cost per quality-adjusted life
year [QALY] gained) during 2023-2032, compar-
ing a baseline scenario in which outbreak investiga-
tions are conducted (using conventional genotyping)
to a counterfactual scenario in which no outbreak
investigation activities are conducted. Following the
approach taken by Jo et al. (21), we estimated the net
number of QALYs gained as the difference between
the total QALYs gained, resulting from averted future

TB cases and averted disabilities among those that are
diagnosed during outbreak investigations, and QA-
LYs lost because of the toxicity of treatment. QALY
losses associated with TB disease included TB-related
mortality rates (23) and loss of quality of life during
TB treatment (28) and QALY losses associated with
LTBI treatment, including both toxicity (25) and hos-
pitalization (26) during treatment (Appendix).

Model Simulation

We used a Monte Carlo approach to generate estimates
of our model outcomes. We performed 10,000 model
simulations, each using a parameter set generated by
probabilistically sampling model parameters. Each
model parameter was drawn from a triangular distri-
bution, where the mode of the distribution was taken
to be the point estimate, and the range of the distribu-
tion varied between the lower and the upper values
(Tables 1, 2). For each outcome, we reported the mean
and the 95% uncertainty interval (UL; 2.5th-97.5th per-
centiles) across all model simulations. As a sensitivity
analysis of our choice of parameter distribution, we
also considered PERT (program evaluation and re-
view technique) distribution and a mixture of PERT
and gamma distributions (Appendix). We performed
model simulations by using R software (The R Project
for Statistical Computing, https:/ /www.r-project.org).

Sensitivity Analyses

We conducted a multivariate sensitivity analysis to
explore the sensitivity of the primary outcome to un-
certainty in parameter values. We varied all model
parameters across specified ranges according to
parameter-specific distributional assumptions and

Table 4. Projected epidemiologic impact of TB outbreak investigations, United States, 2023-2032*

Projected outcome Point estimate Lower bound Upper bound
No. TB cases averted from early detectiont 1,330 266 3,650
No. TB cases averted through LTBI treatmentt 4,220 1,200 9,090
Total TB cases averted 5,560 1,720 11,400

*The point estimate is the mean, and the lower and upper bounds represent the 2.5th and 97.5th percentiles across all 10,000 simulations. LTBI, latent

TB infection; TB, tuberculosis.

tIncludes cases expected from transmission that would have occurred within five years, in the absence of outbreak investigation.
FlIncludes cases expected to result from reactivation of LTBI that would have occurred within five years among persons who are detected with LTBI and

complete LTBI treatment during an outbreak investigation.

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 3, March 2025
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Table 5. Cost and cost-effectiveness (in 2022 US dollars) of TB outbreak investigation, United States, 2023-2032*

Projected outcomes Point estimate Lower bound Upper bound
Costs of genotyping, millions $2.5 $1.85 $3.24
Costs of outbreak investigation, millions $135.0 $46.6 $251.0
Costs of LTBI testing, millions $49.0 $17.7 $84.4
Costs of LTBI treatment, millions $32.4 $11.0 $60.6
Total cost, millions $219.0 $80.0 $387.0
Averted future costs of TB treatment, millionst ($102.0) ($29.7) ($216.0)
QALYs gained by averted TB 4,890 1,490 103,000
QALYs gained by averted TB-related disabilities through early 183 51.4 4020
diagnosis

Total QALYs gained 5,070 1,560 106,000
QALYs lost during LTBI treatment 98.7 34.6 177.0
Cost per QALY gained $27,800 $4,580 $68,700

*The point estimate is the mean, and the lower and upper bounds represent the 2.5th and 97.5th percentiles across all 10,000 simulations. LTBI, latent

TB infection; QLY, quality-adjusted life-years; TB, tuberculosis.

TFuture costs of treating future cases are discounted on the basis of their expected time of occurrence up to 5 years into the future.

compared the difference in projected incremental
cost-effectiveness between the 1,000 simulations in
which the value of the parameter of interest was in
the top decile and the 1,000 simulations in which that
value was in the bottom decile.

Results

We projected that 3,350 (95% simulation UI 2,610-
4,010) outbreaks (clusters with >3 TB cases) would
occur in the United States over the 10-year period of
2023-2032 and that those outbreaks would include a
total of 21,700 (95% UI 14,600-28,800) cases (Figure
1). During this period, we estimated that 1.03 million
(95% UI 376,000-1,740,000) persons who had contact
with an outbreak TB case would require investiga-
tions. Of those persons, we projected that TB disease
would be diagnosed in 4,130 (95% UI 1,420-7,640)
persons and LTBI would be diagnosed in 104,000
(95% Ul 37,600-181,000) persons, reflecting recent
infection during the outbreak. Of those persons, we
estimated that 61,500 (95% UI 22,000-107,000) would
successfully complete LTBI treatment (Table 3).

We estimated that 1,330 (95% UI 266-3,650) cases
of future TB would be averted by outbreak investi-
gation through early detection and averted transmis-
sion and an additional 4,220 (95% UI 1,200-9,090)
cases would be prevented by treating LTBI. Thus, a
total of 5,560 (95% UI 1,720-11,400) projected future
cases would be averted in the United States through
outbreak investigation over the 10-year period of
2023-2032 (Table 4).

We estimated that outbreak investigation activities
would cost a total of $219 million (95% UI $80-$387 mil-
lion) during 2023-2032. This total cost includes the costs
of genotyping (1% of the total cost), conducting out-
break investigations (62%), LTBI testing (22%), and LTBI
treatment (15%). The estimated (discounted) cost of
preventing TB that would be averted through outbreak
investigation was $102 million (95% UI $29.7-$216 mil-
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lion), for a net cost of $109 million (95% UI $24.7-$249
million) over 10 years. We estimated the ICER of out-
break investigations compared with no outbreak in-
vestigations to be $27,800 per additional QALY gained
(95% UI $4,580-$68,700) (Table 5). Our estimates of the
epidemiologic effects and cost-effectiveness were robust
to the choice of parameter distributions (Appendix).
The factors that were most influential to the esti-
mated cost-effectiveness of outbreak investigation ac-
tivities consisted of characteristics of outbreak inves-
tigations, such as the proportion of contacts that were
TB and LTBI cases (Figure 2); epidemiologic quanti-
ties, such as the reactivation rate of LTBI cases among
outbreak contacts and the number of secondary trans-
missions per outbreak-related case; and cost-related
variables, such as the cost of outbreak investigation
(cost per contact) and the cost of treating future TB
cases. Under all variations of parameter values evalu-
ated in the sensitivity analysis, the estimated ICER
did not exceed $70,000 per additional QALY gained.

Discussion

In this model-based analysis of TB outbreak in-
vestigation in the United States during 2023-2032,
we projected that outbreak investigation activities
could prevent 5,560 cases of TB, a number equal
to =6% of all incident cases (and ~40% of all recent
transmission cases) expected to occur in the country
during that time (5,10,11). Furthermore, compared
with other TB interventions in the United States,
such as targeted testing and treatment of LTBI that
has been previously evaluated as cost-effective in
populations at risk for TB (33,34), outbreak inves-
tigation activities are generally more cost-effective
at ~$28,000 per QALY gained in the most likely sce-
nario (<$70,000 per QALY gained in the most pes-
simistic scenarios). Those results strongly support
maintaining TB outbreak response activities in the
United States.
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Historical data from outbreak investigations in with TB disease and those with LTBI (2,3,13,35). For
the United States show that outbreak response ac- example, the prevalence of TB among persons inves-
tivities are highly effective in finding both persons tigated during outbreak investigations is >100 times

Figure 2. Multivariate sensitivity analysis of the model parameters in study of impact, costs, and cost-effectiveness of TB outbreak
investigations, United States. This graph illustrates sensitivity of the incremental cost-effectiveness ratio of TB outbreak investigation

in the United States (cost in 2022 US$ per QALY gained, compared with no outbreak investigation) to the values of individual model
parameters. Each pair of boxplots shows variation in the outcome when the analysis was limited to either simulations in which the

value of the parameter of interest was in the top (red) or bottom (blue) decile of its values across all simulations. The edges of each

box represent the lower and upper interquartile range, and the band in the middle represents the mean. The vertical dashed line shows
the mean across all simulations ($27,800 per QALY gained, corresponding to the primary outcome). The numbers within parentheses
represent the parameter range (up to 2 significant figures) for the top (red) or the bottom (blue) decile. IGRA, interferon-y release assay;
LTBI, latent TB infection; QALY, quality-adjusted life-years; R, basic reproduction number; TB, tuberculosis.
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the prevalence of TB in the general population, and
the prevalence of LTBI is 3-5 times higher (5,36,37).
Furthermore, early diagnosis and treatment of TB
and LTBI during outbreak investigation are more
likely to prevent future TB disease that would have
occurred through transmission and reactivation. Fac-
tors that contribute to the occurrence of outbreaks,
including higher prevalence of known risk factors
such as substance use (7), barriers in access to care
(38), and congregate living arrangements (6,9), also
result in higher risks of ongoing transmission if TB is
not promptly diagnosed and treated (39). In addition,
persons in whom LTBI is diagnosed during outbreaks
are more likely to have been exposed recently and,
therefore, are at substantially higher risk for progres-
sion (14,15). Thus, even as the prevalence of TB in the
United States continues to decline, robust outbreak
response activities are likely to remain cost-effective.

This analysis assumed conventional PCR-based
genotyping methods to define outbreaks. However,
in 2018, the CDC began implementing whole-genome
sequencing (WGS)-based genotyping methods; the
costs associated with using those methods might dif-
fer from PCR-based genotyping and might also en-
able increased discriminatory power, as well as the
ability to perform more detailed analyses and exclude
genetically distant cases from the outbreak investiga-
tion (40,41). In addition, drug resistance testing can be
performed with WGS, reducing the need for separate
drug susceptibility testing. Finally, we exclusively
modeled 3HP as the LTBI treatment regimen, but
other regimens are also being used. Future analyses
could refine our estimates by incorporating the costs
and benefits of WGS for outbreak investigation and
changes in LTBI treatment regimens.

TB outbreaks vary substantially in size and by set-
ting, geography, and context (12). Because most out-
break investigations are conducted locally, the costs
and extent of outbreak response activities also vary
widely from one outbreak to the next and from one
location to the next. We relied on historical data, such
as those reported in reviews of outbreak investigations
(2,3) and the ARPE (14), to estimate the average extent
of TB outbreak response activities and used data from
a small number of outbreak investigations to estimate
corresponding costs. Those outbreak investigations
might not be representative of the spectrum of outbreak
investigations that are conducted across the country
and across a variety of settings. Furthermore, the type
of activities that constitute an outbreak investigation,
including analytical activities, communication, and co-
ordination, are likely to vary by setting and context. As
such, our estimates should not be taken as reflective of
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any single outbreak investigation in any specified loca-
tion but rather as an average estimate with substantial
variability, as reflected in the uncertainty around our
projections. More detailed data are required to better
characterize variations in cost and cost-effectiveness
of outbreak investigation across the United States, in-
cluding how costs might scale with the size of the cor-
responding outbreak. Our projections allow for some
uncertainty in the future trends in TB. However, some
factors, such as changes in future immigration patterns
and their effects, are harder to project.

Our analysis used a TB-centered health systems
perspective and excluded patient costs, non-TB re-
lated healthcare costs, and other societal costs (e.g.,
reductions in productivity because of workplace clo-
sures during outbreaks or because of TB disease); tak-
ing a more comprehensive societal perspective might
provide an even stronger rationale for investing in
outbreak investigation (42). In addition, including
potential averted disability resulting from post-TB
sequelae might further improve the estimated cost-
effectiveness of this intervention (43). Conversely,
this analysis also did not include public health infra-
structural costs that might be required to establish
and maintain outbreak investigation and surveillance
programs. Such costs could be substantial but are dif-
ficult to quantify at the national level. Finally, our
approach does not consider the potential value of TB
outbreak response activities from the perspective of
improving equity (44). Given that TB outbreaks dis-
proportionally affect persons in racial and ethnic mi-
nority groups and persons affected by poverty (6,7),
TB outbreak investigation activities might also help
reduce health disparities.

In conclusion, this model-based analysis pre-
dicts that TB outbreak response activities are likely
to be both epidemiologically impactful and relative-
ly cost-effective compared with other interventions
in the United States over the next decade. A better
understanding of the drivers of transmission in out-
breaks, concerted efforts to document the scope and
costs of outbreak response activities (especially by
outbreak setting), and accounting for the use of novel
tools such as WGS could further improve future esti-
mates of the effects and cost-effectiveness of TB out-
break response.

Codes, worksheets, and data used for the model
simulations are available in the following repository:
https:/ /doi.org/10.5281/zenodo.13840138.
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Mycobacterium nebraskense
Isolated from Patients in
Connecticut and Oregon, USA

Mark L. Metersky, Ashley J. Losier, David A. Fraulino, Theodore A. Warnock, Cara D. Varley,
Angela M. Le, Kevin L. Winthrop, John R. McArdle, Salika M. Shakir, Reeti Khare

Mycobacterium nebraskense infection is rarely encoun-
tered; only 7 human cases have been reported world-
wide since the initial report of 5 cases in Nebraska, USA,
in 2004. We report 9 patients from Connecticut and 2
from Oregon, USA, who had M. nebraskense isolated
from respiratory secretions; 7 patients met the American
Thoracic Society/Infectious Diseases Society of America
criteria for nontuberculous mycobacterial pulmonary dis-
ease. In 4 cases, the organism was isolated 1 time and
caused brief or no symptoms. Most cases in Connecticut
were reported after 2017. Antimicrobial drug susceptibil-
ity testing of 6 isolates showed clarithromycin suscepti-
bility. In 2 cases, infection was refractory to treatment.
The 9 Connecticut patients lived in 8 different towns;
thus, a common water supply did not explain the high
frequency of M. nebraskense isolation. M. nebraskense
is a clinically significant cause of nontuberculous myco-
bacterial pulmonary disease in Connecticut; continued
surveillance will be needed to determine its frequency
and optimum treatment.

Mycobacterium nebraskense is a slow-growing, sco-
tochromogenic mycobacterium first described
in 2004 after it was isolated from 5 patients at the
University of Nebraska Medical Center in Omaha,
Nebraska, USA (1). Each patient had symptomatic
lung disease; more detailed clinical information was
reported for 1 patient with underlying emphysema,
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bronchiectasis, and a mass-like lung lesion who was
thought to have nontuberculous mycobacterial pul-
monary disease (NTM-PD) caused by M. nebraskense
(2). Since those initial descriptions, only 7 additional
isolates from humans have been reported (3); 6 were
from different states within the United States, and 1
was from Japan. M. nebraskense has rarely been iso-
lated from skin lesions in animals (4) or from nonpo-
table water reservoirs (5).

We report 11 patients from Connecticut and Or-
egon, USA, who had M. nebraskense isolated from re-
spiratory samples. This previously rare organism has
recently been the third most common nontuberculous
mycobacteria (NTM) isolated from patients receiving
treatment in a dedicated bronchiectasis center at the
University of Connecticut Health Center (after M.
avium complex [MAC] and M. gordonae). The Univer-
sity of Connecticut Health Institutional Review Board
(IRB) determined this work was exempt from full IRB
review (IRB no. 23X-084-02); the study was also ap-
proved by the Oregon Health and Science University
IRB (approval no. IRB00003522).

Methods

The Centers for Disease Control and Prevention (At-
lanta, GA, USA) identified the Connecticut case (CT-
C) 1 isolate by using 165 rRNA gene sequencing (no
further details available). ARUP Laboratories (Salt
Lake City, UT, USA) identified isolates CT-C2 and
CT-C4 by using 16S rRNA Sanger gene sequencing.
The first 500 bp of the 165 rRNA gene was sequenced
by using 5F-T and 534R-T primers and analyzed by
using the RipSeq database (Pathogenomix, https://
www.pathogenomix.com). Results were reported in
accordance with Clinical and Laboratory Standards
Institute criteria for identifying mycobacteria at the
species level (6) if the sequence was 100% identical.
ARUP Laboratories identified 6 CT-C3 respiratory
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isolates by using either 165 rRNA gene sequencing or
matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI Biotyper; Bruker
Daltonics, https:/ /www .bruker.com); a score of >1.9
was required for positive species level identification.
QUEST Laboratories (Secaucus, NJ, USA) identified
the CT-C5 isolate by using DNA sequencing with an
M. nebraskense-specific probe (no further information
was available). The Yale New Haven Hospital micro-
biology laboratory (New Haven, CT, USA) identified
CT-C7 and CT-CS8 isolates by using 16S rRNA gene
sequencing. ARUP Laboratories identified the CT-C9
isolate by using mass spectrometry as described pre-
viously. The National Jewish Hospital Advanced Di-
agnostic Laboratories (Denver, CO, USA) identified
the Oregon case (OR-C1 and OR-C2) isolates by using
rpoB gene Sanger sequencing (732-bp region). Isolates
from Oregon were identified by comparing results to
sequences in GenBank, requiring a >97% match.

Cases

CT-C1

We evaluated a 61-year-old man in 2008 for produc-
tive cough and hemoptysis, as previously described
(7). He had a history of chronic obstructive pulmo-
nary disease, cardiomyopathy, hypertension, type 2
diabetes, and smoking. His physical examination was
unremarkable. A chest computed tomography (CT)
scan revealed no infiltrates or bronchiectasis. Pulmo-
nary function tests showed mild to moderate obstruc-
tion. Bronchoalveolar lavage (BAL) cultures grew
Aspergillus fumigatus, Escherichia coli, and NTM most
consistent with MAC according to high-performance
liquid chromatography (HPLC). We did not treat the
patient because the CT scan had not revealed bronchi-
ectasis or nodules consistent with NTM-PD.

Fevers, sweats, and increased sputum produc-
tion developed ~6 months later. Another chest CT
scan revealed ill-defined nodules of various sizes
throughout both lungs. After another sputum sample
was obtained, we treated the patient with rifampin,
ethambutol, and azithromycin for a presumed MAC
pulmonary infection. A commercial laboratory using
an unknown method identified the organism as M. in-
terjectum. Because of uncertainty regarding the iden-
tity of the organism, we sent the BAL isolate to the
Centers for Disease Control and Prevention; HPLC
revealed an organism consistent with M. scrofulaceum,
but 165 rRNA sequencing identified M. nebraskense.
The patient’s symptoms rapidly improved, a sputum
sample obtained 1 month later was acid-fast bacillus
(AFB) negative, and a repeat chest CT scan showed
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near complete resolution of nodules. After 2 months,
we discontinued ethambutol, and he remained on ri-
fampin and azithromycin for another 10 months.

The patient required bronchial stenting because
of stenosis of his left mainstem bronchus, thought to
be a result of an endobronchial NTM infection. Sam-
ples from 2 bronchoscopies performed after 6 and 7
months of therapy did not grow mycobacteria. An or-
ganism consistent with M. scrofulaceum (according to
HPLC) was cultured from a sputum sample obtained
when he had completed ~1 year of therapy; however,
no disease was evident, and we did not reinstitute
therapy. Subsequent sputum cultures did not grow
mycobacteria, and a chest CT scan performed =6
months after therapy completion showed no disease.
He remained well for 14 months after completing
therapy and was then lost to follow-up.

CT-C2

We evaluated a 69-year-old woman in 2010 for bron-
chiectasis. Initial sputum mycobacterial cultures were
negative; however, MAC grew from 2 sputum sample
cultures in 2011. Her chest CT scan showed bronchi-
ectasis and scattered tree-in-bud nodularity (Figure 1,
panel A). Because she was doing well clinically, she
continued only on an airway clearance regimen. Nu-
merous sputum mycobacterial cultures were nega-
tive until 2018, when a sample grew M. nebraskense,
identified by 165 rRNA gene sequencing. A repeat CT
scan showed progression of her tree-in-bud nodular-
ity and bronchiectasis when compared with a 2012
scan. Four sputum mycobacterial cultures during
2019-2022 were negative except for 1 isolation of M.
gordonae. In January 2023, she reported daily produc-
tive cough. She had ovarian cancer and was receiving
chemotherapy. She was not regularly performing air-
way clearance. A sputum culture from January 2023
grew M. nebraskense. Antimicrobial susceptibility test-
ing could not be completed because of poor organism
growth after using the CLSI approved test method for
slow growing mycobacteria. We did not start her on
antimycobacterial drug therapy because her symp-
toms were well controlled with airway clearance, and
her CT scan findings had not progressed. She died
from ovarian cancer in September 2023.

CT-C3

We saw a 55-year old man who had asthma since
childhood. He had a 30 pack-year (1 pack/day for
30 years) history of cigarette smoking but had quit
for several years. Cough and congestion persisted
despite aggressive asthma treatment. Mycobacte-
rial cultures were negative in 2017, 2018, and 2019.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025
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M. nebraskense, Connecticut and Oregon, USA

Figure 1. High-resolution chest computed tomography scans from study of Mycobacterium nebraskense isolated from patients in
Connecticut and Oregon, USA. A) Scan from case 2 in Connecticut showing bronchiectasis in the right middle and lower lobe, left
lower lobe, and lingula and tree-in-bud nodularity in the lingula and right and left lower lobes of the lung. B) Scan slice from case 3 in
Connecticut through the lower lung lobes showing 1 borderline dilated airway in the left lower lobe, performed in May 2019. C) Scan
slice from case 3 at the same anatomic level showing numerous dilated airways and airway wall thickening in the left lower lobe of
lung, performed in April 2020 soon after the first isolation of M. nebraskense. D) Scan from case 4 in Connecticut showing tree-in-bud
nodularity in the right middle and lower lobes of the lung when patient had M. nebraskense isolated from her sputum in August 2020.
E) Scan from case 4 in Connecticut showing resolution of the tree-in-bud nodularity in the right middle and lower lobes of the lung,

performed in December 2022.

In 2020, two sputum cultures grew M. nebraskense;
drug susceptibility testing could not be done because
of poor organism growth. A chest CT scan in 2020
revealed tree-in-bud nodularity, bronchiectasis, and
mucus plugging, most prominent in the left lower
lobe; most findings were new compared with a 2019
CT scan (Figure 1, panels B, C). We started him on
azithromycin, ethambutol, and rifampin. After 12
months of therapy, despite clinical and radiographic
improvement, he remained sputum-culture positive.
After =18 months of therapy, his sputum AFB cul-
tures were negative. Three months later, he had re-
emergence of cough, and sputum cultures again grew
M. nebraskense. Drug susceptibility testing revealed
susceptibility to all agents tested (Table 1). We treated
him with azithromycin, rifampin, ethambutol, and
linezolid. We discontinued all therapy in February
2024 because of persistent culture positivity with an

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 31, No. 3, March 2025

acceptable symptom burden. A direct smear of bio-
film from a water filter in his house was strongly posi-
tive for AFB and grew M. nebraskense.

CT-C4

We saw a 19-year-old woman in 2015 with a history of
primary ciliary dyskinesia diagnosed at 4 years of age,
sinusitis, otitis media, and recurrent Stenotrophomonas
maltophilia respiratory infections. Her treatment in-
cluded prophylactic trimethoprim/sulfamethoxa-
zole and airway clearance with a hand-held positive
pressure oscillatory device. She had done well for
several years, having minimal daily cough and spu-
tum production. A CT scan from 2 years earlier was
unremarkable. In 2020, she began having intermittent
low-grade fevers and increased cough and sputum
production, which persisted for several months. A
CT scan showed new areas of tree-in-bud nodularity
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Table 1. Antimicrobial drug susceptibility testing results for 6 Mycobacterium nebraskense isolates from patients in Connecticut and

Oregon, USA*

MIC, pg/mL

Drug CT-C3 CT-C5 CT-C6 OR-C1 OR-C2, pretreatment OR-C2, during treatment
TMP/SMX <0.25/4.75, S 4/76, R S NA NA NA
Doxycycline <0.12, S NA NA NA NA NA
Linezolid <1, S 2, S NA 2.0,S NA 64.0, R
Rifabutin <0.12, S 0.25,S S <0.25,S >0.5,R >8.0, R
Amikacin <1, S 2,S 8,S 4.0, 1 4.0, | 16.0, R
Moxifloxacin 0.03,S 0.03,S S 0.25, S <05, S 16.0, S
Ciprofloxacin <0.12, S 1,S S 0.5, S 2.0, 1 8.0, R
Clarithromycin <0.06, S 0.12, S 0.5,S 0.12, S <4.0,S 8.0,S
Minocycline 05,8 0.03,S NA NA NA NA
Rifampin 0.12, S 1,S S 0.5, S 1.0, S 16.0, R

| *CT-C, Connecticut-case; |, intermediate; NA, not applicable; OR-C, Oregon-case; R, resistant; S, susceptible; TMP/SMX, trimethoprim-sulfamethoxazole.

in the right middle and lower lobes (Figure 1, panel
D). A sputum mycobacterial culture from August
2020 grew M. nebraskense, identified by partial 16S
rRNA gene sequencing. Antimicrobial susceptibility
testing could not be completed because of poor or-
ganism growth. A sputum bacterial culture revealed
normal oral flora. Her symptoms persisted; a repeat
mycobacterial culture from December 2020 was nega-
tive and, over several months, her fevers and cough
improved. A repeat CT scan in 2022 showed resolu-
tion of the tree-in-bud nodularity in the right middle
and lower lobes (Figure 1, panel E), and she has done
well since then.

CT-C5
A 64-year-old woman was referred to us for evalua-
tion of asthma in August 2021. She reported a history
of pneumonia and asthma diagnosed at age 7. She
had been noticing shortness of breath with exertion
during the previous 2-3 years. She reported a chronic
cough with sputum production. She had smoked 6
cigarettes per day when she was 16-25 years of age.
She had lost #10 pounds in body weight during the
preceding 2 years and had a body mass index of 16.5
kg/m?®. Medications included inhaled bronchodila-
tors and, for the previous 9 months, inhaled cortico-
steroids. Spirometry revealed severe obstruction; her
oxygen saturation was 86% on room air. A chest CT
scan revealed diffuse cylindrical bronchiectasis with
marked bronchial wall thickening, multifocal mucoid
impaction, and tree-in-bud nodularity. Laboratory
evaluation showed no underlying cause for her bron-
chiectasis. Her sputum culture was positive for mul-
tiple gram-negative bacilli, including Alcaligenes fae-
calis and Pseudomonas aeruginosa. We treated her with
levofloxacin, and she had transient improvement in
sputum production.

In February, 2 sputum mycobacterial cultures
grew M. nebraskense, and drug susceptibility testing
was performed (Table 1). Percussion vest therapy
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was initiated. A repeat sputum bacterial culture was
positive for P. aeruginosa. We started her on nebu-
lized tobramycin, azithromycin, ethambutol, and
rifampin. She was hospitalized for acute respira-
tory failure, and we treated her with intravenous
cefepime in addition to her previous regimen; she
showed modest improvement and was discharged
on oxygen. She returned to the hospital because of
worsening respiratory failure, elected comfort mea-
sures, and died 6 weeks after initiating antimycobac-
terial therapy.

CT-Cé

We saw a 44-year-old woman for dyspnea and chronic
cough producing yellow sputum in September 2022.
A CT scan revealed bilateral interstitial lung disease
but no bronchiectasis or nodules. Sputum mycobacte-
rial culture revealed MAC growth. A second myco-
bacterial culture a month later was negative, whereas
a third culture in November 2022 revealed M. ne-
braskense according to DNA sequencing; drug sus-
ceptibility testing was performed (Table 1). Further
evaluation showed an elevated antinuclear antibody
titer of 1:1,250 with a centromere pattern and elevated
RNA polymerase III antibody, leading to a presump-
tive diagnosis of systemic sclerosis. Three subsequent
sputum mycobacterial cultures 2, 3, and 6 months
later were negative. Her cough persisted but has been
less productive.

CT-C7

A 73-year-old woman sought care in August 2020
for recurrent pneumonia, chronic cough with yel-
low sputum, fatigue, fevers, and weight loss. She had
end-stage renal disease secondary to membranopro-
liferative nephritis status postkidney transplant and
was taking prednisone. Results of pulmonary func-
tion testing were unremarkable. Her chest CT scan
demonstrated bilateral bronchiectasis, tree-in-bud
nodules, and mucus plugging. Testing for underlying
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etiologies of bronchiectasis was unrevealing. We
thought that her bronchiectasis was secondary to re-
current chest infections in an immunocompromised
host. We recommended airway clearance therapy.
A sputum culture grew Haemophilus parainfluenzae;
a negative mycobacterial culture was obtained at the
time she sought care. During the following year, she
had several bronchiectasis exacerbations requiring
antimicrobial drugs for coverage of Staphylococcus au-
reus, P. aeruginosa, and isolated M. nebraskense from
sputum samples obtained in November 2021 and
April 2022. No drug susceptibility testing was avail-
able. We observed progression of bronchiectasis on
repeat chest CT imaging. We started her on nebulized
tobramycin solution because of frequent bronchiecta-
sis exacerbations and a persistent productive cough.
She noted substantial improvement in cough and fa-
tigue, and her body weight stabilized after using an
augmented airway clearance regimen and nebulized
tobramycin. She has remained without treatment for
M. nebraskense infection because of stable symptoms.

CT-C8

In March 2021, a 69-year-old man with a history of
coronary artery disease, chronic lymphocytic leuke-
mia (treated with ibrutinib), gastroesophageal reflux,
diabetes, and allergic rhinitis sought care for chronic
productive cough and chest imaging demonstrating
bronchiectasis. His physical examination and spi-
rometry results were unremarkable. Evaluation for
underlying causes of bronchiectasis was unrevealing.
We started him on airway clearance with a hand-held
positive expiratory pressure oscillatory device. The
lung CT scan showed chronic scattered nodules (<6
mm), mucus impaction, and mild bronchiectasis in
the right lower lobe. His cough continued, and a spu-
tum culture in December 2021 grew methicillin-resis-
tant S. aureus, A. fumigatus, and M. nebraskense; drug
susceptibility testing was not available. In February
2022, he was hospitalized with Pneumocystis jirovecii
pneumonia. A mycobacterial culture of a BAL sample
was negative. He improved after treatment for pneu-
monia and remains with mild dyspnea and chronic
cough; M. nebraskense has not been isolated from sub-
sequent sputum mycobacterial cultures.

CT-C9

We evaluated a 56-year-old woman in April 2023 for
cough producing scant sputum, chest pain, and an
abnormal CT scan. She had no remarkable medical
history. A chest CT scan in February 2023 revealed
multifocal patchy consolidation, several areas of
tree-in-bud nodularity, and bronchiectasis, most
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prominent in the right middle and upper lobes and
lingula. Pulmonary function testing was unremark-
able. A repeat CT scan showed partial improvement
of the patchy consolidation and tree-in-bud nodu-
larity. One of 3 sputum mycobacterial cultures from
May 2023 grew M. nebraskense. Susceptibility test-
ing could not be done by the reference laboratory
because of poor organism growth. A respiratory
bacterial culture was negative. Evaluation for un-
derlying causes of bronchiectasis was unrevealing.
We did not provide specific treatment. By December
2023, her cough had resolved, although a CT scan re-
vealed only partial improvement of some of the tree-
in-bud nodularity observed in April. Bronchoscopy
was performed in January 2024; a BAL sample was
negative for mycobacteria.

OR-C1
In 2013, we evaluated an 80-year-old woman who
was born and raised in Oregon for cough that had
been present for ~10 years and for more recent cryp-
togenic organizing pneumonia, shortness of breath,
low-grade fevers, and increased sputum production.
She had gastroesophageal reflux and allergies man-
aged by tap water sinus rinses. We obtained 3 sputum
mycobacterial cultures; 1 grew M. lentiflavum, identi-
fied by gene sequencing. Tap water sinus rinses were
discontinued, and we started her on daily azithro-
mycin, ethambutol, and rifampin; culture conversion
occurred after 5 months of therapy. We performed
BAL because of minimal radiologic improvement in
the lungs, which yielded negative fungal, bacterial,
and mycobacterial cultures. Areas of radiographic
progression were more consistent with cryptogenic
organizing pneumonia; improvements in imaging
findings were more consistent with NTM-PD. We
discontinued treatment after 1 year, and within 3
months, her cough and sputum production returned.
In 2015, two sputum mycobacterial cultures grew
M. nebraskense, which was resistant to ethambutol
(but susceptible to rifampin/ethambutol combina-
tion), and 1 culture was positive for M. scrofulaceum.
We resumed daily azithromycin, ethambutol, and
rifampin in mid-2016 and observed serial negative
mycobacterial cultures. We changed her regimen to
azithromycin and rifampin; she completed 1 year of
therapy and had radiologic and symptomatic im-
provement. Surveillance cultures remained negative
until 2018, when MAC was identified in 2 sputum
samples. Radiologic progression of disease and con-
tinued productive cough warranted resumption of
her antimicrobial drug regimen in early 2019, com-
pleted in late 2021.
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OR-C2

A 71-year-old woman, originally from Vietnam, who
had a history of colon cancer status postcolectomy and
diabetes mellitus had widespread bronchiectasis with
tree-in-bud infiltrates that was discovered incidentally
on lung CT scan as part of her malignancy evaluation.
Mild progression of bronchiectasis was observed mostly

in the right middle lobe and lingula on a subsequent CT
scan 2 months later, prompting a bronchoscopy in 2014.
Cultures revealed mucoid P. aeruginosa and were 1+
AFB smear positive and grew M. nebraskense, identified
by rpoB gene sequencing. We began daily rifampin, eth-
ambutol, and azithromycin treatment. After 11 months,
another sputum sample was 2+ AFB smear positive

Table 2. Summary of 11 cases of Mycobacterium nebraskense infection in Connecticut and Oregon, USA*

Met criteria for

Case Underlying pulmonary Antimycobacterial
no. Yeart Age, y/sex illnesses Immunosuppressed diseaset treatment Qutcome
CT-C1 2008 61/M Chronic obstructive No Yes, assuming Yes Prolonged culture
pulmonary disease second M. conversion
scrofulaceum
identification was
M. nebraskense
CT-C2 2018 69/F Bronchiectasis at No initially, then Yes No Died from ovarian
initial isolation, prolonged cancer in 2023
ovarian cancer chemotherapy
diagnosed in 2019
CT-C3 2020 57/M Asthma No Yes Yes Persistent
infection despite
prolonged
treatment
CT-C4 2020 24/F Primary ciliary No No, characteristic No Spontaneous
dyskinesia CT findings but resolution of
only 1 positive symptoms and CT
culture findings,
subsequent
negative cultures
CT-C5 2022 64/F Asthma, No Yes Yes Died from
bronchiectasis respiratory failure
6 weeks after
initiating treatment
CT-C6 2022 44/F Interstitial lung No No No Spontaneous
disease from culture conversion
systemic sclerosis
CT-C7 2021 71/F Kidney Yes Yes No Symptom control
transplantation with airway
clearance alone
CT-C8 2021 69/M Chronic Yes No No Spontaneous
lymphocytic culture conversion
leukemia
CT-C9 2023 56/F None No No No Spontaneous
resolution of
symptoms and
some CT findings,
subsequent
negative cultures
OR-C1 2015 82/F Gastroesophageal No Yes Yes Culture conversion
reflux, hiatal hernia, during treatment
allergic rhinitis
OR-C2 2014 71/F Bronchiectasis, No Yes Yes Converted after
type 2 diabetes, prolonged therapy,
colon cancer including surgical
resection
Overal NA  60.7 +15.7 NA 2/11 (18%) 7/11 (64%) met 5/11 (45%) NA
(mean immunosuppressed  criteria for NTM- received
+SD), 8/11 at initial M. PD antimycobacterial
(73%) nebraskenske therapy
female isolation

*Mycobacterium nebraskense was isolated from respiratory samples. CT-C, Connecticut-case; NA, not applicable; NTM, nontuberculous mycobacteria;
NTM-PD, nontuberculous mycobacterial pulmonary disease; OR-C, Oregon-case.
tYear M. nebraskense was first isolated.
fMet the American Thoracic Society/Infectious Disease Society of America criteria for NTM-PD by having >2 positive cultures and characteristic CT
imaging showing bronchiectasis or tree-in-bud nodularity.
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Figure 2. Towns of residence (stars) for 9 patients in Connecticut, USA, who had Mycobacterium nebraskense isolated during 2008-2023.

and grew M. nebraskense in culture; antimicrobial sus-
ceptibility testing showed newly acquired resistance to
ethambutol and rifampin, separately or in combination,
and macrolide susceptibility (Table 1). We replaced eth-
ambutol with moxifloxacin and referred her for surgical
consultation for possible resection of severe bronchiec-
tatic regions and for an enlarging ground-glass nodule
in the right lower lung lobe, possibly malignant. Af-
ter continued culture positivity, despite 21 months of
therapy, and the development of antimicrobial drug
resistance, we placed her on intravenous amikacin for
2 weeks before and after a right middle lobectomy and
right lower lobe wedge resection in 2016. Histopathol-
ogy confirmed stage IA pulmonary adenocarcinoma;
mycobacterial cultures were negative. We discontinued
treatment after 25 months. She subsequently required
treatment for frequent exacerbations related to P. aerugi-
nosa and NTM-PD caused by M. paraffinicum and MAC.

Results
We summarized the clinical characteristics of each
case (Table 2). Eight (73%) of 11 patients were female,
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3 (27%) male. Underlying bronchiectasis was present
in 6 (55%) patients; 7 (64%) patients met the American
Thoracic Society / Infectious Disease Society of Ameri-
ca criteria for NTM-PD. Initial antimicrobial suscepti-
bility testing of 6 isolates revealed uniform macrolide
susceptibility (Table 1). The 2 isolates from Oregon
had intermediate sensitivity to amikacin, and 1 of
those had in vitro resistance to rifampin. Five (45%)
patients received antimycobacterial drug treatment; 2
required prolonged therapy because of rapidly recur-
rent disease after initial completion of treatment for
18 and 21 months.

Most Connecticut patients lived in various lo-
cales (Figure 2); thus, they did not all share the same
household water supply. Two patients lived in the
same small town (population =5,000), suggesting a
possible common environmental source of mycobac-
teria. None of the 11 patients had medical visits on
the same day, making nosocomial patient-to-patient
transmission unlikely.

M. nebraskense isolates were processed in several
different laboratories over several years and thus, a
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pseudo-outbreak related to contaminated laboratory
reagents was unlikely. However, we performed my-
cobacterial cultures on reagents potentially subject
to contamination at the University of Connecticut
Health Center mycobacteriology laboratory, where
most isolates in this series were processed: NAC-
PAC NALC tablets, NPC-67 neutralizing buffer,
and PRB pellet resuspension buffer (Alpha-Tec
Systems, https://www.alphatecsystems.com); an-
tibiotic mixture consisting of polymyxin B, trim-
ethoprim, amphotericin B, azlocillin, nalidixic acid;
and oleic albumin dextrose catalase growth supple-
ment. All cultures were negative.

Discussion

M. nebraskense infections were first described in 2004
in Nebraska (1), and only 7 additional cases have been
reported worldwide since then. We report a series of
11 patients who had M. nebraskense isolated from re-
spiratory samples; 9 were from Connecticut. Seven
cases met the criteria for NTM-PD. Two patients re-
mained refractory to treatment with 4 antimycobacte-
rial drugs for extended periods of time. Two patients
(CT-C4 and CT-C9) who had subacute symptoms
and a CT scan suggestive of NTM-PD cleared their
sputum and had improvement of their symptoms
and CT findings without treatment, suggesting that
M. nebraskense might cause self-limiting infection and
symptoms, similar to a previously reported case (8).
We observed a wide range of clinical manifestations
in our case series, including patients with a single iso-
late and no obvious clinical sequela and those with
progressive bronchiectasis and treatment-refractory
disease. Temporal association with progressive bron-
chiectasis (CT-C3) and bronchial stenosis (CT-C1)
suggests that M. nebraskense can directly damage
large airways. CT scan results were also variable and
included bronchiectasis, tree-in-bud nodularity, and
large nodules.

Although most patients did not have systemic
immunosuppression, immunocompetent patients
had conditions thought to increase the risk for NTM-
PD, such as bronchiectasis (9), gastroesophageal re-
flux (10), and inhaled corticosteroid use (11). Those
factors likely increased risk for NTM-PD by impair-
ing local airway host defenses against infection (12)
and in the case of gastroesophageal reflux, by increas-
ing airway exposure to NTM.

Despite the pathogenicity of M. nebraskense in
several patients, others had only a single positive
culture and no persistent symptoms. This result
demonstrates that initial isolation of this organism
does not always indicate the presence of NTM-PD
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and should generally not prompt antimycobacterial
therapy, similar to other NTM such as MAC. Serial
mycobacterial cultures and careful clinical assess-
ment and follow-up are indicated before deciding if
treatment is warranted.

Drug susceptibility testing revealed uniform in
vitro susceptibility to clarithromycin, similar to prior
case reports (3), but some isolates were resistant to
other first-line NTM drugs, including rifamycins and
amikacin. In 3 cases, the reference laboratory was not
able to perform susceptibility testing because of poor
growth of the organism after identification.

In conclusion, M. nebraskense has only been re-
ported in rare single case reports, except for the initial
report in 2004 from Nebraska (1). We report that this
organism can be a clinically critical pathogen in Con-
necticut and has caused sporadic disease in at least
1 other US state. It is unclear whether the increased
isolation frequency of this organism in Connecticut
represents a true increase in prevalence or is a result
of increased availability of molecular methods to
identify NTM. Increased research on NTM-PD will
be needed to improve diagnosis and treatment of M.
nebraskense and other NTM infections.

Addendum

Since submission of this manuscript, 2 more patients
from Connecticut have had M. nebraskense isolated
from their sputum, 1 at Yale University (isolated 1x)
and 1 at University of Connecticut (isolated 2x) (A.].
Losier, M.L. Metersky, unpub. data). Including those
2 patients, M. nebraskense has now been isolated from
a total of 11 patients from Connecticut, 10 since 2018.
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Genomic Characterization
of Circulating Dengue Virus,
Ethiopia, 2022—-2023
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In Ethiopia, dengue virus (DENV) infections have been re-
ported in several regions; however, little is known about the
genetic diversity of circulating viruses. We conducted clini-
cal surveillance of DENV during the 2023 nationwide out-
break in Ethiopia. We enrolled patients at 3 sentinel hospital
sites. Using reverse transcription PCR, we screened serum
samples for 3 arboviruses and then serotyped and whole-
genome sequenced DENV-positive samples. We detected
DENV-1 and DENV-3 serotypes. Phylogenetic analysis

engue virus (DENV) is primarily transmitted by

Aedes spp. mosquitoes and causes considerable
epidemics in tropical and subtropical regions. In 2023,
the World Health Organization African Region re-
ported 171,991 suspected cases, 70,223 of which were
confirmed cases with 753 deaths (1,2). Outbreaks
have been reported in 15 countries in Africa; Burkina
Faso accounted for 85% of cases, followed by Ethiopia
(8.2%), Mali (2.5%), and Céte d’Ivoire (2.2%) (1,2).

Ethiopia has had several outbreaks of dengue fever
since 2013. The first recorded outbreak was reported
in Dire Dawa and affected 9,441 persons (3). A second
outbreak occurred in Godey (Somali Region) in 2014
and Afar Region in 2015 (4). Since 2015, an increase
in the number of severe febrile illness cases has been

identified 1 transmission cluster for DENV-1 (genotype Il
major lineage A) and 2 clusters for DENV-3 (genotype Il
major lineage B). The first DENV-3 cluster was closely re-
lated to an isolate from a 2023 dengue outbreak in Italy;
the second cluster was related to isolates from India. Co-
circulation of DENV-1 and DENV-3 in Ethiopia highlights the
potential for severe dengue. Intensified surveillance and co-
ordinated public health responses are needed to address
the threat of severe dengue outbreaks.

observed in Godey, Dire Dawa, and Afar Region with
no apparent cause. A dengue outbreak began in April
2023 in Afar Region, followed by Dire Dawa and the
neighboring regions of Amhara and Oromia. A total
of 27,577 cases and 21 deaths in 12 districts have been
reported in the eastern part of Ethiopia (1,5).

DENV is a single-stranded, positive-sense RNA
virus with 4 serotypes, DENV-1-4 (6,7). The risk of se-
vere dengue increases after infections with different
serotypes. Each serotype is further divided into sev-
eral genotypes. However, different genotypes of the
same serotype might vary in their ability to infect host
cells and cause severe forms of disease. According to
genetic characterization, DENV-1 has 5 defined geno-
types, DENV-2 has 6 defined genotypes, DENV-3
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has 5 defined genotypes, and DENV-4 has 4 defined
genotypes (8-11). A nomenclature system has been
recently proposed to further subdivide genotypes
into major and minor lineages to aid global monitor-
ing efforts (12).

During dengue outbreaks, the emergence of new
virus serotypes or changes in circulating genotypes
in a particular region can lead to more severe out-
breaks (13,14). Because no approved medical coun-
termeasures for treating severe dengue exist, little is
known about the efficacy of dengue vaccines and po-
tential antiviral drugs. Therefore, it is crucial to con-
tinuously monitor the genetic diversity of circulating
DENVs in dengue-endemic areas. Surveillance will
be instrumental in developing and evaluating vac-
cines and treatments (15) and responding effectively
to dengue outbreaks.

Although multiple outbreaks and geographic
expansion of DENV in Ethiopia have occurred, di-
versity of circulating DENVs in this country has not
been characterized, and whole-genome sequences
have not been publicly available. We addressed this
information gap by identifying circulating DENV se-
rotypes and genotypes among patients with febrile
illness in 3 hospital-based sentinel sites in Ethiopia.
Furthermore, we conducted phylogenetic analyses to
determine spatial and temporal patterns of dengue
transmission in Ethiopia. The study was approved
by Addis Ababa University (approval no. CNC-
SDO/175/15/2023) and the Institutional Review
Board of the Ethiopian Public Health Institute (EPHI;
approval no. EPHI-IRB-536-2023).

Methods

Patient Characteristics and Study Settings

We conducted a cross-sectional hospital-based study
at 3 major public hospitals in Dubti (Afar Region),
Dire Dawa, and Gambela (Appendix Figure 1). Those
hospitals serve as sentinel sites for acute febrile ill-
nesses in Ethiopia and were selected because of their
history monitoring arbovirus outbreaks and collect-
ing serologic evidence for arboviruses (5,16). During
December 2022-November 2023, we enrolled out-
patients and inpatients who had fevers >37.5°C. We
obtained informed consent from all participants >18
years of age. For persons 1-17 years of age, we ob-
tained informed consent from a parent or guardian
and assent from the child, when appropriate.

Eligibility/Exclusion Criteria
Theinclusioncriterionforthestudywasafeverof>37.5°C
according to the 2009 World Health Organization
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dengue classification (17). We excluded patients with
severe and established chronic clinical illnesses, such
as persons living with HIV, malignancies, and known
metabolic disorders.

Sample Collection and Processing

At each study site, 5 mL of whole blood was collected
from each participant into serum separator tubes. At
the Afar site, blood samples were collected during
April 25-May 15, 2023. Serum samples were isolated
and collected in tubes containing 1 mL DNA/RNA
Shield (Zymo Research, https:/ /www.zymoresearch.
com) and stored at —20°C during field collections. The
field samples were transported in a cold chain to the
EPHI laboratory, where we stored them at —20°C un-
til PCR and sequencing analyses. The blood samples
from Dire Dawa and Gambela sites were collected
during June-October 2023; serum samples were iso-
lated and stored at —20°C and were then shipped in
a cold chain to the EPHI laboratory, where we stored
them at —80°C until analysis.

RNA Extraction and PCR Amplification
We performed RNA extraction at EPHI within 5 days
of receiving the serum samples from each site by us-
ing a Bioer NPA-32P instrument (Bioer Technology,
https:/ /www .bioer.com.cn) according to the manu-
facturer’s instructions; final volume of RNA extract
was 70 pL. We stored the remaining serum samples
from Afar Region at —-20°C for whole-genome se-
quencing and stored remaining samples from the
Dire Dawa and Gambela sites at —=80°C.

On the same day we extracted RNA, we used the
US Centers for Disease Control and Prevention (CDC)
Trioplex Real-Time RT-PCR Assay to screen for ar-
boviral infections, including those caused by DENV,
chikungunya virus (CHIKV), and Zika virus (ZIKV).
This assay includes a set of published oligonucleotide
primers and dual-labeled hydrolysis Tagman probes.
In brief, we combined 10uL of RNA sample with
12.5uL of PCR master mix reaction buffer (Thermo
Fisher Scientific, https://www.thermofisher.com),
1 pmol/L virus-specific primers, 0.3 umol/L dengue-
specific probe, 0.15umol/L CHIKV-specific probe,
0.15umol/L ZIKV-specific probe, and nuclease-free
water in a 96-well optical PCR plate to make a final
reaction volume of 25pL. We captured the fluores-
cent signal intensity by using the QuantStudio 5 Real-
Time PCR System (Thermo Fisher Scientific).

DENV Serotyping

After PCR screening, we serotyped DENV-positive
samples by using the same RNA extract and the
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CDC DENV-1-4 rRT-PCR Multiplex Assay on the
QuantStudio 5 Real-Time PCR System. This assay
uses specific primers and probes to detect DENV-
1-4. To perform the assay, we mixed 5 puL of ex-
tracted RNA with 12.5 pL of master mix (Thermo
Fisher Scientific), according to the manufactur-
er’s protocol, and DENV-1-4 primers and probes
provided by CDC.

DENV Sequencing

After serotyping, we selected specimens with PCR
cycle thresholds (Cts) of <26 for sequencing. Tech-
nical support staff from KwaZulu-Natal Research
Innovation and Sequencing Platform, University
of KwaZulu-Natal, and Centre for Epidemic Re-
sponse and Innovation, Stellenbosch University, per-
formed sequencing. The primer scheme for DENV
sequencing and other arboviruses is available on
the CLIMADE GitHub (https://github.com/CERI-
KRISP/CLIMADE/ tree/ master/Protocols/ Arbovi-
ruses). We adapted the COVIDSeq protocol to per-
form the library preparation, followed by sequencing
on the Illumina Miseq platform (Illumina, https://
www illumina.com). The sequencing protocol is also
available on the CLIMADE GitHub (https://proto-
cols.io/view/pathogen-whole-genome-sequencing-
multiplexed-ampli-cgwbtxan).

We prepared libraries by using the Illumina
COVIDSeq protocol. In brief, we reverse transcribed
RNA to cDNA by using random hexamers and ampli-
fied the DENV genome by using 2 pools of primers
specific for the DENV-1-4 serotypes. We used enrich-
ment bead-linked transposomes (Illumina) to tag-
ment PCR amplicons and further amplified adaptor-
ligated amplicons by using the unique 10 bp Index 1
(i7) adapters and Index 2 (i5) adapters (Illumina-PCR
Indexes Set 1; Illumina) for each sample. We quanti-
fied the pooled amplicon library by using a Qubit 2.0
fluorometer (Thermo Fisher Scientific) and diluted
the library to 4 nmol/L. We then denatured the li-
brary and diluted it to a final loading concentration of
12 pmol/L. We performed dual indexed paired-end
sequencing on an Illumina Miseq instrument with a
v3 600-cycle flow cell.

Bioinformatics Analysis

After base calling and demultiplexing of the sequence
runs, we processed fastq files by using the Genome De-
tectiveversion2.13.3 (https:/ /www.genomedetective.
com) analysis pipeline. We retrieved consensus fasta
and binary alignment map files for each sample from
Genome Detective and performed sequence genotyp-
ing and lineage classification by using the Genome
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Detective Dengue Typing Tool according to a newly
developed nomenclature for DENV classification
(12). We submitted all genomic sequences to the GI-
SAID Epi-Arbo database (https://www.gisaid.org;
accession nos. EPI_ISL,_19229161-193).

Sequence Alignment and Phylogenetic Analysis

We retrieved DENV reference sequence datasets
from GenBank and the GISAID Epi-Arbo database
and removed duplicate entries. We subjected the
retrieved sequences to initial quality control by
removing unverified sequences and incomplete
records (i.e., geographic location and sampling
dates). The final dataset used for phylogenetic anal-
yses consisted of 33 sequences generated from Ethi-
opia as well as 2,348 publicly available sequences
of DENV-3 genotype III major lineage B and 990
sequences of DENV-1 genotype Il major lineage A,
corresponding to transmission lineages detected in
Ethiopia. We aligned the DENV-1 and DENV-3 da-
tasets from this study with the appropriate DENV
serotype reference genomes (DENV-1, GenBank
accession no. NC_001477.1; DENV-3, accession no.
NC_001475.2) by using the Nextalign version 1.3.0
alignment tool (18).

We generated maximume-likelihood trees for
each of the 2 genotypes by using IQ-TREE version
2.2.2.2 and 1,000 bootstraps (19). Using ModelFind-
er in IQ-TREE, we selected the following nucleotide
substitution models: transition 2 plus base frequen-
cies plus proportion of invariable sites plus gamma
distribution 4 model for DENV-1 and the general
time reversible plus base frequencies plus propor-
tion of invariable sites plus gamma distribution 4
model for DENV-3, according to Bayesian infor-
mation criterion (19). We evaluated the molecular
clock signal by using TempEst v1.5.3 (20) and re-
moved potential outliers that violated the molecu-
lar clock assumption before inferring a time-scaled
tree by using TreeTime version 0.10.0 (21). We used
molecular clock rates of 5.015 x 10™* (for DENV-1)
and 1.225 x 10 (for DENV-3) nucleotide substi-
tutions per site per year, determined by the clock
function in TreeTime.

Time-Calibrated Bayesian Phylogenies

We constructed time-calibrated Bayesian phyloge-
netic trees to estimate the time to the most common
recent ancestor (tMRCA) (i.e., time of emergence) of
the DENV lineages circulating during the 2023 out-
break and likely introduction routes. We used BEAST
version 1.10.4 along with the BEAGLE library ver-
sion 3.2.0 to improve computational speed (22,23).
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We applied a relaxed clock model for all analyses
along with the Hasegawa-Kishino-Yano plus gam-
ma distribution plus proportion of invariable sites
nucleotide substitution model and used a constant
population coalescent model assumption. Subse-
quently, we performed all analyses in 2 independent
runs with 100 million iterations each. We checked
convergence of Markov chain Monte Carlo chains
by using Tracer version 1.7.1 (24) and discarded 10%
of initial chains as burn-ins. We pooled postburn-in
samples to summarize parameter estimates by using
LogCombiner and TreeAnnotator tools in BEAST, in-
cluding posterior probability for each parameter and
maximum-clade credibility trees. We visualized phy-
logenetic trees by using Figtree version 1.4.4 (http://
tree.bio.ed.ac.uk/software/figtree) and other figures
by using R (The R Project for Statistical Computing,
https:/ /www.r-project.org) and ggplot (25).

Air Travel Data
We analyzed travel data from the International
Air Transport Association (https://www .iata.org) to

Circulating Dengue Virus, Ethiopia, 2022-2023

determine the volume of passengers arriving from in-
ternational airports. Those data accounted for ~90%
of passenger travel itineraries on commercial flights,
excluding transportation via unscheduled charter
flights. The remaining 10% of commercial flights is
modeled by using market intelligence.

Results

We recruited study participants during a recorded
DENYV infection outbreak in Ethiopia (Appendix Fig-
ure 1). Cases were recorded in multiple regions of the
country by the Ministry of Health in Ethiopia starting
in early 2023; Afar Region and Dire Dawa were the
2 most affected regions (Figures 1, 2). A first peak in
cases occurred in Afar Region during April-August
2023; low level transmission occurred in Dire Dawa
during that period. A second prominent peak was
observed in Dire Dawa during October 2023-]Janu-
ary 2024. Our clinical surveillance was able to detect
acute dengue infections from both regions; detection
in Dire Dawa intensified before the peak in recorded
cases (Figure 1).

Figure 1. Spatiotemporal distribution of dengue cases in study of genomic characterization of circulating DENV, Ethiopia, 2022-2023. A-C)
Number of dengue cases in Ethiopia in Afar Region during April 2023—August 2023 outbreak (A), Dire Dawa during June 2023—April 2024
outbreak (B), and national count during 2023—-2024 (C). Each colored vertical line under bars indicates 1 sequenced genome. D) DENV
serotype distribution of sampled cases. Size of circles indicates number of genotyped cases for each serotype. DENV, dengue virus.
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Figure 2. Number of dengue cases in different regions of
Ethiopia during 2023-2024 in study of genomic characterization
of circulating dengue virus. Only dengue virus (DENV) serotype
3 was found in Afar Region; both DENV-1 and DENV-3 were
isolated in the city of Dire Dawa.

Sample Collection and Epidemiology

Of 891 febrile patients screened for DENV, CHIKV, and
ZIKV infections, only DENV was detected. The per-
centage of patients with a positive PCR for DENV was
10.4% (93/891). The test positivity was slightly higher
in men than women (Table; Figure 3). DENV was iso-
lated from 2 of the 3 sites; the percentages of patients
with a positive DENV PCR were 13.7% (41/300) in Afar
Region and 17.9% (52/291) in Dire Dawa. None of the
300 samples from Gambela were positive for DENV.
Virus genotyping showed evidence of co-circulation of
DENV-1 and DENV-3 throughout the outbreak period
(Figure 1, panel D). Among 93 PCR-positive isolates,
we identified 88 (94.6%) as DENV-3 and 5 (5.4%) as
DENV-1. At the Afar site, only DENV-3 was detected
(n = 41), whereas in Dire Dawa, both DENV-1 (n = 5)
and DENV-3 (n = 47) were detected (Table).

Virus Genome Sequencing

We selected 55 virus isolates for sequencing on the
basis of their PCR Cts. Cts ranged from 15.5 to 25.6.
We selected 20 DENV-3 isolates from Afar Region
and 35 (5 DENV-1 and 30 DENV-3) from Dire Dawa
for sequencing. Of those, 54 isolates were success-
fully sequenced; 1 sample failed to be sequenced
because of low sample volume. Among the success-
fully sequenced isolates, 33 gave near whole-genome
sequences (>90% genome coverage). Of those 33, we
identified all 5 DENV-1 as DENV-1 genotype III lin-
eage A and the remaining 28 as DENV-3 genotype
III lineage B (1 isolate from Afar Region and 27 from
Dire Dawa) (Figure 4).

Samples collected from Dire Dawa showed an ex-
pected association between a high virus load (lower
Ctvalues) and high sequence coverage, whereas most
samples from Afar Region produced low sequence
coverage genomes, despite low Cts. PCR was not re-
peated after storing the serum samples; we only used
Cts from the first screening PCR. Sample collection
and storage freezers used at both sites were differ-
ent. The samples from Afar Region were collected in
DNA/RNA Shield during the outbreak in May 2023
and stored for a long period at —20°C, during which
intermittent temperature fluctuations of the freezer
were noted. In contrast, samples collected from Dire
Dawa and Gambela were relatively recent and stored
at —80°C until they were sequenced.

Phylogenetic Analysis

We constructed a time-scaled phylogenetic tree by
aligning 990 global DENV-1 genotype III lineage A
sequences along with 5 sequences from Ethiopia ob-
tained in this study (Figure 5, panel A). For this lin-
eage, all sequences from Ethiopia belonged to a single
transmission cluster, which clustered monophyleti-
cally with other sequences from Africa, suggesting

Table. Characteristics of patients with DENV infections in study of genomic characterization of circulating dengue virus, Ethiopia,

2022-2023*
No. dengue tests DENYV serotypes, no. patients
Parameters Positive Negative  Total no. tests % Positive tests DENV-1 DENV-3 Total
Sex
M 49 400 449 10.91 2 47 49
F 44 398 442 9.95 3 41 44
Region
Afar 41 259 300 13.67 0 41 41
Dire Dawa 52 239 291 17.87 5 47 52
Gambela 0 300 300 0 0 0 0
Age,y
0-4 0 27 0 0 0 0
5-14 2 40 4.8 0 2 2
15-29 41 393 434 9.4 2 40 42
30-44 28 228 256 10.9 1 27 28
>45 21 111 132 15.9 2 19 21

*DENV, dengue virus.
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cryptic transmission in the region since 2019 (Figure
5, panel B). tMRCA indicated that emergence of the
clade from Ethiopia occurred during mid-2021 (Fig-
ure 5, panel B). Sequences originating mostly from
Asia are basal to the clade from Africa, suggesting
an introduction into Africa from Asia in 2018 (Fig-
ure 5, panel B). For DENV-3 genotype III lineage B,
we constructed a time-scaled phylogenetic tree by
using 2,348 global sequences along with sequences
from Ethiopia (Figure 5, panel C). Those sequences
from Ethiopia belonged to 2 distinct clades (Figure
5, panels D, E). Whereas the first clade consisted of
sequences generally from Asia and Africa, sequences
from this study had tMRCA in early 2021 (95% high-
est posterior density [HPD] 2020-2022) and clustered
monophyletically with a sequence from Italy’s 2023
dengue outbreak (26). We infer that the common an-
cestor for the isolates from Ethiopia and Italy existed
around mid-2019 (95% HPD mid-2017-2021) with
long branches separating the 2 locations. The Ethio-
pia/Italy clade was supported with >70% posterior
support at the relevant internal nodes on the maxi-
mum-clade credibility tree, suggesting some level of
cryptic transmission in unsampled areas where both
Ethiopia and Italy could have received virus intro-
ductions. However, given historical ties between the
2 countries and continued high connectivity, an in-
troduction into Ethiopia from Italy is plausible; Italy
has the second highest number of air travel passen-
gers into Ethiopia of all countries within Europe (Ap-
pendix Figure 2). The second relevant clade of this
lineage indicates a clear introduction from Asia into
Ethiopia in late 2021 (95% HPD 2021-2023) and a po-
tentially persistent transmission since then (Figure 3,
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Figure 3. Demographic distribution of patients with dengue virus
infections in study of genomic characterization of circulating
dengue virus, Ethiopia, 2022—-2023.

panel E). Although the closest relatives to this second
clade from Ethiopia are sequences from India, it re-
mains possible that intermediate unsampled regions
are involved because of the long branch lengths on
the tree, including Saudi Arabia (27), which has the
second largest air travel passenger volume into Ethio-
pia overall (Appendix Figure 2).

Discussion

We investigated the genomic epidemiology of DENV
in 3 areas of Ethiopia and determined the distribu-
tion of serotypes, genotypes, and lineages circulating
in Ethiopia, identified by whole-genome sequencing.
Our findings showed that 2 serotypes, DENV-1 and
DENV-3, were isolated in Dire Dawa, whereas only
DENV-3 was isolated in Afar Region. Those data sug-
gest a need for more comprehensive epidemiologic or
genomic surveillance and strengthened systems for

Figure 4. Sequencing process
and coverage results in study

of genomic characterization of
circulating DENV, Ethiopia, 2022—
2023. A) Patient sample selection,
genotyping, and sequencing
workflow. B) PCR cycle thresholds
compared with sequence coverage
for all sequenced specimens

from Afar Regions and Dire

Dawa. DENV, dengue virus;

IlI-A, genotype Il lineage A; IlI-B,
genotype lll lineage B; RT-PCR,
reverse transcription PCR.
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severe dengue surveillance because of the potential
health risks from multiple serotypes or genotypes. In
Africa, all 4 DENV serotypes have been detected in
both humans and Aedes spp. mosquitoes (28). DENV-
2 is the most prevalent serotype in East Africa. The
virus caused outbreaks in Ethiopia in 2013, Kenya in
2013, Tanzania in 2014, and Mozambique in 2014-
2015 and has remained prevalent in those areas (29-
31). DENV-1 infection outbreaks have been detected
at different times in Angola, Kenya, Senegal, and
Somalia (32). The current DENV-1 serotype might

have been historically co-circulating with DENV-2
or might have been a recent introduction into Dire
Dawa. The current dengue fever outbreak in Ethiopia
first began in the Mile district of Afar Region in April
2023; the outbreak was caused by DENV-3 and has
since spread to >5 other regions in the eastern part of
the country (33).

Phylogenetic analysis revealed that DENV-1 iso-
lates from this study belong to genotype III major
lineage A; circulation of this lineage during the 2023
outbreak corresponds to a single transmission cluster.

Figure 5. Time-scaled phylogenetic analysis of genomes from Ethiopia in study of genomic characterization of circulating dengue virus
(DENV), 2022-2023. A) Time-scaled maximum-likelihood phylogeny of DENV-1 genotype Il major lineage A clade sequences containing
sequenced genomes from this study. B) Time-scaled phylogeny of subclade of tree in panel A, indicating close evolutionary relationships
of DENV-1 sequences from Ethiopia. C) Time-scaled maximum-likelihood phylogeny of DENV-3 genotype Il major lineage B clade
sequences containing sequenced genomes from this study. D) Time-scaled maximum clade credibility tree of subclade from tree in panel
C indicating phylogenetic relationships of cluster 1 of DENV-3 genomes from Ethiopia. E) Time-scaled maximum clade credibility tree

of subclade from tree in panel C indicating phylogenetic relationships of cluster 2 of DENV-3 genomes from Ethiopia. Colors indicate

country or continent origin of sequences used in trees.
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It seems that this cluster was introduced into Ethiopia
from Asia via other countries in Africa. DENVs be-
longing to the same genotype were sequenced during
the 2023 dengue outbreak in Chad (2). However, the
genomes generated in this study are not directly linked
to the Chad outbreak, which originated from a large
outbreak in Tanzania in 2019 via Nigeria (34). The
phylogenetic reconstruction from available DENV-1
genomic data in Africa, which we have supplemented
with our sequences, indicate several distinct lineages
are currently circulating on the continent. All known
DENV-1 strains from Central Africa belong to geno-
type V African lineage; the oldest strains of this lineage
were isolated in Nigeria in 1968 (35). However, the lack
of publicly available data limits our understanding of
the dynamics of DENV-1 within Africa.

DENV-3 viruses sequenced during Ethiopia’s
2023 dengue outbreak belonged to genotype III major
lineage B, and phylogenetic reconstructions revealed
2 transmission clusters circulating in Ethiopia. Cluster
1 is closely related to a DENV-3 from Italy sequenced
in 2023 (Figure 5, panel D) (28), highlighting the pos-
sibility that the virus might have been introduced into
Ethiopia from Italy. Because we have no previous se-
quence information, we cannot exclude the possibil-
ity that transmission from Ethiopia to Italy might also
have occurred. DENV-3 genotype III exists in neigh-
boring countries, including Sudan, Kenya, Djibouti,
and Somalia (36). However, the current DENV-3
genotype III in Ethiopia is not directly related to the
other isolates from Africa. Cluster 2 appears to have
been introduced from India perhaps via secondary
locations (Figure 5, panel E). Phylogenetic analysis
of DENV-3 in India has shown that outbreaks during
2017-2018 were caused by genotype III (37).

By whole-genome sequencing, only 33 samples
from this study resulted in >90% genome coverage.
Thirty-two (5 DENV-1 and 27 DENV-3) of those
samples were from Dire Dawa, but only 1 sample
gave ~90% genome coverage from Afar Region. Se-
rum samples from Afar Region were collected dur-
ing the outbreak and sent to the EPHI laboratory
for DENV detection and serotyping. The remaining
samples were then stored at —20°C for 11 months
before sequencing. The limited genome coverage
in some samples could be attributed to extended
storage under unsuitable conditions. In contrast, se-
rum samples obtained from Dire Dawa were stored
at —80°C for ~4-8 months, which likely resulted in
greater sequence coverage.

The first limitation of our study is that poor se-
quencing outcomes were encountered, possibly be-
cause of inadequate sample storage in Afar Region.
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Improved sample storage conditions could have led
to better whole-genome sequencing results. Second,
the limited availability of DENV sequences conti-
nentally and globally restricted our ability to infer
global transmission dynamics and direct introduction
routes. However, we were able to identify circulating
genotypes and lineages and infer possible introduc-
tion routes and timing,.

In conclusion, we characterized DENV ge-
nomic epidemiology during the 2023 dengue out-
break in Ethiopia. Our findings highlight the utility
of comprehensive disease surveillance, including
pathogen genome sequencing, to elucidate DENV
transmission dynamics in Ethiopia and elsewhere
during emerging outbreaks. Regular active sur-
veillance of dengue through highly connected
sentinel sites as well as at ports of entry can im-
prove response time and reduce the likelihood of
dengue outbreaks.
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High Prevalence of atpE
Mutations in Bedaquiline-
Resistant Mycobacterium

tuberculosis Isolates, Russia

Danila Zimenkov, Anastasia Ushtanit, Elizaveta Gordeeva,
Elena Guselnikova, Yakov Schwartz, Natalia Stavitskaya

Bedaquiline is a cornerstone drug for treating drug-resis-
tant tuberculosis. We analyzed 11 isolates from 9 patients
who were treated with a bedaquiline-based regimen and
remained culture-positive long after treatment start. In
4 of 8 resistant isolates, we found substitutions in AtpE,
which encodes subunit ¢ of the Mycobacterium tubercu-
losis ATP synthase and is rarely identified in clinical iso-
lates. We found lle66Met and Glu61Asp substitutions in
2 cases each. Additional mutations in mmpL5, mmpL4,
and atpB genes could affect the susceptibility to beda-
quiline. MmpL5(Asn772Thr) emerged during bedaquiline
treatment, whereas AtpB(Val165Leu) was found in 1 case
simultaneously with the loss-of-function mmpR5 mutation
in a susceptible strain. The loss-of-function mutation in
the mmpL4 efflux gene was identified in the mixed state,
pointing to ongoing selection in a bedaquiline-resistant
isolate. Another case of the emergence of the mmpL4
mutation, accompanied by a proportional increase in be-
daquiline MIC, was identified by retrospective analysis of
genomes from bedaquiline-resistant isolates.

Drug-resistant tuberculosis (TB) remains a major
problem of the public health system. In 2022,
TB was newly diagnosed and officially notified in
~7.5 million persons, and the total number of deaths
caused by TB was 1.30 million. In 2019, TB was the
13th leading cause of death worldwide and the lead-
ing cause of death from a single infectious agent (1).
The incidence of drug-resistant TB is estimated to be
>400,000 new cases (1).
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Thelimited number of effective TB drugs has pushed
the development of new candidates. Bedaquiline,
introduced in 2012, began the new era of therapy and
was successfully used in combinations with linezolid,
clofazimine, and pretomanid/delamanid in new regi-
mens, including all-oral short-course regimens for drug-
resistant TB (2).

Bedaquiline has a novel distinct mode of action on
bacterial physiology by blocking the ATP synthase of
Moycobacterium tuberculosis, thus causing the decrease
of the ATP pool (3) and consequent cell death (4). Two
main mechanisms of bedaquiline resistance by altera-
tion of the target and drug efflux were identified in
vitro (3,5) and, subsequently, in clinical isolates (6-9).

In the first main mechanism of resistance, the iron-
scavenger siderophore transporter complex MmpS5/
L5 (10) provides bedaquiline efflux from the cyto-
plasm. Mutations in the repressor gene mmpR5(rv0678)
lead to derepression of the operon mmpS5-mmpL5,
thus lowering the bedaquiline concentration inside
the cell (5). Mutations are spread along the open read-
ing frame and include insertions, deletions, premature
stop-codons, and amino acid substitutions (11). The
most prevalent type of mutations is nucleotide inser-
tion or deletion in homopolymeric sequences in the
gene (12). Drug-resistant isolates with mmpR5 muta-
tions that emerged during bedaquiline treatment have
been described in many regions of the world (13-15).

The second type of mutations leading to be-
daquiline resistance occur in the ¢ subunit of ATP
synthase, encoded by the atpE gene (3). Amino acid
substitutions at particular positions in the protein
prevent the drug binding (16) and are rarely iden-
tified in clinical strains (12). Isolates with atpE mu-
tations possess higher bedaquiline MICs and are
supposed to emerge after repressor-inactivating mu-
tations in clinical strains (17).
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Other genetic traits have been proposed to cause be-
daquiline resistance; however, the number of such cases
is low, and the World Health Organization (WHO) has
associated substitutions in only atpE, mmpR5, and pepQ
genes with resistance to bedaquiline (18). Most of those
mutations are in interim status because of insufficient
statistics of characterized isolates with a particular mu-
tation. Only the combined category of loss-of-function
mutations in the mmpR5 gene and selected frameshift-
ing mutations in hot spots are classified as category 1
mutations. WHO experts indicate that the functionality
of the mmpS5 and mmpL5 genes should also be validat-
ed because of epistatic interactions with repressor muta-
tions (19). In this study, we analyzed bedaquiline-resis-
tant clinical strains isolated at Novosibirsk TB Research
Institute (Novosibirsk, Russia), analyzed mutation pro-
files using whole-genome sequencing, and proposed
the participation of novel determinants of bedaquiline
resistance. The study protocol was approved by the
Ethical Committee of the Federal State Budgetary Insti-
tution Novosibirsk TB Research Institute (protocol no.
#52/1, May 5, 2021).

Methods

Clinical Isolates and Drug Susceptibility Testing
Clinical isolates were obtained from patients of the

Mutations in Bedaquiline-Resistant M. tuberculosis

Novosibirsk TB Research Institute in whom TB had
first been diagnosed during 2006-2018 (Table 1).
In the study period (2021-2022), those patients re-
ceived treatment with a bedaquiline and linezolid-
based regimen. Isolates were obtained using liquid
media in the Bactec MGIT 960 system (BD, https://
www.bd.com) and were further used for drug sus-
ceptibility tests, storage, and DNA isolation for mo-
lecular tests.

We performed bedaquiline and linezolid suscep-
tibility tests using the modified proportional method
in the automatic Bactec MGIT 960 system. Russia’s
national guidelines for TB treatment are in accordance
with WHO guidelines (20), and we used currently ap-
proved critical concentrations for bedaquiline and li-
nezolid of 1 mg/L for both tests. We dissolved and
diluted bedaquiline (Molekula Ltd., https://moleku-
la.com) in DMSO and added 100 pL per MGIT tube.
We dissolved linezolid (Glenmark Pharmaceuticals,
https:/ / glenmarkpharma.com) in sterile H,O as rec-
ommended in the guidelines.

Whole-Genome Sequencing

The strains for whole-genome sequencing were re-
cultured on solid Lowenstein-Jensen medium for ~4
weeks at 37°C and then heat inactivated. We extract-
ed genomic DNA using the Gentra Puregene Yeast/

Table 1. Clinical characteristics of TB cases and resistance to bedaquiline and linezolid determined by phenotypic and genotypic
methods in study of high prevalence of atpE mutations in bedaquiline-resistant Mycobacterium tuberculosis isolates, Russia*

Isolate identification

Category #1 #2 #3 #4 #5 #6 #7 #8 #9c
Year of TB diagnosis 2017 2006 2015 2010 2018 2017 2017 2012 2007
HIV status Yes No No No Yes No No Yes No
Source of the culture Sputum Surgery Sputum  Wound  Sputum Sputum Wound Sputum Sputum
exudate exudate

No. days from treatment 92 718 196 1,045 206 558 866 609 1,154
start
Treatment outcome Treatment Not Treatment Death Death  Treatment Treatment Treatment Treatment

failed evaluated failed from TB from TB failed failed failed failed
Sublineage BO BO BO CA/R BO BO BO BO BO
Bedaquiline phenotype R R R S R R R R R
AtpE Glu61Asp, g>t 100%
AtpE Glu61Asp, g>c 59%
AtpE lle66Met 100% 100%
MmpR5 Cys46fs 21%
MmpR5 Asp47fs 52%
MmpR5 Glu49fs 42% 97%
MmpR5 Ser63Gly 75%
MmpRS5 lle67fs 97% 96%
MmpR5 GIn76stop 28%
MmpR5 Leu143_ 22%
Glu147dup
MmpL4 Leu130fst 91%
MmpL5 Asn772Thrt 37%
AtpB Val165Leut 100%
Linezolid phenotype S S S R S S S R R
RpIC Cys154Arg 100% 100% 100%
*Percentages indicate relative number of reads with mutations. ID, identification; R, resistant; S, susceptible; TB, tuberculosis.
tMutations in candidate genes associated with resistance to bedaquiline.
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Bact. Kit B (QIAGEN, https://www.qiagen.com).
We prepared the DNA libraries using the Illumina
DNA Prep kit and performed sequencing using the
MiniSeq High Output Kit (300 Cycles) on the MiniSeq
platform (Illumina, https:/ /www.illumina.com).

We analyzed sequencing data in FastQ format
using the Galaxy web platform (https://usegal-
axy.org). We trimmed the reads using the Trim-
momatic tool (https://toolshed.g2.bx.psu.edu/
repository?repository_id=ef9e620e9ac844b3),
mapped them to the reference genome of M. tuber-
culosis H37Rv (GenBank accession no. NC_000962.3)
with BWA-MEM?2 (https://toolshed.g2.bx.psu.
edu/repository?repository_id=48f9d7927f0£d013),
and refined using BamLeftAlign (https://tool-
shed.g2.bx.psu.edu/repository?repository_
id=903c3759b76db034). We performed variant call-
ing using FreeBayes (https://toolshed.g2.bx.psu.
edu/repository?repository_id=491b7a3fddf9366f)
and filtered using the VCFlib toolkit (https://
toolshed.g2.bx.psu.edu/repository?repository_
id=db548aefa5e7e768). The variants annotation was
performed using SnpEff (https:/ /toolshed.g2.bx.psu.
edu/repository?repository_id=93a5efea7e957b53).
We performed further bioinformatic analysis of
the obtained single-nucleotide polymorphisms
with custom Python scripts. Alternatively, we used
the genome of M. tuberculosis BO/W148 (GenBank
accession no. CP012090.1) as a reference for the
second round of alignment of raw reads for the
validation of mutations located in highly repetitive
genomic loci.

Analysis of the CRyPTIC Database

For phylogenetic and mutation frequency analy-
sis, we used a dataset consisting of 9,941 of 12,288
isolates that were sequenced and analyzed by the
CRYpTIC Consortium (21). The remaining 2,347
isolates had an ambiguous description of amino
acid substitutions and were omitted. We built the
phylogenetic tree by nearest-neighbor method in
MEGA 11 software (https://www.megasoftware.
net) using the pairwise distances calculated from
genome mutations. We omitted highly repetitive
PE, PPE, PE-PGRS genes, and insertion elements
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/31/3/24-1488-Appl.pdf). We verified the
reliability of the phylogenetic tree by clonal distri-
bution of selected lineage-specific single-nucleotide
polymorphisms. We assembled data consisting of
the phylogenetic tree, isolate susceptibility profiles,
and mutation profiles in a local database, powered
by custom Python scripts.

528

Results

Molecular Determinants of Resistance to

Bedaquiline and Linezolid

During June 2021-May 2022, we identified 9 cases of
culture positivity long after the initiation of treatment
with bedaquiline plus linezolid-based regimens. We
performed drug susceptibility tests for bedaquiline
and linezolid using the proportion method. Of the 9
isolates, 8 were resistant to bedaquiline; 2 of the 8 be-
daquiline-resistant isolates and the 1 bedaquiline-sus-
ceptible isolate were resistant to linezolid (Table 1).

In all 9 isolates, including the susceptible iso-
late, we identified mutations in either mmpR5 or atpE
genes (Table 1). Most of the mutations identified
were in mixed state with wild-type sequence, so the
allele frequencies were estimated by calculating the
relative number of reads with mutations. Unexpect-
edly, 4 of the 8 resistant strains had substitutions in
61 and 66 codons of the atpE gene, which are rarely
reported in bedaquiline-resistant isolates. The 100%
mutated allele frequency at the atpE locus correlated
with the absence of substitutions in the mmpR5 gene
in 3 isolates (#5, #7, and #8). Another isolate (#9c¢) in
addition to AtpE Glu61Asp in the mixed state also
had the loss-of-function frameshifting MmpR5 Ile67fs
and substitution MmpL5 Asn772Thr, which could af-
fect bedaquiline resistance.

In 6 of 9 isolates, we observed variable muta-
tions of mmpR5, predominately leading to frame-
shifts. Single-nucleotide insertions were located in
2 hot spots: around codons 46-49 (3 cases) and 67 (2
cases). Another type of mutations, the amino acid
substitution Ser63Gly in MmpR5, was observed only
in 1 case with an allele frequency of =75%. Serine 63
is located in the turn part of the HTH DNA binding
domain of the MmpRS5 repressor (22), providing the
rationale for the effect of substitutions at this point on
bedaquiline resistance. One isolate susceptible to be-
daquiline had an inactivating mutation in the mmpR5
gene with an allele frequency close to 100% and muta-
tion Vall65Leu in the atpB gene encoding the a sub-
unit of ATPsynthase and located just upstream of the
atpE gene (Table 1). This isolate belongs to the Cen-
tral Asia/Russian genotype, contrary to Beijing B0/
W148 for all other isolates. Resistance to linezolid in
3 isolates was caused by the canonical substitution
Cys154Arg in the ribosomal protein RplC (23).

Candidate Markers of Resistance to Bedaquiline

We also sequenced 3 consequent isolates from the
same patient, who was treated with a bedaquiline-
based regimen. Although they were isolated during
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Table 2. Allele frequencies change in sequential isolates from patient #9 during treatment in study of high prevalence of atpE
mutations in bedaguiline-resistant Mycobacterium tuberculosis isolates, Russia

Amino acid Isolate 9a, day Isolate 9b, day Isolate 9c, day Associated with
Gene or intergenic region substitution 1,004 1,037 1,154 resistance
atpE Glu61Asp 59% Bedagquiline
mmpR5 (Rv0678) lle67fs 18% 15% 96% Bedagquiline
Leul43stop 80% 63%
mmpL5 Asn772Thr 37% Bedagquiline
alr Glu6GIn 78% 65% D-cycloserine
gabD2 Vall53fs 39% D-cycloserine
Rv2690c Gly191Arg 26% (Pyrazinamide)
pncA Met1Thr 100% 100% 100% Pyrazinamide
ceoC Alal30Thr 25% (Isoniazid)
PPE8 Asp1235fs 64% 63%
PPE35 Leu939fs 18% 96%
Rv2298 Gly16Glu 23%
moeW-mmpL9 71% 64%
sigL Leul20Leu 63%
purM Pro290Pro 22%
Rv3083 Leu439Leu 6% 22%

only half a year, we observed the dynamic change
in mmpR5 mutations and the emergence of
AtpE(Glu6lAsp) amino acid substitution (Table
2). Thus, in the latest sample, allele frequency of
AtpE(Glu61Asp) was 59%, and MmpR5(lle67fs) was
~100%. Another mutation MmpR5(Leul43stop) was
highly represented in the first sample in the series and
then gradually disappeared. Of note, we observed that
the additional substitution in the efflux pump subunit
MmpL5(Asn772Thr) emerged simultaneously with
the AtpE substitution.

Allele frequencies of mutations associated with
resistance to other drugs and mutations in genes pos-
sibly associated with virulence and host-adaptation
also changed in sequential isolates. Furthermore, 3
synonymous amino acid substitutions were recorded
in the latest isolate #9c.

In addition to the isolates from case #9, isolates
#2 and #4 also had mutations that could be associated
with bedaquiline resistance. In those cases, the refer-
ence susceptible strains isolated before the start of the
treatment were not available, and the emergence of
mutations cannot be confirmed directly. The bedaqui-
line susceptible isolate #4 had Vall65Leu substitution
in a subunit of ATPase, encoded by the atpB gene, in
addition to the loss-of-function MmpR5(Glu49fs) (Ta-
ble 1). Another bedaquiline-resistant isolate (#2) had
a frameshifting mutation in the mmpL4 gene together
with a loss-of-function mutation in mmpR5.

Discussion

Resistance of M. tuberculosis to bedaquiline is driven
by 2 main mechanisms, drug efflux by the MmpS5-
MmpL5 complex and alteration of its binding site
in the rotor part of ATP synthase (3,5). Mutations in
both repressor gene mmpR5 and atpE encoding the ¢
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subunit emerge during bedaquiline treatment. Muta-
tions in mmpRS5 are distributed along the open read-
ing frame, lead to an increase in MIC, and are found
more frequently in clinical strains.

We identified a high prevalence of the atpE muta-
tions in clinical isolates from patients who were treat-
ed with the bedaquiline-linezolid treatment scheme
and remained culture-positive long after the start of
the treatment. Most isolates developed phenotypic
resistance to bedaquiline detected by Bactec MGIT
960 with a recommended critical concentration of
1 mg/L. Four of 8 bedaquiline-resistant strains had
amino acid substitutions Glu61Asp or Ille66Met of the
¢ subunit in positions that are responsible for the di-
rect interaction with bedaquiline. Those substitutions
are classified by the WHO as associated with resis-
tance-interim (18).

Only 17 clinical MTB isolates with atpE mutations
have been described in 9 studies (9,12,24-30). Anoth-
er study from China also describes the existence of
AtpE Asp28Gly and Ala63Pro substitutions in clinical
strains resistant to bedaquiline; however, the number
of such isolates cannot be extracted from the pub-
lished data (31). The most frequent mutation in AtpE
was Ile66Met, found in 6 cases. The same dominance
was also found in this study: 2 of 4 isolates bore the
same substitution. It could be assumed that this mu-
tation provides the best balance between loss of sus-
ceptibility to bedaquiline and fitness cost of altered
structure of ATP synthase. However, in a report from
France, such atpE mutation was transient in a series of
clinical isolates from 1 patient and was lost in subse-
quent isolates; the patient was successfully cured (28).

The effect of particular mutations in mmpR and
atpE on the bedaquiline MIC value is variable. Part
of mutations in the mmpR5 repressor gene lead to a
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modest increase in MIC close to the borderline value
and thus are considered not associated with resis-
tance (32). Of note, even loss-of-function mutations in
the repressor, which are supposed to lead to complete
derepression of the efflux operon mmpS5-mmpL5, do
not invariantly lead to resistance, as was found for
an isolate in this study. In this case, the determina-
tion of MIC could have been particularly beneficial
to estimate the effect of mutation on phenotype; the
proportion method with currently approved critical
concentration definitely limits the study.

Other genetic traits could affect the phenotype
by epistatic interaction, as was shown for the iso-
late with both derepression of the efflux operon
and the inactivated efflux gene (19). In general, the
particular genotype of the pathogen could have
an effect not only on transmission dynamics but
also on the speed of resistance acquisition and sur-
vival under drug-induced stresses (33). In Russia,
2 main genotypes of lineage 2 are associated with
resistance to many drugs and rapid transmission
in the population, B0/ W148 and Central Asia/Rus-
sia (34). At least 12 of 17 previously reported atpE
mutants belong to either of these sublineages; 10 of
them were reported in different regions of Russia.
Only 2 strains belong to lineage 4 (24) and lineage
3 (27). All bedaquiline-resistant isolates reported
here belong to Beijing B0/ W148, whereas the single
susceptible isolate belongs to the Beijing Central
Asia/Russia sublineage.

The recommended critical concentration of 1
mg/L for resistance determination using the Bactec
MGIT 960 is probably too high (32). A substantial
overlap of MIC values at 0.125 mg/L and 0.25 mg/L
was previously reported for pairs of exposed and
nonexposed and wild-type and mutated isolates (12).
On the basis of those observations, the critical con-
centration should be lowered to at least 0.25 mg/L
for better differentiation of resistant and susceptible
isolates. The current value enables identification of
strains with substantially elevated MIC, whereas
intermediate resistance is missed by the pheno-
typic method. Thus, the detection of a considerable
number of isolates with AtpE substitutions, which
are associated with high bedaquiline MICs, was not
unexpected. In addition, we identified strains with
mmpR5 mutations only, including both frameshift-
ing and amino acid substitutions such as Ser63Gly,
which occurred in the HTH DNA binding domain of
the repressor.

Contrary to several previous reports, we did not
find pepQ or rv1979cmutationsinbedaquiline-resistant
isolates (15,35-37). Although the isolated mutations
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in pepQ are rare and usually are accompanied with
mmpR5 mutations, WHO has stated that pepQ muta-
tions are associated with resistance (18). We propose
that mmpL5, mmpS4-mmpL4, and atpB genes could
also affect the bedaquiline-resistance phenotype from
the analysis of microevolution events and the identi-
fication of mutations in single isolates in heteroresis-
tant state, which also point to the ongoing evolution
of the pathogen.

We observed mutations in genes that encode
the siderophore export transport proteins MmpL5/
S5 and MmplL4/54 (10). First, the amino acid sub-
stitution Asn772Thr of the efflux MmpL5 emerged
in the latest of series of 3 consequent isolates from
1 patient, together with fixation of loss-of-function
variant of the mmpR5 gene and the emergence of
AtpE Glu61Asp. The mmpR5 mutation has an allele
frequency close to 100%, pointing to the fixation of
resistance-associated variant. The allele frequency of
MmpL5 Asn772Thr was 40% and for AtpE Glu61Asp
was 60%, resulting in a total of 100%. Therefore, we
could speculate the existence of 2 strains, 1 with
the simultaneous presence of MmpR5(Ile67fs) and
AtpE(Glu61Asp) and the other with MmpR5(Ile67fs)
and MmpL5(Asn772Thr). If substitution in MmpL5
decreases susceptibility to bedaquiline, both strains
would survive better during bedaquiline treatment
and have higher MICs than the parental mutant
mmpR5 strain.

Recently, the cryo-EM structure of MmpL5 from
M. smegmatis was determined, and possible root of
transport of mycobactin and other molecules was
proposed on the basis of channel prediction, mo-
lecular modeling, and docking calculations (38). Of
note, Ala774 of the M. smegmatis, which corresponds
to Asn772 of M. tuberculosis, is located in the trans-
membrane domain TMS, responsible for opening
and closing of the channel (Figure 1). More precisely,
Ala774 is located in the cavity that forms the channel
inlet and the narrowest region of the channel together
with Tyr767, GIn771, Tyr417, and Trp835, highlighted
in the study (38). This model should nevertheless be
used with caution, taking into account the MmpS5-
guided trimerization of MmpL5 and anchoring of the
complex in membrane, which is necessary for beda-
quiline efflux (39).

Mutations in the mmpL5 are not frequent; how-
ever, MmpL5/S5 efflux does not appear to be indis-
pensable, since a substantial number of frameshift
mutations were found in different sublineages of M.
tuberculosis (19), and cell wall morphology is not af-
fected in strains with deletion of mmpL5 or mmpS5
(39). According to the WHO, mutation in the same
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Figure 1. Mapping of the
candidate substitution
Asn722Thr on the atomic
model of Mycobacterium
smegmatis MmpL5 transporter
(PDB: 9B46) in study of high
prevalence of atpE mutations
in bedaquiline-resistant M.
tuberculosis isolates, Russia.
The proposed channel inlet is
indicated on the surface model
of the MmpL5. The channel
model (olive) is shown on the
cartoon model of the MmpL5
fragment. Red coloring and
text indicates Ala774, located
in the transmembrane domain
TM8. Green text indicates
residues and numbering for M.
tuberculosis.

codon was found earlier; MmpL5(Asn772Ser) has
uncertain significance in the resistance to bedaquiline
and clofazimine (18). Two strains with this mutation
in the CRyPTIC database have a low bedaquiline MIC
of 0.03 mg/L (21).

More notably, the loss-of-function mutation of
mmpL4 was found in a bedaquiline-resistant isolate
together with frameshift in the mmpR5. Both the
MmpL5/MmpS5 and MmpL4/MmpS4 transporter
complexes secrete iron-scavenging siderophores
mycobactin and carboxymycobactin (10). Although
the role of MmpL5/MmpS5 in bedaquiline and clo-
fazimine resistance is well established as the export
pump of the drugs, mutations in mmpS4/L4 were
not previously associated with bedaquiline resis-
tance. However, a recent study has shown that dele-
tion of mmpS4 or mmpL4 increases bedaquiline MIC
from 2 to 4 times in vitro, probably because of the

compensatory upregulation of the mmpS5-mmpL5
operon (40). The 91% allele frequency of the frame-
shifting variant of mmpL4 found in isolate #2 points
to its recent emergence.

To confirm the significance of our findings,
we retrospectively analyzed the genomes of clini-
cal isolates of patients treated with bedaquiline
from our previous reports (9,12). Indeed, in a se-
ries of consequent isolates from a patient who was
treated with a bedaquiline-containing regimen, a
similar loss-of-function mutation of mmpL4 caused
by frameshift in the 341 codon emerged (Table 3).
The strain already had a high bedaquiline MIC
caused by the presence of amino acid substitutions
in AtpE and MmpR5. However, in the 2 latest iso-
lates, the emergence of the mutation in mmpL4 was
accompanied by a further increase in bedaquiline
MIC, proportional to the allele frequencies, thus

Table 3. Bedaquiline MIC values and allele frequencies of mutations in genes associated with bedaquiline resistance for sequential
isolates for patient from study of high prevalence of atpE mutations in bedaquiline-resistant Mycobacterium tuberculosis isolates, Russia*

Isolate Isolate
Amino acid Isolate Af.102,  Af.103,day Af.104,day Isolate Af.105, Isolate Af.106,

Gene or intergenic region substitution day 236 406 580 day 672 day 1,489
Bedagquiline MIC (7H11) 0.25 0.25 0.25 1 1
Bedagquiline MIC (MGIT 960) 2 4 4 8 16
AtpE Ala63Val 99% 100% 99% 100%
MmpR5 (Rv0678) Leul42Arg 100% 99% 98% 100% 100%
MmpL4 Val341fs 75% 98%
*Patient described by Peretokina et al. (12). Percentages indicate relative number of reads with mutations.
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confirming the effect of loss-of-function mutations
in the mmpL4 gene.

The third gene, which was also supposed to
have an effect on bedaquiline resistance, was the
atpB gene encoding a subunit of the ATP synthase.
This subunit is a part of the stator, lying in tight
contact with the rotor, which consists of 9 identical
c subunits encoded by the atpE gene. Moreover, in
the ATP synthase operon afpB gene is positioned
right upstream of atpE, and mutations in bedaqui-
line resistant isolates were already described (24).
However, those mutations were found close to
the 3' end of the gene (codons 222, 244, and 250)
and were supposed to alter the transcription of the
downstream atpE gene.

We identified the substitution of Vall65, which
is located at the a/c interface close to the lagging
binding site of bedaquiline in ATP synthase (41).
It interacts with Phe54 and Ile55 of the ¢ subunit,

Figure 2. Mapping of the
candidate substitution Val165lle
in AtpB on the atomic model

of Mycobacterium tuberculosis
ATP synthase (PDB: 8J0S) in
study of high prevalence of atpE
mutations in bedaquiline-resistant
M. tuberculosis isolates, Russia.
Identical ¢ subunits of the rotor
(encoded by the atpE gene) are
shown with distinct colors.

and substitution for a larger Leucine could change
the structure substantially (Figure 2). This strain
also had a loss-of-function mutation of mmpR5 and
was susceptible to bedaquiline. Therefore, the par-
ticular role of AtpB Vall65lle cannot be established
from our data.

The CRyPTIC database contains 18 isolates with
the neighboring AtpB(Thr166Met) (21). They belong
to the same clone inside lineage 3 isolated in different
laboratories (Appendix Figure). They do not con-
tain mutations in genes associated or involved in
bedaquiline resistance: atpE, mmpR5, pepQ, mmpL5,
mmpS5, mmpL4, and mmpS4. Furthermore, no other
isolates with other mutations in atpB were found in
the CRyPTIC study. The MIC values of those isolates
were slightly shifted toward higher values compared
with the entire set of strains, pointing to the possible
involvement of this substitution in decreased suscep-
tibility to bedaquiline (Table 4).

Table 4. Bedaquiline MIC values for isolates from the CRyPTIC study with mutation in atpB gene in study of high prevalence of atpE
mutations in bedaquiline-resistant Mycobacterium tuberculosis isolates, Russia

Bedaquiline MIC, mg/L

Isolates <0.008 <0.015 __ 0.015 0.03 0.06 012 025 05 1 >1 2 >2
Allisolates 337 1199 851 3405 3082 603 194 54 26 5 3 5
AtpB (Thr166Met) 3 8 4 3
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The frequencies of mutations, associated with
resistance to other drugs, also changed in the series
obtained from 1 patient. Therefore, the substitution
in the alr gene encoding alanine racemase (42,43),
associated with resistance to D-cycloserine, has dis-
appeared in the third isolate #9c, which probably
points to its high fitness cost. However, another
mutation in the gabD2 gene, previously associated
with resistance to D-cycloserine (44), emerged. The
lineage 4 strains with the loss-of-function gabD2
mutation were more frequently identified in pa-
tients in the epidemiologic study from Colombia
(45), thus associated with success in transmission,
which could be affected also by reduced suscepti-
bility to drugs.

Mutated variants of 2 genes, rv2690c and ceoC,
previously associated with resistance to pyrazin-
amide (for rv2690c) (46) and isoniazid (for ceoC) (47),
emerged in the latest isolate. Those genes could be
responsible for virulence and host adaptation also
(48,49). Other genes associated with virulence, such
as 102298 and 2 PPE genes, also changed the frequen-
cies of mutated alleles in sequential isolates.

Research of the microevolution of the pathogen
within the host has allowed for clarity into genetic
traits related to resistance and host adaptation, thus
complementing the massive body of genome-wide
association studies. However, it is hard to discern
whether the mutations emerged internally, under
selective pressures from treatment or the immune
system of the host, or are neutral, from genetic drift
caused by spread in the general population. In addi-
tion, the exact pressure is not known because of poor
adherence to treatment in most chronic cases and in-
dividual variability in pK/pD (50).

This work was supported by the Russian Science
Foundation (grant no. 22-15-00432).

All raw sequence reads were submitted to the National
Center for Biotechnology Sequence Read Archive database
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etymologia revisited

Schizophyllum commune

Originally published
in March 2022

[skiz-of"-i-lam kom'-yoon]

S chizophyllum commune, or split-gill mushroom, is an envi-
ronmental, wood-rotting basidiomycetous fungus. Schizo-
phyllum is derived from “Schiza” meaning split because of the
appearance of radial, centrally split, gill like folds; “commune”
means common or shared ownership or ubiquitous. Swedish
mycologist, Elias Magnus Fries (1794-1878), the Linnaeus of
Mycology, assigned the scientific name in 1815. German my-
cologist Hans Kniep in 1930 discovered its sexual reproduction
by consorting and recombining genomes with any one of nu-
merous compatible mates (currently >2,800).
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A 28-Year Multicenter Cohort Study
of Nontuberculous Mycobacterial
Lymphadenitis in Children, Spain

Aina Martinez-Planas, Fernando Baquero-Artigao, Ana Méndez-Echevarria, Teresa Del Rosal,
Paula Rodriguez-Molino, Carlos Toro-Rueda, Matilde Bustillo-Alonso, Miguel Lafuente,
Anna Canet, Angela Manzanares, Alfredo Tagarro, Francisco José Sanz-Santaeufemia,

Sara Guillén-Martin, Maria José Cilleruelo, Lola Falcon-Neyra, Begofia Santiago,

Elena Rincon, Miguel Lillo, Antoni Soriano-Arandes, Luigi Sedda, Claudia Fortuny,
Manuel Monsonis, Julian Gonzéalez-Martin, Marc Tebruegge,* Antoni Noguera-Julian,*
Spanish Pediatric Tb Research Network, The European Nontuberculous
Mycobacterial Lymphadenitis In Children Study?

We describe the epidemiology, diagnosis, and manage-
ment of nontuberculous mycobacterial lymphadenitis
cases detailed in a 28-year (1996-2023) multicenter
cohort from Spain. The case numbers remained stable
during the initial prospective phase (2013-2020), but
a sharp decline was observed during 2021-2022. Dis-
ease onset occurred during spring or June in 45.9%
of cases. Mycobacterium avium complex (43.1%) and
M. lentiflavum (39.9%) were the most common spe-
cies detected. M. lentiflavum affected mostly younger
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children from central Spain. The most common treat-
ment strategy was complete surgical resection with (n
= 80) or without (n = 88) antimicrobial drug treatment,
followed by antimicrobial drugs alone (n = 76). Facial
palsy developed in 10.4% of surgical cases. Adverse
events because of antimicrobial drugs were uncom-
mon. New fistula formation during follow-up occurred
more in children managed with observation alone than
in those treated with antimicrobial drugs alone (relative
risk 2.7 [95% CI 1.3-5.3]; p = 0.014).
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ontuberculous mycobacteria (NTM) are ubiqui-

tous in soil, water, foodstuffs, and domestic and
wild animals. There are >190 known species of NTM
(1). Cervicofacial lymphadenitis is the most common
clinical manifestation of NTM infection in young im-
munocompetent children (2). Cervicofacial lymphad-
enitis typically manifests with a nontender neck mass
that progressively becomes violaceous and fluctuant
and often fistulizes (1,3).

Mycobacterium avium complex (MAC) is report-
ed as the most common causative species of NTM
lymphadenitis across various geographic locations,
accounting for 70%-80% of cases, followed by M.
malmoense, M. hemophilum, and M. kansasii (4-8). M.
lentiflavum, which is part of the M. simige complex, is
a slow-growing NTM species first described in 1996
(9,10). M. lentiflavum is typically isolated from water
and soil samples but has increasingly been reported
as a pathogenic NTM species in humans over the past
15 years (4).

In children, the sensitivity of classical microbiolog-
ical methods, such as staining techniques and cultures,
by using lymph node biopsies or caseum is *50%-60%
(11-13). Molecular methods have demonstrated im-
proved sensitivity compared with culture, #70%-80%
in some studies, although molecular accuracy is lim-
ited by species diversity, the lack of commercially
available assays and variable performance, and often
inadequate sample volumes (3,12,14). In the absence
of microbiological confirmation, the presumptive clin-
ical diagnosis of NTM lymphadenitis remains com-
plex and relies on the clinical manifestations, imaging
findings, and tuberculosis (TB) immunodiagnostic
tests. Recent systematic reviews have recommended
the combined use of the tuberculin skin test (TST) and
an interferon-y release assay (IGRA), concluding that
a TST+/IGRA- constellation is strongly indicative of
NTM lymphadenitis (13,14), but data to support this
strategy are still limited. TST has shown high speci-
ficity and positive predictive value in the diagnosis
of NTM lymphadenitis in children without TB risk
factors or prior bacillus Calmette-Guérin (BCG) vac-
cination in a country with low TB prevalence (15). We
previously reported IGRA assay specificity rates and
positive predictive values >95% in distinguishing be-
tween patients with TB and MAC lymphadenitis (16).
However, those results cannot necessarily be extrap-
olated to other geographic settings, such as regions
with high TB prevalence, or to other NTM species.

A recent consensus statement of the Internation-
al Pediatric Otolaryngology Group did not reach an
agreement on the single best treatment modality for
NTM lymphadenitis (17). A meta-analysis published
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in 2015 reported the highest cure rate by using com-
plete excision, compared with prolonged antimicro-
bial treatment or observation alone (6). However,
complete excision was associated with a 10% risk
for facial nerve palsy. Currently, the optimal com-
bination of antimycobacterial drugs and treatment
duration remains uncertain, as does whether antimy-
cobacterial drug treatment confers advantages over
observation alone (18).

This study aimed to describe the epidemiologic,
clinical, and microbiological characteristics of NTM
lymphadenitis in Spain over a 28-year period, to as-
sess the diagnostic value of combined TST and IGRAs
use, and to summarize the treatment strategies most
used and the related outcomes. Because of the limited
data on M. lentiflavum, we sought to describe any dif-
ferences between M. lentiflavum and MAC lymphad-
enitis patients.

Patients and Methods

Study Design

The European nontuberculous mycobacterial lymph-
adenitis in children (ENSeMBLE) study is a multi-
national, multicenter, cross-sectional observational
study comprising centers and investigators within
the Spanish Network for the Study of Pediatric Tu-
berculosis (19), the Paediatric Tuberculosis Network
European Trials group (20), and the European Non-
tuberculous Mycobacteria Network European Trials
group. The study involves a convenience sample of
patients <18 years of age at diagnosis with culture-
or PCR-confirmed peripheral NTM lymphadenitis,
collected retrospectively during 1996-2012 and pro-
spectively since 2013. All diagnostic and therapeutic
decisions were made independently at each center
by the patient’s physician. We obtained study data
exclusively from routine care and collected by using
REDCap electronic data capture tools (21), hosted at
Instituto de Investigaciéon Sanitaria Gregorio Mara-
fi6on (Madrid, Spain). Ethics approval for this study
was obtained from Hospital Sant Joan de Déu (Barce-
lona, Spain) Ethics Committee (reference no. EPA 04-
15). In the prospective study arm, informed consent
from parents or legal guardians was obtained before
inclusion. Only patients recruited at centers in Spain,
representing >90% of patients in the ENSeMBLE
study, were included in this report. In Spain, a low
TB prevalence country, the pediatric TB incidence
was <10 cases/100,000 persons throughout the study
period. Neonatal BCG vaccination was discontinued
nationwide in 1980, except in Basque Country, which
continued until 2013.
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Data Collection

Clinical and epidemiologic data (age, sex, country
of birth, underlying medical conditions, TB infec-
tion risk factors, and BCG vaccination history) were
recorded at diagnosis by the clinical care team. We
classified the clinical manifestations according to af-
fected sites, laterality (unilateral or bilateral), lymph
node size assessed clinically or by ultrasound (in cen-
timeters), duration of illness (in weeks), and clinical
stage (I, painless, firm, adherent to overlying skin,
increased vascularity; II, fluctuance; 111, skin changes,
violaceous discoloration, thinning of the skin, parch-
ment-like changes, shiny appearance; 1V, fistuliza-
tion) (22). We also collected details about treatment
strategies (observation only, antimicrobial drugs,
surgery, or a combination of treatments), total dura-
tion of follow-up after diagnosis, complications (sur-
gical site infection, drug adverse events, new fistula
formation, recurrent NTM infection, and paradoxical
worsening), and sequelae at the end of follow-up (hy-
pertrophic scar or keloid, changes in skin color, and
transient or permanent facial nerve palsy).

Immunological and Microbiological Tests

TST were performed by intradermal injection of 2 tu-
berculin units of purified protein derivative (Statens
Serum Institut, https://en.ssi.dk), with results read
after 48-72 hours. As per national guidelines, an in-
duration of >5 mm diameter is considered positive,
irrespective of prior BCG vaccination (23). All IGRA
assays, including the QuantiFERON-TB (QFT) as-
says QFT Gold (used before 2007), QFT Gold-in-Tube
(used during 2007-2016), and QFT Gold Plus (used
since 2016) (all Cellestis, https:/ /www.cellectis.com)
and T-SPOT.TB (Oxford Immunotec LTD., https://
www.oxfordimmunotec.com), were performed in
fully-accredited diagnostic laboratories at each par-
ticipating institution and interpreted according to the
manufacturer’s instructions. Cultures and molecular
assays for NTM were also performed at fully accred-
ited clinical laboratories at the participating institu-
tions or at regional reference laboratories.

Statistical Analysis

We present categorical data as absolute numbers and
proportions, continuous variables as medians and
interquartile ranges (IQRs). We compared groups by
using Student #-test or Mann-Whitney U test for con-
tinuous variables and y? tests for categorical variables.
Because patients from provinces surrounding Madrid
are usually referred to hospitals in Madrid, we cat-
egorized geographic origin dichotomously as cen-
tral (Madrid and surrounding areas) and peripheral
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regions in Spain. We determined the onset of symp-
toms by subtracting the illness duration (available for
268 cases) from the date of microbiological diagnosis.
We defined the seasons of the year as spring, March-
May; summer, June-August; autumn, September-
November; and winter, December-February.

We handled missing data with the complete case
analysis method. We defined statistical significance
as a 2-sided p value <0.05. We conducted statistical
analyses by using SPSS Statistics 29.0 (IBM, https://
www.ibm.com).

Results

By May 2023, a total of 311 case-patients (53.7% fe-
male, 46.3% male; median [IQR] age at diagnosis 2.4
[1.7-3.2] years) with microbiologically confirmed
NTM lymphadenitis were contributed to the EN-
SeMBLE study by 33 centers in Spain from 13 of 17
administrative regions; the earliest retrospective case
was discovered in 1996 (Table 1; Figure 1). Most cases
(63.0%, n = 196) were contributed during the pro-
spective phase of the study, January 2013-2023. The
number of cases remained stable from 2013-2020, but
a sharp decrease was observed in 2021 and 2022 (Fig-
ure 1). Symptom onset occurred during the spring
months or June in almost half the patients (45.9%, n
=123) (Figure 2).

Most children were born in Spain (95.8%, n =
298) and were not BCG-vaccinated (96.1%, n = 299).
Four (1.3%) patients had underlying medical condi-
tions (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/31/3/24-1254-Appl.pdf); no underlying
medical conditions were discovered in the remaining
children. Risk factors for TB infection were identified
in 3.5% (n = 11) of children, including contact with a
smear-positive TB patient (n = 5) and birth in or travel
to a high TB prevalence country (n = 6).

NTM disease predominantly affected the cervi-
cofacial region (99.0%, n = 308). Only 2 patients had
lymphadenitis in the axillary region and 3 patients
had lymphadenitis in the inguinal region. In most
cases, lymphadenitis only occurred at a single site
(77.8%, n = 242) and was unilateral (90.7%, n = 282)
(Table 1). The most affected site was the submandibu-
lar region (63.3%, n =197).

At initial examination, the median (IQR) duration
of symptoms was 4 weeks (2-6, data available in n =
268 cases), and the maximum lymph node diameter
was 3.0 cm (2.1-4.0, n = 108). Almost half the cases
were in Penn Stage I upon initial examination (Table
1). Similar results were observed when the retrospec-
tive and prospective phases of the study were ana-
lyzed separately (Appendix Tables 2, 3).
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assays were positive in 48.8% (n = 40) of cases when

Microbiological confirmation was obtained at the site  performed; in patients in whom both culture and
of disease (lymph node biopsy, fine needle aspiration, a molecular test were performed, both techniques
or discharge fluid) in all cases. Mycobacterial cultures  yielded a positive result in 35.8% (n = 29) of the time
were positive in 96.8% (n =300) of cases and molecular ~ (Appendix Table 4). The most frequently identified

Table 1. Baseline characteristics, clinical manifestations, treatment, outcomes, and comparisons of MAC and M. lentiflavum
lymphadenitis cases from a 28-year multicenter cohort study of NTM lymphadenitis in children, Spain*

Characteristics All, n =311 MAC,n=134 M. lentiflavum, n =124  p valuet
Sex
F 167 (53.7) 77 (57.5) 67 (54.0) 0.579
M 144 (46.3) 57 (42.5) 57 (46.0)
Age, y, median (IQR) 2.4 (1.7-3.2) 2.7 (2.0-3.8) 1.9 (1.6-2.6) <0.001
Patients <5 y of age at diagnosis 26 (8.4) 14 (10.4) 4 3.2 0.042
Prospective phase 196 (63.0) 78 (58.2) 88 (71.0) 0.041
Season at symptom onsett 0.338
Spring 102 (38.1) 39 (33.6) 42 (38.5)
Summer 58 (21.6) 22 (19.0) 28 (25.7)
Autumn 46 (17.2) 23 (19.8) 17 (15.6)
Winter 62 (23.1) 32 (27.6) 22 (20.2)
Reported in central Spanish regions 189 (60.8) 52 (38.8) 107 (86.3) <0.001
TB infection risk factors 11 (3.5) 4 (3.0) 2(1.6) 0.685
Positive TST 168/278 (60.4) 76/118 (64.4) 62/111 (55.9) 0.186
TST induration, mm, median (IQR) 7.0 (0-10) 7.5 (4-11) 7.0 (0-10) 0.055
NTM lymphadenitis disease characteristics
Unilateral disease 282 (90.7) 124 (92.5) 111 (89.5) 0.395
Single site disease 242 (77.8) 106 (79.1) 90 (72.6) 0.220
Symptom duration, wks, median (IQR) 4.0 (2.0-6.0) 4.0 (2.0-7.3) 3.0 (2.0-4.0) 0.001
Maximum lymph node diameter, cm, median (IQR) 3.0 (2.1-4.0) 3.0 (2.0-4.0) 3.0 (2.1-4.0) 0.558
Clinical stage§ 0.926
Stage | 148 (48.6) 62 (47.3) 62 (50.8)
Stage Il 27 (8.8) 13 (9.9) 13 (10.7)
Stage IlI 105 (34.4) 44 (33.6) 37 (30.3)
Stage IV 25 (8.2) 12 (9.2) 10 (8.2)
Affected site
Submandibular 197 (63.3) 74 (55.2) 91 (73.4) 0.002
Superficial/deep cervical 81 (26.0) 39 (29.1) 28 (22.6) 0.247
Preauricular 44 (14.1) 13 (9.7) 25 (20.2) 0.019
Parotid 28 (9.0) 10 (7.5) 12 (9.7) 0.523
Jugulodigastric 22 (7.1) 15 (11.2) 6 (4.8) 0.062
Otherq 22 (7.1) 15 (11.2) 3(2.4) 0.119
Treatment and outcomes
Initial treatment strategy 0.006
Observation alone 25 (8.0) 15 (11.2) 5(4.0)
Antimicrobial drugs alone 76 (24.5) 22 (16.4) 35 (28.2)
Drainage alone 6(1.9) 2(1.5) 2(1.6)
Drainage + antimicrobial drugs 29 (9.3) 14 (10.5) 10 (8.1)
Complete resection alone 80 (25.7) 46 (34.3) 25 (20.2)
Complete resection + antimicrobial drugs 88 (28.3) 32 (23.9) 43 (34.7)
Not reported 7(2.3) 3(2.2) 4(3.2)
Lost to follow-up 23 (7.4) 12 (9.0) 9(7.3) 0.618
Recurrent NTM lymphadenitis 16 (5.6) 10 (8.2) 6 (5.2) 0.257
New fistulization# 36 (12.9) 20 (18.2) 9(8.6) 0.042
Sequelae
None 188 (65.3) 78 (63.4) 76 (66.7) 0.600
Hypertrophic scar 52 (18.1) 25 (20.5) 15 (13.0) 0.126
Skin discoloration 27 (9.4) 13 (10.7) 12 (10.4) 0.956
Transient facial palsy 23 (8.0) 11 (9.0) 10 (8.7) 0.931
Permanent facial palsy 7(2.4) 1(0.8) 54.3) 0.093
Frey syndrome 1(0.3) 0(0) 1(0.9) 0.986

*Values are no. (%) except as indicated. Groups were compared with Student t-tests or Mann-Whitney U tests for continuous variables and y? tests for
categorical variables. MAC, Mycobacterium avium complex; NTM, nontuberculous mycobacteria; TB, tuberculosis; TST, tuberculin skin test.

tComparison between MAC and M. lentiflavum cases.

FAvailable in 268 cases in the whole cohort (116 MAC and 109 M. lentiflavum cases).

§Available in 305 cases in the whole cohort (131 MAC and 122 M. lentiflavum cases).

fincludes posterior cervical (n = 6), occipital (n = 5), postauricular (n = 4), inguinal (n = 3), axillar (n = 2), and supraclavicular (n = 2).
#Excludes patients with clinical stage 1V (fistulization) at initial examination.
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Figure 1. Annual case numbers of NTM lymphadenitis and the causative species in a 28-year multicenter cohort study of NTM
lymphadenitis in children in Spain, 1996—2023. NTM, nontuberculous mycobacteria.

NTM species were MAC (43.1%, n = 134) and M. len-
tiflavum (39.9%, n = 124), followed by M. malmoense
(3.5%, n = 11); M. fortuitum (1.6%, n = 5); M. absces-
sus, M. kansasii, M. scrofulaceum, M. simiae complex,
and M. szulgai (1.0%, n = 3 each); M. interjectum (0.6%,

n = 2); and M. chelonae, M. colombiense, M. mageritense,
M. marinum, M. mucogenicum, M. triplex, and M. xeno-
pi (0.3%, n =1 each). In 13 (4.2%) patients, the NTM
species could not be determined. NTM species are
widely distributed geographically in Spain (Figure 3).

Figure 2. Seasonality of
symptom onset, stratified by
NTM species, in a 28-year
multicenter cohort study of
NTM lymphadenitis in children,
Spain. NTM, nontuberculous
mycobacteria.
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Immunologic Tests

TSTs were performed in 89.4% (n = 278) of cases and
reported positive in 168 cases, corresponding to a
test sensitivity of 60.4% (95% CI154.4%-66.2%) (Table
1). IGRA assays were performed in 44.4% (n = 138)
of cases (QFT assays only, n = 111; T-SPOT.TB only,
n = 11; both assays, n = 16). Of those cases, 89.9% (n
=124) were negative, 6.5% (n = 9) were positive, and
3.6% (n = 5) had an indeterminate test result. Over-
all, 138 cases were tested with both the TST and an
IGRA assay, 67.4% (n =93) had a TST+/IGRA- con-
stellation (Appendix Table 5). Among children with
a positive IGRA result (Appendix Table 6), epide-
miologic risk factors for TB infection were identified
in 3 patients. In addition, 4 patients with positive re-
sults underwent repeat assays that yielded negative
results. M. kansasii (n = 3), M. szulgai (n = 3), and M.
marinum (n = 1) are all NTM species that are known
to express the ESAT-6 protein and potentially cause
false-positive IGRA results (24,25). An IGRA assay
was performed in 1 case caused by M. szulgai and
was positive.

Treatment and Outcomes

Various treatment strategies were used with differ-
ing outcomes in cases of NTM lymphadenitis (Table
1). The most common treatment strategy consisted of
complete surgical resection with (n = 88) or without (n
= 80) antimycobacterial antimicrobial drugs, followed
by antimicrobial drug therapy alone (n = 76). Pyo-
genic surgical site superinfection occurred in 3.4% (n
= 7) of cases who underwent surgery. Overall, 62.1%
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(n = 193) patients initially received antimicrobial
drugs for a median (IQR) time of 16 (8-24) weeks; the
most used regimens were a macrolide combined with
ciprofloxacin (49.2%, n = 95), rifampin (10.4%, n = 20),
ethambutol (9.3%, n = 18) or rifabutin (5.7%, n = 11).
Of the cases treated with antimicrobial drugs, 8.3% (n
= 16) were treated with clarithromycin only, 7.3% (n
= 14) received 3-drug regimens, and 1.6% (n = 3) re-
ceived 4-drug regimens (Appendix Table 7). No cases
of paradoxical worsening were reported. Adverse
events because of antimicrobial drugs were uncom-
mon (gastrointestinal symptoms n = 3; neutropenia n
= 3; hearing loss n = 1; lethargy n = 1).

Follow-up data were available for 92.6% (n = 288)
of cases (median [IQR] follow-up time from diagno-
sis 0.6 [0.3-1.0] years) (Table 2). Unplanned treatment
during follow-up was performed in 18.4% (n = 53)
cases and included surgery with (n = 3) or without
(n = 44) antimicrobial drugs or antimicrobial drugs
alone (n = 6) (Appendix Table 7). Among 280 cases
with Penn clinical stages I to III at initial examination,
fistula formation occurred in 12.9% (n = 36) of cases.
Of those cases, children who were managed with ob-
servation alone had a significantly higher risk for fis-
tula formation than those treated with antimicrobial
drugs alone (45.0% [n =9] vs. 16.4% [n = 10]; relative
risk 2.7 [95% CI 1.3-5.3]; p = 0.014). Recurrent NTM
lymphadenitis after resolution of symptoms and
signs of the initial clinical manifestation occurred in
5.6% (n =16) children.

At the last available follow-up, 65.3% (n =
188) children were reported to have no sequelae.

Figure 3. Geographic distribution
of nontuberculous mycobacterial
lymphadenitis cases in Spain.
The pie charts show the

species in each region: yellow,
Mycobacterium avium complex;
red, Mycobacterium lentiflavum;
green, all other species. The size
of each pie chart is proportional
to the number of cases reported
in the respective region.
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Table 2. Complication details during follow-up by initial therapeutic strategy at initial examination of patients from a 28-year multicenter

cohort study of NTM lymphadenitis in children, Spain*

Complete

Drainage + Complete resection +

Antimicrobial ~ Drainage  antimicrobial  resection antimicrobial
Characteristics Observation  drugs alone alone drugs alone drugs p value
Need for unplanned treatment 1/25 (4.0) 20/72 (27.8)  3/6 (50.0) 13/29 (44.8) 4/77 (5.2) 11/88 (12.5) 0.033
New fistula formationt 9/20 (40.0) 10/61 (16.4)  2/5 (40.0) 3/20 (15.0) 2/71 (2.8) 10/82 (12.2) 0.002
Recurrent NTM infection 0/21 (0) 1/67 (1.5) 2/6 (33.3) 0/27 (0) 2/76 (2.6) 10/87 (11.5) 0.020

Sequelae

None 15/21 (71.4)  48/67 (71.6) 5/6 (83.3)  13/27 (48.1) 55/76 (72.4) 48/87 (55.2) 0.073
Hypertrophic scar 2/21 (9.5) 11/67 (16.4)  1/6 (16.7) 8/27 (29.6) 9/76 (11.8)  21/87 (24.1) 0.244
Skin discoloration 4/21 (19.0) 8/67 (11.9) 0/6 (0) 3/27 (11.1) 5/76 (6.6) 7/87 (8.0) 0.122
Transient facial palsy 0/21 (0) 2/67 (3.0) 0/6 (0) 4/27 (14.8)  8/76 (10.5)  9/87 (10.3) 0.025
Permanent facial palsy 0/21 (0) 1/67 (1.5) 0/6 (0) 0/27 (0) 1/76 (1.3) 5/87 (5.7) 0.089
Facial palsy 0/21 (0) 3/67 (4.5)f 0/6 (0) 4/27 (14.8) 9/76 (11.8)  14/87 (16.1) 0.004

*Values are no. patients/total no. evaluated (%). NTM, nontuberculous mycobacteria
tExcludes patients with clinical stage grade IV (with fistula) at initial examination.
TAIl 3 patients were initially managed only with antimycobacterial antimicrobial drugs, but subsequently underwent surgery; facial palsy developed only

after the surgical intervention.

Patients with preexisting medical conditions at diagnosis (n = 4) were excluded from this analysis. Groups were compared by using chi-square test

Among children with sequelae, the most common
findings were hypertrophic scar or keloid (18.1%,
n = 52) and skin discoloration (9.4%, n = 27). Tran-
sient facial palsy occurred in 8.0% (n = 23) of cases,
and permanent facial palsy occurred in 2.4% (n =7)
of cases. All case-patients had undergone surgery
either when diagnosed or during follow-up. The af-
fected sites were submandibular (n = 20), parotid
(n = 6), superficial or deep cervical (n = 6), jugu-
lodigastric (n = 5), and preauricular (n = 4). Frey
syndrome developed after excisional surgery in a
patient with M. lentiflavum cervical and preauricu-
lar lymphadenitis.

After excluding patients with underlying medi-
cal conditions, patients treated with antimicrobial
drugs alone or drainage (with or without antimicro-
bial drugs) more often required unplanned treatment,
which included surgery in most cases (Table 2). No
significant differences between initial treatment strat-
egies were observed regarding aesthetic sequelae, but
facial palsy was significantly more common among
patients who had undergone surgery at diagnosis
(Table 2). Further detailed analyses revealed no other
risk factors associated with the development of se-
quelae (Appendix Table 8). A subgroup analysis in-
cluding only children with clinical stage I lymphad-
enitis at initial clinical examination showed similar
results (Appendix Table 9).

Comparison between Dominant Species

MAC and M. lentiflavum

Children with lymphadenitis caused by M. lentifla-
vum were younger at initial clinical examination,
more often reported in the prospective phase of the
study, and more common in central Spain (86.3%, n
=107 isolates), whereas MAC was more prevalent in
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the peripheral regions (61.2%, n = 82 isolates) (Table
1; Figure 3). The duration of symptoms before initial
examination was shorter in M. lentiflavum cases, and
submandibular and preauricular sites tended to be
more commonly affected (Table 1). Differences were
observed in the initial treatment strategies and the
rate of new fistula formation, which was more com-
mon in MAC cases.

Discussion

This large study of children with microbiologically
confirmed NTM lymphadenitis resulted from col-
laboration between 3 large mycobacterial research
networks. Because of the participation of 33 ter-
tiary and quaternary units providing healthcare for
children with NTM infections distributed widely
across Spain, we were able to identify several epide-
miologic trends. First, the number of NTM lymph-
adenitis cases in the prospective phase initially
remained stable until 2020, followed by a sharp
decline coinciding with the COVID-19 pandemic, a
trend observed in many other childhood infections
(26). Because our study was on the basis of a con-
venience sample, we were not able to calculate in-
cidence rates, but previous studies from the Neth-
erlands, Germany, Wisconsin (USA), and Australia
have reported incidences of 0.8-3.3 cases/100,000
children, although each study used different in-
clusion criteria (2,27-29). Of note, the ENSeMBLE
study was deliberately designed to have stringent
entry criteria that included the presence of microbi-
ological confirmation, which led to high validity of
our data but also resulted in a smaller cohort than
if cases solely identified on clinical grounds were
included. Second, our data confirm the observation
that case numbers of NTM lymphadenitis typically

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025


http://www.cdc.gov/eid

peak in spring in countries with moderate climate,
a phenomenon that was first described by a single-
center study from Australia (3). Third, geographic
differences in the distribution of causative NTM
species across the country were observed; M. lenti-
flavum was responsible for most cases in the central
regions of Spain, whereas MAC predominated in
almost all other regions.

In our cohort, M. lentiflavum was almost as com-
mon as MAC, which was the predominant agent in
almost all previous studies on NTM lymphadeni-
tis (3,27-29). Until the early 21st Century, M. lenti-
flavum was rarely reported as a causative agent of
disease in humans. A meta-analysis in 2015 identi-
fied only 1 case (of 1,274) of lymphadenitis caused
by M. lentiflavum (6). Nevertheless, this NTM species
was described as an emerging pathogen in several
small case series of NTM lymphadenitis in southern
Europe over the past decade (4,30-32) and in cystic
fibrosis patients (33-35). It was hypothesized that M.
lentiflavum emergence might be because of improve-
ments in identification techniques such as molecular
tests and sequencing, rather than the result of an eco-
logic evolution (30). Of note, when we compared the
2 most prevalent species in our study, M. lentiflavum
tended to affect younger patients, mainly occurred
in the center of the country, had a faster disease
course, and predominantly involved submandibular
and preauricular lymph nodes compared with MAC.
Our findings suggest that a combination of bacterial,
host, and environmental factors might play a role in
the recent emergence of M. lentiflavum (36).

In this study, IGRA assays yielded negative
results in almost 90% of cases, but a TST+/IGRA-
constellation was only observed in two thirds of the
cases that underwent both tests. Our results support
the dual immunodiagnostic strategy previously re-
ported (1,13,14), but also highlight several limita-
tions. First, we did not include an uninfected control
group and therefore could not calculate specificity
rates. Second, IGRA assays are not universally avail-
able, particularly in low-resource settings where
TB lymphadenitis plays a greater role. Third, posi-
tive IGRA results were observed in 9 patients in
our cohort and were because of different reasons:
infection by M. szulgai, an NTM species known to
express ESAT-6 (24,25); probable concomitant TB in-
fection (in children with epidemiologic risk factors);
and false-positive IGRA results with borderline
interferon-y responses that reverted to negative upon
repeat testing. Finally, TST results were negative in
39.6% (n = 110) of cases in which this test was per-
formed. This finding aligns with data from previous
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studies, which have reported TST results to be
negative in 30%-50% of patients with NTM lymph-
adenitis (1). Nevertheless, in the absence of micro-
biological confirmation in a child with compatible
symptoms and signs, a TST+/IGRA- result constel-
lation supports the diagnosis of NTM lymphadeni-
tis. However, such findings should be considered
together with the results of other investigations as
part of a comprehensive diagnostic work-up.

Our study was observational, with small sample
sizes for some treatment options and a risk of con-
founding bias; therefore, the treatment and outcome
data must be interpreted with caution. In contrast
with 2 studies from the same group, we found that
antimycobacterial treatment was generally well toler-
ated and that adverse events were rare and typically
short-lived (37,38). In comparison, excisional surgery
was associated with a substantial risk for facial nerve
palsy, of which 8.0% of cases were transient and 2.4%
permanent. Those data are similar to data from a pre-
vious meta-analysis documenting 7.6% transient fa-
cial nerve palsy and 2.1% permanent facial nerve pal-
sy (6). As previously reported, our data also confirm
that drainage alone is an inadequate management
option, because most patients require further inter-
ventions (39-41). Furthermore, in children without
fistula at initial clinical examination, those managed
with observation alone had an almost 3-fold higher
risk for developing a fistula during the disease course
compared with children treated with antimycobacte-
rial antimicrobial drugs alone. Ultimately, treatment
decisions should consider diagnostic certainty, loca-
tion and extent of the disease, local surgical experi-
ence, and parental preferences (1,17,18).

Our study is limited as an ambispective observa-
tional design, inevitably resulting in some data not
being available. During the prospective phase of the
study, two thirds of the total cases were reported,
likely because of ascertainment bias. Also, we did not
collect data on acid-fast staining, culture media, or the
molecular assays used across different sites, some as-
says being noncommercial in-house assays. Although
<50% of cases had both TST and IGRA testing com-
pleted, the cohort size enabled us to produce mean-
ingful data. Randomized trials would be beneficial
to clarify the optimal therapeutic strategy for NTM
lymphadenitis, ideally with stratification according to
clinical stage at initial clinical examination.

In conclusion, in this 28-year national cohort of
microbiologically confirmed NTM lymphadenitis, M.
lentiflavum emerged as a major causative species. Tem-
poral analyses revealed seasonal peaks in spring and
troughs in autumn. Our data support the combined
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use of TST and an IGRA assay in the diagnostic work-
up of protracted cervical lymphadenitis in young
children pending microbiological results, although
positive IGRA results can occur and require careful
interpretation. Complete surgical resection was asso-
ciated with a substantial risk for facial nerve palsy.
Observation alone was associated with a higher risk
for new fistula formation than treatment with antimy-
cobacterial antimicrobial drugs, which were overall
well tolerated.
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Diphtheria Outbreak among
Persons Experiencing
Homelessness, 2023, Linked
to 2022 Diphtheria Outbreak,
Frankfurt am Main, Germany

Jonas Haller,! Anja Berger,! Alexandra Dangel,* Katja Bengs, Imke Friedrichs, Christian Kleine,
Dorothee Schmidt, Maria Goetzens, Udo Goetsch, Michael Hogardt, Andreas Sing

After 3 cases of Corynebacterium diphtheriae infection as-
sociated with intravenous drug use among persons expe-
riencing homelessness (PEH) were reported to the Health
Protection Authority in Frankfurt am Main, Germany, in
2023, we examined pathogen spread among PEH. Further-
more, we investigated a possible link with the 2022 outbreak
of diphtheria in Europe. From swab samples collected dur-
ing August—-November 2023 from 36 PEH and cutaneous
lesions, we detected 3 additional cases of cutaneous toxi-
genic C. diphtheriae. Sequence type 574 was identified in
5 case-isolates and is genetically associated with 1 of the
predominant clusters in identified in the 2022 outbreak. Our
findings demonstrate the need for increased detection and
monitoring of cutaneous diphtheria and boosting immunity
against diphtheria in groups with increased risk for infec-
tion. Genomic analyses are valuable for identifying genetic
relationships between outbreaks, even when epidemiologic
data are scarce.

Diphtheria is a vaccine-preventable disease,
caused most often by toxigenic strains of Cory-
nebacterium diphtheriae. Diphtheria is a worldwide
public health threat that may affect the respiratory
tract, especially the larynx or the skin, and may rare-
ly cause ocular, otic, or genital disease (1-3). C. diph-
therige is almost exclusively harbored by humans,
and transmission is primarily through airborne
respiratory droplets or direct contact with cutaneous
lesions or contaminated objects and fomites (1,3).

The incubation period for diphtheria is typically 2-5
days (range 1-10 days) (3-5). In wound infections, C.
diphtheriae is frequently found along with other skin
pathogens such as Streptococcus pyogenes or Staphylo-
coccus aureus (6).

Cutaneous wounds colonized or infected by toxi-
genic C. diphtheriae are a concerning potential source
of severe respiratory diphtheria infections, which can
lead to high mortality rates when untreated (7). The
primary treatment available to neutralize the effects
of the toxin is equine diphtheria antitoxin, which
should ideally be administered within 48 hours of ini-
tial symptom onset. However, the production, sup-
ply, and availability of equine diphtheria antitoxin
have declined over the past decade because of low
demand across Europe, leading to shortages in many
countries in Europe (4,8,9).

The World Health Organization aimed to elimi-
nate diphtheria by 2000; thus, a worldwide immuni-
zation program was initiated in the late 1970s. As a
result, diphtheria cases have substantially decreased
in many countries (10,11). Full vaccination, typically
requiring >3 doses of a diphtheria toxoid-contain-
ing vaccine, provides robust protection: 87% against
symptomatic disease and 93% against death (5).

In Europe, diphtheria affects mainly persons in-
sufficiently immunized before travel to regions where
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diphtheria is endemic (e.g., Africa, the Eastern Medi-
terranean, and Southeast Asia) and vaccination cover-
age is historically low (1,4,12-15). In 2015, the Europe-
an Centre for Disease Prevention and Control issued a
rapid risk assessment concerning the potential occur-
rence of cutaneous diphtheria among migrants origi-
nating from diphtheria-endemic regions and unvacci-
nated travelers returning from those areas (16). Since
2022, cases of cutaneous diphtheria have notably in-
creased across numerous countries in Europe among
migrant populations, particularly affecting young men
originating from Syria and Afghanistan. Furthermore,
instances of respiratory diphtheria, some resulting in
fatalities, have also been documented (1-24).

Outbreaks have, however, also been observed in
other population groups. An outbreak of cutaneous
diphtheria caused by toxigenic C. diphtheriae in a group
of persons with alcohol use disorder in Sweden has
been described, and nontoxigenic C. diphtheriae has fre-
quently been found in the wounds of persons associ-
ated with intravenous drug use (IVDU) (19). Because
persons with alcohol and substance use disorders often
have difficulty accessing reliable medical care, under-
reporting might be a substantial problem, potentially
increasing the risk for diphtheria transmission (18-21).

In Germany, diphtheria is a notifiable disease. In
February 2023, a case of respiratory diphtheria was
reported to the Health Protection Authority in Frank-
furt am Main (hereafter abbreviated as Frankfurt),
followed by 2 cases of cutaneous diphtheria in June
and July 2023. In both cases, the infections were char-
acterized by superficial ulceration and abscess forma-
tion, primarily in the groin area. Both patients had
mixed wound infections with S. aureus, S. pyogenes, or
both. One patient died of S. aureus sepsis. For all 3 pa-
tients, the time since last vaccination against C. diph-
theriae was either unknown or confirmed to be >10
years. The patients experienced homelessness, spent
time around the central station in Frankfurt, and en-
gaged in IVDU. None of the 3 patients had traveled
outside of Germany within 10 days before the sample
collection date. Unfortunately, further epidemiologic
investigation and contact tracing was not possible.

Until the report of a respiratory diphtheria case
in a person with IVDU and experiencing homeless-
ness in February 2023, no isolates from non-travel-
related patients with tox gene have been reported in
Frankfurt since 2014. The PCR test for the diphtheria
tox gene in all 3 isolates was positive; the number of
cases in the nonmigrant population of Frankfurt was
higher than expected. We investigated the extent of
the outbreak and its genetic relationship with other
cases reported in Germany.
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Material and Methods

Case Definition

We defined a suspected case as illness in any person
experiencing homelessness who had typical skin le-
sions and was notified during August 1, 2023-Octo-
ber 31, 2023, while residing in Frankfurt am Main and
without having returned from a diphtheria-endemic
area within the 10 days before testing. We defined a
probable case as illness in a person with a suspected
case and a positive culture result for C. diphtheriae. We
defined a confirmed case as illness in any person with
a probable case and a C. diphtheriae tox gene-positive
(tox+) isolate, which includes the 3 confirmed case-pa-
tients reported earlier in the year (February, June, and
July 2023). We did not classify probable cases with a C.
diphtheriae isolate that tested negative for the tox gene
(tox-) as confirmed cases. Although the definitions of
probable and confirmed case were applied to the Au-
gust-October 2023 period, the inclusion of earlier cases
enabled comprehensive knowledge of the outbreak.

Notifiable Disease

The first 3 PCR-positive (tox+) cases during February-
July 2023 were reported to the Health Protection Author-
ity in Frankfurt by various local hospitals. The first case
was identified by PCR and clinical signs/symptoms but
without any further typing. The other isolates were sent
to the German National Consiliary Laboratory for Diph-
theria at the Bavarian Health and Food Safety Authority
and World Health Organization Collaborating Centre
for Diphtheria (Landesamt fiir Gesundheit und Lebens-
mittelsicherheit) in Bavaria for toxigenicity testing and
whole-genome sequencing (WGS).

Patients were isolated and treated in single
rooms in the hospitals and, when possible, inter-
viewed by staff of the Health Protection Authority
with regard to possible contact persons. We collect-
ed information on age, sex, duration of illness at first
visit, clinical manifestations, and vaccination history
from medical records.

Epidemiologic Investigation

For further investigation and to determine the extent
of the outbreak, we initiated active case finding in col-
laboration with 3 aid organizations for persons expe-
riencing homelessness (PEH), persons with and with-
out concomitant drug dependence close to the central
railway station, or both, as follows. First, we gave
the aid organizations information about the potential
risk of PEH contracting diphtheria. Then, during Au-
gust 2023-October 2023, the public health authority
of Frankfurt supplied the homeless aid organizations
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with the necessary material to systematically screen
all patients with skin lesions for C. diphtheriae. Patients
with open skin wounds were medically examined by
a doctor and informed about the screening, which
was followed by simultaneous collection of wound
and throat swab samples. Last, persons exhibiting
clinical signs of respiratory diphtheria or severe skin
lesions were promptly directed to the nearest hospital
for further evaluation to confirm or rule out suspicion
of diphtheria and to receive treatment. In addition to
the age, sex, and location of the affected persons, we
also received information about their medical history,
including possible dependency disorders, vaccina-
tion status, and signs/symptomes.

Vaccination
Among the ~300 PEH in Frankfurt, vaccination cover-
age against diphtheria is mostly unknown because of
lost vaccination cards and sporadic visits to medical
aid facilities. Therefore, we conducted a vaccination
campaign in collaboration with the Elisabethen Street
Ambulance (ESA), one of the aid organizations for PEH.
In December 2023, the local health authorities provided
ESA with 50 doses each of diphtheria-tetanus and in-
fluenza vaccine. To ensure comprehensive coverage, a
mobile team of streetworkers and a medical doctor from
ESA made weekly outreach visits to the central railway
station area via a specialized bus to reach persons who
did not have easy access to the ESA facility
Furthermore, we conveyed essential knowledge
about diphtheria to the staff members within various
homeless aid organizations, raising awareness about
diphtheria and encouraging them to confirm their vac-
cination status. Following the Germany national guide-
lines for a proven case of diphtheria, we recommended
that in-contact persons whose last vaccination for diph-
theria was >5 years ago should receive a booster, as op-
posed to the standard interval of 10 years for boosters
(25). Staff members of the aid organizations were in-
structed to self-report any typical signs/symptoms to
their family doctor for further diagnosis after having
close contact with persons with suspected cases.

Microbiological and Genomic Analyses

At the Laborarztpraxis Rhein-Main MVZ GbR in
Frankfurt, we cultured samples on 5% sheep blood
and serum tellurite agar plates (both BD, https://
www.bd.com). After colony incubation for a mini-
mum of 3 days, we subjected colonies that exhibited
characteristics suggestive of coryneform bacteria to
matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry with VITEK MS PRIME
(bioMérieux, https://www.biomerieux.com), fol-
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lowed by microbiological susceptibility testing, which
was performed according to the guidelines from the
European Committee on Antimicrobial Susceptibil-
ity Testing for all isolates (https://www.eucast.org/
clinical_breakpoints) (1,17,26).

To verify toxigenicity and perform WGS, we sent
all cultivated C. diphtheriae isolates except the respi-
ratory C. diphtheriae isolate of the first observed case
to the German National Consiliary Laboratory on
Diphtheria at the Bavarian Health and Food Safety
Authority and World Health Organization Collabo-
rating Centre for Diphtheria in Bavaria. The German
National Consiliary Laboratory on Diphtheria veri-
fied toxigenicity by using real-time PCR (27) and the
optimized Elek test (28), after which WGS was per-
formed on 5 tox+ C. diphtheriae strains (16). We ana-
lyzed WGS data by using multilocus sequence typing
(MLST) of target loci atpA, dnakE, dnaKk, fusA, leuA, and
odhA (25) and also by core-genome MLST (cgMLST)
by using the C. diphtherize cgMLST scheme of 1,553
target loci (17) implemented in Ridom SeqSphere+
software (Ridom GmbH, https://www.ridom.de)
for centralized complex type (CT) nomenclature and
minimum spanning tree visualization. We performed
microbiological susceptibility testing according to the
guidelines from the European Committee on Antimi-
crobial Susceptibility Testing for all isolates (https://
www.eucast.org/ clinical_breakpoints) (29).

We defined a genetic cluster/relationship as
cgMLST profiles of isolates with a common CT,
with the empirical threshold of a maximum of 14 al-
lelic distances of the total 1,553 typed loci to the CT-
founder isolate that established the CT. We included
published C. diphtheriae isolates of the same sequence
type (ST) from Frankfurt and Europe in the cgMLST
analysis for genetic relatedness.

Results

Outbreak Outline

During August 1, 2023-October 31, 2023, a total of 36
suspected cases were identified. None of the patients
refused testing. Of the 36 suspected cases, 13 had
probable cases, determined by a positive culture for
C. diphtherige. Three confirmed cutaneous diphtheria
cases were identified, along with the 3 previously re-
ported cases from earlier in the year, bringing the to-
tal number of confirmed cases to 6: 1 respiratory case
and 5 cutaneous cases. Of the 10 nonconfirmed case-
patients harboring tox- C. diphtheriae isolates, 7 swab
samples were from wounds (Figure 1). Except for the
first reported case in February 2023, no patient exhib-
ited clinical signs of respiratory diphtheria. Only 1
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patient exhibited severe skin inflammation and was
hospitalized (Figure 1). Other skin pathogens (e.g., S.
pyogenes or S. aureus) were isolated from most swab
samples. All strains were resistant to trimethoprim/
sulfamethoxazole, but we did not observe any antimi-
crobial resistance against benzylpenicillin (high dos-
age), erythromycin, clindamycin, or tetracycline.

We describe all 6 confirmed cases of diphtheria
detected in 2023 because they belonged to 1 outbreak.
Most confirmed (5/6) and probable (12/16) case-
patients were male; median age was 40 years for the
probable case-patients (interquartile range 38-43) (Ta-
ble). Country of origin was Germany (n = 8), Poland
(n=4), or unknown (n = 4). All 16 patients with a pos-
itive culture for C. diphtheriae experienced homeless-
ness. Among them, 10 were associated with IVDU, 6
had an alcohol dependency disorder, and 4 had both
dependency disorders. The exact date of symptom
onset could not be determined because most wound
infections had occurred weeks to months earlier. Vac-
cination status was also unknown because of missing
vaccination records. No deaths were reported, and no
secondary cases were detected among persons work-
ing in the health aid organizations (Table). Further-
more, no further cases of wound/pharyngeal diph-
theria in the general population of Frankfurt were
notified during the study period.

Laboratory Analysis and Phylogeny

In 5 of the toxigenic outbreak isolates, MLST identi-
fied the common ST574. Therefore, those isolates were
analyzed by cgMLST and results were compared with
the database of sequenced C. diphtheriae genomes of
the Consiliary Laboratory on Diphtheria. The 5 ST574
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isolates showed very close genetic relatedness; total
allelic distances from each other were 0-4. Further-
more, the isolates were genetically linked to a cluster of
ST574 isolates from the 2022 outbreak among migrants
in Europe (23) (Figure 2), which also comprised 4 cas-
es among young migrants from the same geographic
region of Frankfurt. The 5 current outbreak isolates
from PEH in Frankfurt showed a total of 4-13 allelic
distances from the migration-associated isolates of that
cluster and, within that, 4-8 allelic distances from the
Frankfurt-based young migrants (Figure 2). All iso-
lates showed common CT 79, which means that each
isolate that harbors the CT has an allelic distance less
than or equal to the CT threshold of 14 alleles to the
CT-founder isolate that established the CT.

Treatment and Isolation of Case-Patients

In accordance with the National Guidelines (25),
case-patients received azithromycin (500 mg/d for
3 days). Azithromycin was preferred to other anti-
microbial drugs because its treatment duration is
shorter and it needs to be administered only once
per day. Because of difficult living conditions, only
wound coverage and antimicrobial treatment were
provided; no swab samples were collected to con-
firm pathogen eradication.

Outbreak Intervention

By the end of January 2024, a total of 26 PEH had
received 1 dose of diphtheria-tetanus vaccine and 1
dose of influenza vaccine, administered according
to the national recommendations for vaccinations in
Germany. We have no records of how many persons
out of the study population refused vaccination.

Figure 1. Details on 16 cases of
dipththeria in persons experiencing
homelessness, by sampling week,
toxigenicity (positive/negative), and
place of infection, Frankfurt am Main,
Germany, February—October 2023.
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Table. Demographic and clinical characteristics of 16 Corynebacterium diphtheriae cases among persons experiencing
homelessness, Frankfurt am Main, Germany, February—October 2023*

Demographics

Toxigenic status

Symptoms Substance abuse

Case no. Age group, y Sex  Country of origin Pharynx  Wound Respiratory  Wound Alcohol IV drugs
1t 26-35 F Germany UNK Y Y N Y
2t 26-35 M Afghanistan + N Y N Y
3t 36-45 M Germany + N Y Y Y
4t >60 M Poland + N Y Y N
5t 36-45 F Poland + N Y Y N
61 46-60 M Poland + N Y Y N
7 26-35 M Germany - N Y N Y
8 36-45 M Germany - N Y Y Y
9 36-45 F Germany - Y Y Y N
10 46-60 F UNK - N Y Y N
11 36-45 M UNK - Y Y N Y
12 46-60 M UNK - N Y Y Y
13 46-60 M Poland - N Y Y N
14 46—-60 M Germany - Y Y N Y
15 36-45 M Germany - N Y Y Y
16 36-45 M Germany - N Y N Y

*Probable and confirmed cases are shown. IV, intravenous; UNK, unknown.
TPreviously reported confirmed cases.

Discussion

In recent decades, the incidence of toxigenic C. diph-
theriae cases in Germany has been low because most
persons are vaccinated. However, sporadic cases of
imported diphtheria in travelers (30-32) show that
booster vaccination is needed to provide sustained
protection against the disease. In PEH who have an
IVDU or alcohol dependency disorder, single cases
and outbreaks have been reported repeatedly (33,34).
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Among PEH and persons who use substances, most
cases were cutaneous wound infections colonized by
nontoxigenic C. diphtheriae (17,35,36).

The unexpected notification of 3 cases of fox+
diphtheria in PEH in Frankfurt in early 2023 was the
reason for initiating active case finding among PEH in
Frankfurt. Our study identified predominantly fox—
strains, with 6 tox+ cases among PEH in Frankfurt.
That pattern aligns with findings from other studies

Figure 2. Minimum-spanning

tree of core-genome multilocus
sequence type analysis of toxigenic
Corynebacterium diphtheria, with
1,553 target loci of the whole-genome
sequencing-obtained genomes of the
toxigenic C. diphtheriae isolates from
an outbreak in 2023 compared with
genomes of an outbreak cluster of the
same ST (ST574) from a previously
reported outbreak among migrants
(23). Single-linkage allelic distances
are illustrated as a measure of genetic
related. FaM, Frankfurt am Main; ST,
sequence type.
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in which cutaneous manifestations of C. diphtheriae
rather than pharyngeal infections were found to be
prevalent, particularly among at-risk groups (37-39).
Cutaneous diphtheria is often observed in popula-
tions with limited healthcare access, including those
with high rates of alcohol dependency and IVDU, be-
cause wounds can serve as entry points for infection
(37,40). The skin lesions make person-to-person trans-
mission easier and can harbor both toxigenic and
nontoxigenic strains, increasing the risk for broader
community spread (37).

Active case finding, in collaboration with medi-
cal aid facilities, proved essential for identifying
and managing diphtheria cases among PEH. Those
facilities, often the primary contact points for vul-
nerable populations, provided a trusted environ-
ment that enable testing, treatment, and vaccina-
tion efforts. Given the limited healthcare access
and high prevalence of comorbid conditions such
as substance use disorders within this population,
conventional healthcare systems alone may strug-
gle to effectively reach such persons (40,41). By
engaging medical aid organizations and outreach
services, we were able to reach persons whose ill-
ness might otherwise remain undiagnosed, thereby
reducing potential transmission risks and improv-
ing outbreak containment.

Genetic analysis revealed notable similarity
among isolates from PEH, suggesting transmission
within this group despite the absence of clearly docu-
mented direct contacts. Sequence-based comparisons
showed that cases shared close genetic profiles (AD
0-4), indicating the likely circulation of C. diphtheriae
strains (ST574) within that population. That finding
highlights the value of genomic surveillance as an
epidemiologic tool, providing insights into transmis-
sion pathways that may not be captured by standard
contact tracing alone and underscores the value of
targeted interventions within at-risk populations to
mitigate further spread.

A plausible epidemiologic link between the
diphtheria outbreak among migrants in 2022 and
the recent outbreak among the community of PEH
in Frankfurt is suggested by identification of a ST574
cluster; the close genetic relationship that was sub-
sequently identified between ST574 isolates from the
2023 outbreak and ST574 isolates from the 2022 out-
break among young migrants; and the close relation-
ship of ST574 with CT-79. Our hypothesis is further
supported by epidemiologic evidence indicating
mobility and intermingling between those popula-
tions, particularly within urban centers (42). The
genetic congruence between the isolate genomes
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implies a direct or indirect transmission pathway,
whereby ST574 was introduced from case-patients
from the 2022 outbreak into the community of PEH,
either through direct contact or within shared envi-
ronments, such as shelters, aid facilities, or commu-
nal spaces.

During the diphtheria outbreak in Frankfurt,
the treatment strategy of azithromycin once daily
was preferred over multiple daily doses of erythro-
mycin or penicillin; outcomes were positive (1,43).
Both the national guidelines for Germany (29) and
the recently published World Health Organization
guidelines (February 2024) recommend the prima-
ry use of azithromycin to treat confirmed cases (44).
That regimen, with its shorter duration and once-
daily dosing, was specifically chosen to improve
treatment compliance.

Improving data on vaccination coverage among
PEH is essential. In this study, we were able to vac-
cinate only 26 of =300 persons in our potential target
group. Many patients faced challenges with regard
to adhering to further treatments (e.g., vaccinations),
potentially influenced by underlying mental health
conditions and other socio-environmental factors.
Understanding barriers to vaccine uptake in this com-
munity is crucial. A mixed-methods approach involv-
ing qualitative interviews with PEH and outreach
staff could identify specific challenges (e.g., limited
vaccine access, hesitancy, or inability to track vacci-
nations). Findings could guide strategies to improve
access (e.g., mobile vaccination units) and education
to address vaccine concerns. Furthermore, obtaining
reliable data on the vaccination status of PEH was dif-
ficult because of a lack of vaccination documents and
a national vaccination register in Germany. Similar
problems were encountered during investigations of
the outbreak among migrants in 2022 (1,16,23); mi-
grants receive the basic vaccinations in the initial re-
ception facilities in Germany.

In conclusion, our study underscores the chal-
lenges inherent in investigating and controlling
diphtheria outbreaks among PEH in a bustling ur-
ban center such as Frankfurt am Main. Our findings
demonstrate that active case finding for diphtheria
among persons in those populations is both feasible
and more successful when conducted in collaboration
with medical aid facilities dedicated to serving them.
By leveraging trusted access points, early detection
and intervention efforts can reach at-risk persons
more effectively, underscoring the value of engaging
community health resources.

Sustained awareness and vigilance are crucial,
particularly within medical aid facilities serving high-
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risk populations. Those facilities, in collaboration
with public health organizations, must establish and
maintain ongoing partnerships. Such continuous en-
gagement enables both parties to stay informed about
emerging public health threats and enhances their
preparedness for potential outbreaks. That approach
ensures that healthcare providers and the community
are more proactive and ready to respond to future in-
fectious disease risk.

Last, molecular typing has proven to be an in-
valuable asset for providing information about trans-
mission pathways within at-risk populations. By
analyzing the genetic profiles of diphtheria strains,
health authorities can gain critical insights into po-
tential links between cases, even when direct contact
tracing is not possible, thereby enhancing knowledge
of disease spread and the effectiveness of outbreak
control efforts.

BioSample sequences used in this study are shown in the
Appendix (https:/ /wwwnc.cdc.gov/EID/ article/
31/3/24-1217-Appl.xlsx).
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Macrolide-Resistant Mycoplasma
pneumoniae Infections among
Children after COVID-19

Pandemic,

Ohio, USA

Amy L. Leber, Tori Embry, Kathy Everhart, Jeanette Taveras, Sophonie J. Oyeniran, Huanyu Wang

Mycoplasma pneumoniae infections decreased in Ohio,
USA, during the COVID-19 pandemic but reemerged in
2023; >2,000 cases were reported during September
2023-September 2024. Of 995 M. pneumoniae—positive
samples, 24 (2.4%) had mutations for macrolide-resis-
tant M. pneumoniae (MRMp). MRMp rates are low but
increasing. MRMp surveillance is crucial for monitoring
antimicrobial resistance.

ycoplasma pneumoniae is a major pathogen of
community-acquired respiratory infection in
school-age children, accounting for 10%-40% of com-
munity-acquired pneumonia among hospitalized
children (I). M. pneumoniae is endemic worldwide,
and epidemics occur every few years (1). During the
COVID-19 pandemic, public health measures taken
to reduce transmission of SARS-CoV-2 also decreased
M. pneumoniae, and we saw almost no M. pneumoniae
activity in pediatric patients at Nationwide Children’s
Hospital (NCH), Columbus, Ohio, USA. Since the fall
of 2023, reports of M. pneumoniae infection have in-
creased worldwide (2). In central Ohio, we observed
a reemergence of M. pneumoniae activity in children
beginning in September 2023 and a sharp increase in
the summer of 2024.
Macrolides are the drug of choice for treating
M. pneumoniae infections (3). Macrolide resistance
is conferred by point mutations within the V re-
gion of 235 rRNA, which interferes with bacterial
protein synthesis leading to organism death. The
most common mutation is the change of A to G at
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location 2063 of the gene (A2063G), accounting for
>95% of the M. pneumoniae variants in the United
States, along with the A2064G mutation (4). Dur-
ing 2015-2018, macrolide-resistant M. pneumoniae
(MRMp) rates in the United States ranged from
2.1% to 18.3% (5); in a similar period, we reported
a 2.8% MPMp rate in our pediatric population (6).
With the reemergence of M. pneumoniae, we sought
to determine the rate of MRMp infections in chil-
dren in central Ohio.

The Study

The microbiology laboratory at NCH offers 2 tests to
detect M. pneumoniae: FilmArray Respiratory Panel
version 2.1 (RP2.1; BioFire Diagnostics, https://
www.biofiredx.com) (7) and a standalone laboratory-
developed PCR (8,9). During September 1, 2023-Sep-
tember 30, 2024, we identified patients <21 years of
age testing positive for M. pneumoniae by RP2.1 or
PCR. Patient sample collection occurred in inpatient,
outpatient, and emergency department (ED) settings
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/3/24-1570-Appl.pdf). We retrieved a sub-
set of remnant specimens for further characterization,
as previously described (6) (Appendix).

We collected data on patient demographics,
symptoms, clinical and laboratory findings, and hos-
pitalization status from electronic health records. We
analyzed age by Kruskal-Wallis test and reported
medians and interquartile ranges (IQRs). We ana-
lyzed categorical variables by x? test and conducted
analyses by using GraphPad (GraphPad Software
Inc., https:/ /www.graphpad.com).

During the study period, the NCH microbiology
laboratory performed 18,035 tests and identified 2,616
(14.5%) M. pneumoniae-positive samples from 2,469
unique patients during 2,478 medical encounters

555


https://doi.org/10.3201/eid3103.241570
https://www.biofiredx.com
https://www.biofiredx.com
https://wwwnc.cdc.gov/EID/article/31/3/24-1570-App1.pdf
https://wwwnc.cdc.gov/EID/article/31/3/24-1570-App1.pdf
https://www.graphpad.com
http://www.cdc.gov/eid

DISPATCHES

Table 1. Dates and characteristics of testing for macrolide-resistant Mycoplasma pneumoniae infections among children after COVID-19

pandemic, Ohio, USA*

Date Total no. tested M. pneumoniae—positive, no. (%) No. (%) sequenced Macrolide-resistant, no. (%)
2023
Sep 818 5(0.6) 0 NA
Oct 1,001 29 (2.9) 0 NA
Nov 1,348 59 (4.4) 0 NA
Dec 1,697 62 (3.7) 0 NA
2024
Jan 1,388 57 (4.1) 6 (10.5) 0
Feb 1,303 29 (2.3) 6 (20.7) 0
Mar 1,085 45 (4.2) 1(2.2) 0
Apr 965 56 (5.8) 27 (48.2) 0
May 1,045 106 (10.1) 47 (44.3) 0
Jun 1,020 266 (28.1) 145 (54.1) 1(0.7)
Jul 1,318 407 (30.9) 226 (55.5) 2(0.9)
Aug 2,009 642 (32.0) 285 (44.4) 10 (3.9)
Sep 3,038 853 (28.1) 252 (29.5) 11 (4.4)
Total 18,035 2,616 (14.5) 995 (38.0) 24 (2.4)

*NA, not applicable.

(Table 1; Figure). M. pneumoniae positivity rates re-
mained steady during September 2023-May 2024,
then rose sharply in early June 2024. The median age
of M. pneumoniae-positive patients was 8.8 (IQR 5.8-
11.6) years; 1,317 (53.3%) were male and 1,152 (46.7 %)
female (Table 2). Among patients, 304 (12.3%) were
hospitalized and 53 (2.1%) required intensive care
unit (ICU) admission. Among the 359 M. pneumoni-
ae-positive patients who had RP2.1 testing or RP2.1
and PCR testing, 129 (35.9%) had codetection of other
respiratory pathogens on the panel; all were viruses
(Table 2). The most common codetections were rhi-
novirus/enterovirus (n = 93, 72.0%) and adenovirus
(n=15,11.6%).

During January 2024-September 2024, we at-
tempted to sequence 1,096 (41.9%) of 2,616 posi-
tive samples and successfully sequenced 995 (91%).
Among successfully sequenced samples, 85 (35.4%)
were from inpatients, 787 (39.8%) from outpatients,
and 123 (30.9%) from ED patients. We detected muta-
tions associated with MRMp in 24 (2.4%) samples; 22
were A2063G, 1 A2064G, and 1 A2064T. The percent-
age of resistance detected differed by month, and the
highest rate (4.4%) was detected in September 2024 (p
=0.0466) (Table 1; Figure). The median age of those 24
patients was 8.4 (IQR 5.0-9.8) years; 15 (62.5%) were
male and 9 (37.5%) female. Among MRMp-posi-
tive patients, 5 (20.8%) had previous azithromycin

Figure. Monthly testing volumes and rates of MRMp infections among children after COVID-19 pandemic, Ohio, USA. Samples were
tested for Mycoplasma pneumoniae infection during September 2023—-September 2024 by FilmArray Respiratory Panel version 2.1
(BioFire Diagnostics, https://www.biofiredx.com), an in-house M. pneumonia PCR, or both. Macrolide resistance was determined

in a subset of samples. MRMp rates were not available during September 2023-December 2023. MRMp, macrolide-resistant

Mycoplasma pneumoniae.
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Table 2. Laboratory characteristics for macrolide-resistant Mycoplasma pneumoniae infections among children after COVID-19

pandemic, by age group, Ohio, USA*

Age group, y

Characteristics Total no. <2 2to <6 6 to <10 >10 p value

No. samples tested 18,035 5,288 4,373 3,401 4,973 NA
M. pneumoniae—positive 2,616 (14.5) 109 (2.1) 601 (13.7) 904 (26.6) 1,002 (20.1)  <0.0001
Sequenced 995 (38.0) 30 (27.5) 224 (37.3) 363 (40.2) 378 (37.7) NA
Macrolide-resistant 24 (2.4) 13.3) 6 (2.7) 12 (3.3) 6 (1.6) NS

No. positive unique patients 2,469 82 572 865 950 NA

Sex
M 1,317 (53.3) 48 (58.5) 319 (55.8) 457 (52.8) 493 (51.9) NS
F 1,152 (46.7) 34 (41.4) 253 (44.2) 408 (47.2) 457 (48.1)

No. medical encounters 2,478 83 575 866 954 NA
Hospitalization 304 (12.3) 23 (27.7) 91 (15.8) 81(9.4) 109 (11.4) <0.0001
Intensive care unit admission 53 (2.1) 6(7.2) 19 (3.3) 14 (1.6) 14 (1.5) 0.0009
RP2.1 tested 359 31 98 100 130 NA
Codetectiont 129 (35.9) 19 (61.3) 51 (52.0) 31 (31.0) 28 (21.5) <0.0001

*Values are no. (%) except as indicated. NA, not applicable; NS, not statistically significant; RP2.1, FilmArray Respiratory Panel version 2.1 (BioFire

Diagnostics, https://www.biofiredx.com).
tCodetection of M. pneumoniae and other viruses.

exposure, and 5 required hospitalization (Appendix
Table 2). Two patients had another M. pneumoniae-
positive sample collected 3-4 weeks before the sam-
ple from which mutations were detected. In both
cases, we sequenced the prior sample and detected
no mutations. Those 2 patients received azithromycin
at both of their clinical encounters.

M. pneumoniae positivity rates were significantly
higher among children >6 years of age (p<0.0001).
The rate among children <2 years of age was 2.1%
compared with 26.6% among children 6-10 years of
age. In contrast, the hospital and ICU admission rates
were higher for children <2 years of age (p<0.001)
(Table 2). Younger children also had higher rates of
codetection; 61.3% of children <2 years of age had
other respiratory pathogens detected (p<0.001) (Table
2). Mutations were detected in all age groups.

During the COVID-19 pandemic, introduction of
nonpharmaceutical interventions interrupted epidem-
ics of other respiratory pathogens, resulting in a sub-
stantial decline of respiratory infections worldwide
(10). Since 2021, other respiratory pathogens have
resurged after those interventions were lifted and
community transmission returned (11). However, we
detected little M. pneumoniae activity in our patient
population until September 2023. That delayed re-
emergence has also been reported from other parts of
the world (11). Unlike other areas where M. pneumoniae
has reemerged with case numbers similar to or slightly
higher than prepandemic times (12,13), the ongoing M.
pneumoniae surge in our patient population is the larg-
est we have seen in the past 10 years, >2,000 cases in
4 months (June 2024-September 2024), compared with
1,350 total cases during January 2012-January 2019.

Although more children were infected with
M. pneumonige in 2024, the hospitalization and
ICU admission rates were lower than our previous

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

prepandemic report (6). That reduction is possibly be-
cause of the increased availability of molecular test-
ing and greater awareness of M. pneumoniae testing
during periods of heightened activity; 70% of testing
orders came from outpatient or ED visits. The pro-
gression and severity of this M. pneumoniae reemer-
gence has yet to be evaluated.

Surveillance data from the Centers for Disease
Control and Prevention (https://www.cdc.gov/my-
coplasma/php/surveillance) suggest that the 2024
M. pneumoniae surge involved more young children
(2-4 years). However, incidence of M. pneumoniae in-
fection in our cohort remained highest among school-
age children and adolescents. The median age of M.
pneumoniage-positive children in this study was similar
to our previous prepandemic report (6). Other coun-
tries also observed higher detection among school-
age children and adolescents during the 2023-2024
M. pneumoniae surge (12,14).

MRMp has been reported globally and rates
vary between regions. Few data are available in the
United States, particularly after the COVID-19 pan-
demic. One report from southeast Germany showed
a 2.6% resistance rate among 2023-2024 M. pneu-
moniae strains (15); another study from southern
China found a 96.4% resistance rate after COVID-19
(12). We found that the MRMp rate remains low in
this study population; only 2.4% of detected M. pneu-
moniae carried the mutation. However, MRMp rates
increased in September 2024 (4.4%) compared with
June 2024 (0.7%) and May 2024 (n = 0) (p = 0.0466).
We sequenced 38.0% of M. pneumoniae-positive sam-
ples across all age groups and clinical settings, thus
reflecting MRMp rates across the patient population.
More work is needed to understand MRMp in differ-
ent patient populations and geographic locations and
its effects on patient care.
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One limitation of this study is that it was a sin-
gle-center study; thus, MRMp rates might not reflect
other US regions in or different populations. The data
may continue to evolve because the M. pneumoniae
surge is ongoing.

Conclusions

In summary, we report macrolide resistance in
M. pneumoniae after COVID-19 in our community. Al-
though MRMp remains low, MRMp is trending up-
ward, underscoring the need for vigilant surveillance
to provide accurate information for management of
children with M. pneumoniae infection and maintain
awareness of antimicrobial resistance.
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Simultaneous Detection of
Sarcocystis hominis, S. heydorni,
and S. sigmoideus in Human
Intestinal Sarcocystosis,
France, 2021-2024

Maxime Moniot, Patricia Combes, Damien Costa, Nicolas Argy,
Marie-Fleur Durieux, Thomas Nicol, Céline Nourrisson, Philippe Poirier

To elucidate the epidemiology of Sarcocystis spp.
parasites in human intestinal infections, we used high-
throughput sequencing to investigate human intestinal
sarcocystosis cases identified by microscopy in France
during 2021-2024. Our results indicate that humans are
a definitive host of S. sigmoideus parasites and that oc-
currence of multiple species in 1 patient is common.

he coccidian parasite Sarcocystis is one of the most

frequently identified protozoa of warm-blooded
and poikilothermic animals worldwide, causing an
intestinal infection in the definitive host or an extrain-
testinal infection in the intermediate host (1). Human
intestinal sarcocystosis (i.e., humans as the definitive
host) is rarely reported (2-6); only 3 of nearly 200 de-
scribed Sarcocystis species have been identified as re-
sponsible for human intestinal infections (1). Infection
is acquired by ingesting raw or undercooked meat
containing cysts of the parasite, such as pork for S.
suthominis or beef for S. hominis and S. heydorni (1,7).
One human case involving S. cruzi infection was also
reported, but the presence of this species, for which
canids are the definitive host, has yet to be confirmed
in humans (2,8).

Genetic characterization of Sarcocystis spp. is
commonly based on the mitochondrial cytochrome
¢ oxidase subunit I (COI) gene sequence. Recently,
Rubiola et al. described a new species that infects bo-
vine muscle, named S. sigmoideus (9). Retrospective
analyses of genomic data available in GenBank re-
vealed that this species previously had been detected
in 2 other carcasses in Italy and 6 in Belgium (10-12).
The definitive host for this new species was still un-
known (9). Here, we report the presence of S. sigmoid-
eus sporocysts in feces from several human patients in
France. We also report cases of S. heydorni infections
and highlight a high frequency of patients infected
with multiple species simultaneously.

According to the French Ministry of Health, data for
these patients were collected as part of routine surveil-
lance and epidemiologic investigations by the National
Reference Center for Cryptosporidiosis, Microsporidia
and Other Digestive Protozoa (Public Health Code
Article L 1413-3, https://www.santepubliquefrance.
fr/a-propos/nos-principes-fondateurs/ centres-nation-
aux-de-reference-pour-la-lutte-contre-les-maladies-
transmissibles-cnr). Therefore, this study is exempt
from institutional review board review.
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Université Rouen Normandie, Rouen, France (D. Costa); CHU
Rouen Centre National de Référence Cryptosporidioses,
Microsporidies et autres protozooses digestives (Centre
coordonnateur), Rouen (D. Costa); Hopital Bichat-Claude Bernard,

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

Paris, France (N. Argy); MERIT UMR 216, IRD, Faculté de
pharmacie de Paris, Université Paris Cité, Paris (N. Argy); Centre de
biologie et de recherche en santé, Hopital Universitaire Dupuytren,
Limoges, France (M. Durieux); CHU Angers, Angers, France

(T. Nicol); Microbes, Intestin, Inflammation et Susceptibilité

de 'Héte, UMR Inserm/Université Clermont Auvergne U1071,

USC INRAE 1382, Clermont-Ferrand (C. Nourrisson, P. Poirier)

DOI: https://doi.org/10.3201/eid3103.241640

559


https://www.santepubliquefrance.fr/a-propos/nos-principes-fondateurs/centres-nationaux-de-reference-pour-la-lutte-contre-les-maladies-transmissibles-cnr
https://www.santepubliquefrance.fr/a-propos/nos-principes-fondateurs/centres-nationaux-de-reference-pour-la-lutte-contre-les-maladies-transmissibles-cnr
https://www.santepubliquefrance.fr/a-propos/nos-principes-fondateurs/centres-nationaux-de-reference-pour-la-lutte-contre-les-maladies-transmissibles-cnr
https://www.santepubliquefrance.fr/a-propos/nos-principes-fondateurs/centres-nationaux-de-reference-pour-la-lutte-contre-les-maladies-transmissibles-cnr
http://www.cdc.gov/eid
https://doi.org/10.3201/eid3103.241640

DISPATCHES

Figure 1. Oocysts of Sarcocystis spp. from patients with human intestinal sarcocystosis, France, 2021-2024. A) Concentrated stool
smear stained using the merthiolate-iodine-formaldehyde method. Sporulated oocysts are colorless and contain 2 elongated sporocysts.
The oocyst wall is thin and often invisible in wet mount. B) Wet mount. Each sporocyst contains 4 banana-shaped sporozoites and

a granular sporocyst residuum, which may be compact or dispersed. The 4 sporozoites are rarely seen in a single plane of focus. C)
Fresh homogenized stool smear under fluorescent microscopy. Individual sporocysts are autofluorescents and will appear blue with an

excitation filter of 330—-365 nm. Scale bars indicate 10 ym.

The Study

The patients included in this study underwent test-
ing for intestinal parasites during October 2021-July
2024 because of gastrointestinal disorders or for sys-
tematic screening. Testing was performed in medi-
cal analysis laboratories by microscopic examination
of fresh homogenized stool samples highlighting
Sarcocystis spp. oocysts, sporocysts, or both (Figure
1). Oocysts/sporocysts were observed in 19 patients
(Table), 8 women and 11 men, ranging in age from
19 to 94 years, all living in France. Of the 19 patients,
17 had reported acute, chronic, or occasional diar-
rhea lasting up to several months; the remaining 2
patients (case identification nos. S01-05 and S01-14)
had infection diagnosed during systematic screen-
ing. No apparent cause other than Sarcocystis infec-
tion has been reported to explain the gastrointestinal
disorders, except in 2 patients, 1 with concomitant
Salmonella infection (case identification no. S01-03)
and 1 with concomitant Taenia saginata infection
(case identification no. S01-19). Some other symp-
toms were occasionally observed, such as abdomi-
nal pain, constipation, weight loss, nausea, ileitis,
eosinophilia, or blood in stool (Table).

A total of 23 stool samples from the 19 patients
were prospectively sent to the French National Ref-
erence Center for Cryptosporidiosis, Microsporidia
and Other Digestive Protozoa for further molecu-
lar analysis (Appendix, https://wwwnc.cdc.gov/
EID/article/31/3/24-1640-Appl.pdf). In brief, high-
throughput sequencing (HTS) was performed on a
332-bp region of the mitochondrial cytochrome c oxi-
dase subunit I gene. We constructed a phylogenetic
tree on the basis of the partial gene sequence from the
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41 characterized Sarcocystis spp. isolates and refer-
ence sequences from GenBank by using the neighbor-
joining method (Figure 2). The different Sarcocystis
spp. contigs clustered with the reference sequences
with a maximum variation of 2 nt over the 332-bp se-
quence analyzed (Table). Most (11/19) patients were
co-infected with multiple Sarcocystis species (S. homi-
nis was most frequently detected); S. sigmoideus infec-
tion was detected in 9 patients and S. heydorni infec-
tion in 5 patients.

Conclusions
Among the Sarcocystis parasite species present in beef
meat (i.e., cattle as intermediate host), S. hominis was
the first species reported to infect humans as the defini-
tive host (8). Then, S. heydorni was indirectly consid-
ered to infect humans after it was observed in calves
fed with sporocysts from the feces of a human volun-
teer (7). Our results expand on that previous report of
human S. heydorni infection by identifying 5 more hu-
man cases. Recently, S. sigmoideus was described as a
novel species in bovine carcasses. Felids were hypothe-
sized to be the definitive hosts for this species, whereas
identical samples harboring both S. sigmoideus and S.
hominis suggested a potential zoonotic role (9). Here,
we confirm at least the second hypothesis by reporting
that humans are a definitive host of S. sigmoideus.
During the study period, we performed molecu-
lar analyses on microscopically positive fecal samples
(i.e., detection of oocysts/sporocysts) from 19 patients
and detected S. sigmoideus parasites in 9 of them. An
association with S. hominis parasites was detected in 6
patients and with S. hominis plus S. heydorni parasites
in 3 patients.
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A limitation of our study is that we could not
microscopically distinguish between sporocysts of
different species because most patients were co-in-
fected. We also had to consider that, after ingestion
of infected meat, some transient Sarcocystis DNA re-
sulted in HTS reads that were not associated with
the sporocysts seen in the fecal samples. However,
we excluded that possibility because repeated stools
spaced over 3 to 24 days for 3 co-infected patients

Human Intestinal Sarcocystosis, France, 2021-2024

showed the same species in the same proportions
(data not shown). Also, in the 19 cases analyzed, we
never detected reads from S. cruzi, which is highly
prevalent in beef meat but does not infect humans. To
definitively confirm that hypothesis, future attempts
should be made to perform single-cell sequencing
on sporocysts/oocysts isolated from microscopy or
by species-specific labeling with species-specific hy-
bridization probes.

Table. Clinical manifestations and molecular findings for 19 cases of human intestinal sarcocystosis, France, 2021-2024*

HTS GenBank accession
Case Age, Sarcocystis no. of reference

ID y/sex Signs/symptoms Sample date  Contigs  No. (%) reads species sequence
S01-01 71/F Acute diarrhea 2021 0ct25 Contig1 4,405(83.2) S. sigmoideus OR543013
Contig 2 730 (13.8) S. hominis OR543019
S01-02 94/F Chronic diarrhea, alternating 2022 Jan 22 Contig1 2,470 (46.1)  S. sigmoideus OR543013
constipation Contig2 1,582 (29.5) S. hominis OR543021
Contig 3 342 (6.4) S. hominis MK497842
S01-03 33/F Acute diarrhea, abdominal 2022 Aug 21 Contig1 5,768 (64.7) S. hominis OR543021
pain, ileitis, Salmonella Contig2 2,993 (33.6) S. hominis MK497842

infection
S01-04 48/M Abdominal pain, anal itching 2023 Feb 23 Contig1 3,065 (56.1) S. hominis OR543021
Contig2 2,399 (43.9) S. hominis MK497842
S01-05 35/F Nonet 2023 Mar 16 Contig1 2,674 (73.4) S. hominis MK497842
Contig 2 914 (25.1) S. heydorni KX057995
S01-06 73/IM Chronic diarrhea, abdominal 2023 May 9 Contig1 4,767 (95.2)  S. sigmoideus OR543013
pain, weight loss, eosinophilia Contig 2 99 (2.0) S. hominis OR543021
S01-08 24/F Acute diarrhea, nausea 2023 Jun 19 Contig1 3,213 (68.5) S. hominis OR543019
Contig 2 750 (16.0) S. heydorni KX057995
Contig 3 673 (8.0) S. hominis MK497842
S01-09 76/F Chronic diarrhea, abdominal 2023 Aug 30 Contig1 2,787 (50.6) S. hominis OR543019
pain Contig2 1,881 (34.2) S. hominis MK497842
Contig 3 603 (11.0) S. sigmoideus OR543013
S01-10 22/F Chronic diarrhea, asthenia, 2023 Nov 14  Contig 1 5,049 (100) S. hominis OR543021

multiple food intolerances,
fibroscopic gastritis and rectitis
S01-11 19/M Occasional diarrhea, 2023 Nov 18 Contig 1 1,653 (39.5)  S. sigmoideus OR543013
sometimes blood in feces Contig2 1,049 (25.1) S. hominis OR543021
Contig 3 927 (22.2) S. heydorni KX057995
S01-12 68/F Chronic diarrhea, abdominal 2023 Dec 11  Contig1 2,410 (48.8) S. hominis OR543021
pain Contig 2 961 (19.4) S. hominis MK497842
Contig 3 869 (17.6) S. sigmoideus OR543013
S01-13 26/M Abdominal pain 2023 Dec 18 Contig1 5,072 (99.9) S. hominis OR543021
S01-14 57/M Noneit 2024 Jan9 Contig1 4,246 (97.4) S. hominis OR543019
S01-15 79/M Chronic diarrhea, abdominal 2024 Apr3  Contig 1 1,428 (36.1) S. hominis OR543021
pain, CDP 10y prior Contig 2 767 (19.4) S. hominis MK497842
Contig 3 696 (17.6) S. heydorni KX057995
Contig 4 662 (16.7) S. sigmoideus OR543013
S01-16 62/M Chronic diarrhea, abdominal 2024 Jun 12 Contig1 1,171 (28.6) S. hominis MK497842
pain Contig2 1,153 (28.2) S. sigmoideus OR543013
Contig 3 641 (15.7) S. heydorni KX057995
Contig 4 590 (16.9) S. hominis OR543021
S01-18 73/IM Acute diarrhea, weight loss 2023 Jan 10 Contig 1 4,103 (100) S. hominis MK497842
S01-19 52/M Chronic diarrhea, abdominal 2023 Sep 29 Contig 1 7,302 (100) S. hominis OR543019
pain, weight loss, ulcerative
colitis, Taenia saginata

infection

S01-27 63/M Abdominal pain, nausea, 2024 Jul10  Contig1 4,696 (99.9) S. hominis OR543021
eosinophilia

S01-28 48/M  Chronic diarrhea, rectal cancer 2024 Jul22 Contig1 3,976 (57.2)  S. sigmoideus OR543013
diagnosis Contig2 2,578 (37.1) S. hominis OR543021

*CDP, cephalic duodenopancreatectomy; HTS, high-throughput sequencing; ID, identification.

‘tPreemployment medical screening of food industry worker.

FSystematic screening in kidney transplantation.
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Figure 2. Phylogenetic tree for
human Sarcocystis spp. from
human intestinal sarcocystosis,
France, 2021-2024. Tree is
based on 54 partial mitochondrial
cytochrome ¢ oxidase subunit |
gene sequences from patients
compared with reference
sequences from GenBank.
The 41 sequences of 332 bp
generated in this study are
identified by patient numbers
(i.e., S01-02); GenBank
accession numbers are provided
for reference sequences.

This analysis included the 10
taxa described in pigs and
cattle (intermediate hosts,
blank illustrations) with the
corresponding definitive host
(humans, felids, or canids,
black illustrations). The tree
was inferred by using the
neighbor-joining method and
rooted on the species whose
pigs serve as the intermediate
hosts, S. miescheriana and

S. suihominis. Evolutionary
distances were computed
using the Tamura-Nei method.
Branch consensus support is
expressed as percentage from
1,000 bootstraps and is reported
next to the branches; branch
support values <75% were not
included. Scale bar indicates
base substitutions per site.

The prevalence of S. sigmoideus parasites in cattle
has been reported to be low, but it is likely to be un-
derestimated, as suggested by the number of infected
patients (9 of 19) in our study (9). Further molecular
studies in cattle and human stool are needed to better
estimate the real prevalence of S. sigmoideus parasites.

We used HTS for molecular analysis of Sarcocystis
spp. parasites in human stools and found that human
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intestinal sarcocystosis is mainly caused by multiple
species simultaneously (11 of 19 patients were co-in-
fected). That finding is in accordance with recent vet-
erinary data that detected Sarcocystis spp. parasites in
64% of randomly sampled cattle carcasses and mixed
infections of up to 3 species simultaneously (includ-
ing S. sigmoideus and S. hominis) in 25% of intralesion-
al samples and in 5.8% of extralesional samples from
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carcasses condemned because of the presence of bo-
vine eosinophilic myositis (9,10).

S. hominis parasites are considered mildly patho-
genic in humans, whereas S. suihominis infection is
more virulent (1). However, data about Sarcocystis
pathogenicity are scarce, outdated, and mostly de-
rived from volunteers who ingested experimentally
infected meat (1). The pathogenicity of S. heydorni
and S. sigmoideus parasites is unknown, and further
studies are required to address that issue. In conclu-
sion, our data demonstrate that humans are a defini-
tive host for S. sigmoideus parasites and that intestinal
sarcocystosis frequently results from infection with
multiple species.

The datasets generated and analyzed during the study
are available from the corresponding author on
reasonable request.
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DISPATCHES

National Active Case-Finding
Program for Tuberculosis
in Prisons, Peru, 2024

Esther Jung, Valentina A. Alarcon, Wilfredo Santos Solis Tupes, Tatiana Avalos-Cruz,
Marco Tovar, Erika Abregu, Max Z. Yang, Jason R. Andrews,' Moises A. Huaman'

During January—September 2024, a national active case-
finding program in Peru’s prisons screened >38,000 per-
sons for tuberculosis (TB) using chest radiography with
automated interpretation and rapid molecular tests. The
program found high percentages of TB, rifampin-resis-
tant TB, and asymptomatic infections, demonstrating the
urgent need for systematic screening among incarcer-
ated populations.

lobal tuberculosis (TB) incidence declined over

the past decade, but incidence in prisons re-
mained high, and incidence increased in Latin Amer-
ica (I). Overcrowding, poor ventilation, and diag-
nostic delays amplify TB transmission, and incidence
among incarcerated persons in Latin America is 27
times higher than among the general population (2).
The rise in TB in Latin America’s prisons has more
than offset reductions in the general population,
undermining progress toward international goals
toend TB (3).

To address the disproportionate TB burden
among incarcerated persons, the World Health Orga-
nization (WHO) recommended active case-finding for
TB in prisons (4). However, few standardized nation-
wide screening efforts have been made in prisons in
low- and middle-income countries (LMICs). In Peru,
TB screening and treatment has primarily relied on
symptom-based screening or passive case detection,
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without a systematic screening program irrespective
of symptoms. In 2023, the Peruvian National TB Pro-
gram (DPCTB) initiated countrywide screening using
chest radiography with computer-detection software,
clinical evaluation, and rapid molecular diagnostic
testing in high TB-burdened prisons. We evaluated
the programmatic yield of that initiative and assessed
how each screening component contributed to case
identification.

The Study

Peru has a population of 34 million, among whom
96,805 are incarcerated (5,6). In 2022, national TB in-
cidence was estimated at 153 cases/100,000 person-
years (6), but incidence in the prison population was
2,746 cases/100,000 person-years (7). In September
2023, DPCTB initiated an active case-finding program
in 12 male, 1 co-ed, and 5 female prisons chosen for
size, TB burden, and accessibility for DPCTB staff
(Figure 1).

We analyzed programmatic data from persons
>18 years of age not treated for active TB and screened
with chest radiography during January-September
2024. Screening teams included a physician, nurse,
and radiology technician. Participants were inter-
viewed for demographic, clinical, and symptom
information, then screened with portable digital ra-
diographs that were evaluated by Computer-Aided
Detection for Tuberculosis (CADA4TB) version 7.0
(Delft Imaging Systems, https:/ / delft.care). CAD4TB
scores radiographs on the basis of abnormalities
suggestive of TB. All participants were evaluated by
a physician.

Participants with CAD4TB scores >40 (consid-
ered abnormal) were asked to produce a sputum
sample; participants with scores <40 were only asked

'"These senior authors contributed equally to this article.
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Figure 1. Locations and screening results in a national active case-finding program for TB in prisons, Peru, 2024. A) Locations of 18
facilities included in screening procedures; insets magnify Lima/Callao and Piura departments. B) Bar diagram displaying TB and RR-

TB prevalence by prison, sorted by descending TB prevalence. RR-TB percentage is of total TB cases. Dotted line shows overall TB
prevalence of 2.8% across all prisons. TB cases were defined as any positive or trace result via Xpert MTB/RIF Ultra (Cepheid,
https://www.cepheid.com). EP, Establecimiento Penitenciario (penitentiary establishment); Juvenil Miguel Grau, Centro Juvenil de
Diagndstico y Rehabilitacion Miguel Grau; Mujeres, women'’s prison, RR-TB, rifampin-resistant TB; TB, tuberculosis; Varones, men’s prison.

for a sputum sample if the physician suspected TB
on the basis of symptoms or evaluation. Teams per-
formed rapid molecular diagnostic testing on sputum
samples by using Xpert MTB/RIF Ultra assay (here-
after Xpert; Cepheid, https://www.cepheid.com).
We defined a TB case as any Xpert-positive result
or Xpert result indicating trace Mycobacterium tuber-
culosis DNA levels. All persons with confirmed TB,
including drug-resistant TB, received free treatment
through directly observed therapy in prison clinics
and were isolated in dedicated cells.

During January-September 2024, DPCTB
screened 38,734 eligible participants, representing
>80% of the population (48,376 persons) across 18
study prisons (§). We collected sputum from 7,291
(18.8%) participants, and 6,873 (94.3%) samples pro-
duced valid Xpert results; supply issues at the time
of screening prevented Xpert testing for 308 samples
(Figure 2). To evaluate demographic and clinical char-
acteristics, we used multivariable logistic regression
with fixed effects for prisons to estimate crude odds
ratios (ORs) and adjusted ORs (aORs) and 95% Cls, ac-
counting for age, sex, TB history, TB contact, and Peru
birth. We calculated sputum positivity and TB case
percentages by combinations of symptom screening
and CADATB results. We used R version 4.4.1 (The
R Project for Statistical Computing, https://www.r-
project.org) for statistical analyses.
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Among participants, 96% were male, 4% were fe-
male, 94% were born in Peru, and median age was 35
(IQR 27-43) years. In addition, 16% of participants re-
ported TB history and 40% shared a cell with a known
case (Table 1). We diagnosed TB in 1,089 (2.8%) par-
ticipants. Prevalence ranged from no cases in small
prisons (those with <250 persons) to 5.6% in Huacho
(population of 2,053). Female prisons had prevalences
<1.5%, and 8 of 12 male prisons had prevalences >2%.
Among Xpert-positive samples, 11.4% (124/1,089)
were rifampin-resistant TB (RR-TB); 4 prisons record-
ed >10% RR-TB (Figure 1).

Among participants, 15.3% (5,908) had abnormal
CADA4TB scores, and 11.9% (4,613) reported symp-
toms in the 2 weeks before participation. Among par-
ticipants providing sputum samples, Xpert positivity
varied substantially by symptom and radiograph sta-
tus: 6.8% of participants with symptoms but CAD4TB
scores <40 accounted for 7.8 % of detected cases, 12.2%
with abnormal scores but no symptoms accounted for
40.9% of cases, and 26.2% with symptoms and abnor-
mal scores comprised 49.8% of cases (Table 2). Odds
of TB were higher among participants with TB his-
tory (aOR 2.75,95% CI 2.41-3.13) and TB contact (aOR
1.90,95% CI 1.56-2.30) (Table 1). Odds of RR-TB were
higher among persons with TB history (aOR 1.96 95%
CI 1.32-2.91) (Appendix Table, https:/ /wwwnc.cdc.
gov/EID/article/31/3/24-1727-Appl.pdf).
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Figure 2. Flowchart for TB screening in a national active case-finding program for tuberculosis in prisons, Peru, 2024. The algorithm shows
screening among included participants across 18 study prisons. TB cases were defined as any positive or trace result via Xpert MTB/

RIF Ultra (Cepheid, https://www.cepheid.com). CAD4TB, Computer-Aided Detection for Tuberculosis version 7.0 (Delft Imaging Systems,
https://delft.care); MTB, Mycobacterium tuberculosis; TB, tuberculosis; Xpert, Xpert MTB/RIF Ultra (Cepheid, https://www.cepheid).

One limitation of this study is that we did not an-
alyze HIV; however, HIV testing was performed on
<5% of participants and prevalence was low (0.01%
self-reported; 0 cases among 1,165 screened), consis-
tent with national reports (9). Another limitation is
that we did not analyze other TB risk factors because
of missing or sparse data; however, this implemen-

tation study focused on describing the TB burden
among the incarcerated population. In addition, the
lack of genotype data prevented distinguishing re-
lapse from reinfection, despite previous TB being
high among both drug-sensitive and drug-resistant
cases. Finally, this study was limited to 18 high-
burden prisons, hindering generalizability to other

Table 1. Multivariable logistic regression analysis of demographic characteristics and risk factors for tuberculosis in a national active
case-finding program for TB in prisons, Peru, 2024*

Risk factor No. tested No. (%) TB confirmed OR (95% CI) p value aOR (95% Cht p value

Age group, y
18-29 11,193 382 (3.4)
30-44 17,557 486 (2.8) 0.81 (0.70-0.92) 0.002 0.68 (0.59-0.78) <0.001
45-60 7,708 169 (2.2) 0.64 (0.53-0.77) <0.001 0.54 (0.45-0.65) <0.001
>60 2,274 52 (2.3) 0.67 (0.49-0.88) 0.006 0.58 (0.42-0.77) <0.001
NA 2 0

Sex
M 37,227 1,081 (2.9) 5.61 (3.00-12.33) <0.001 3.78 (1.20-22.94) 0.062
F 1,507 8 (0.5)

TB history
Y 6,232 397 (6.4) 3.16 (2.78-3.58) <0.001 2.75 (2.41-3.13) <0.001
N 32,502 692 (2.1)

TB contact
Y 15,459 556 (3.6) 1.61(1.43-1.82) <0.001 1.90 (1.56-2.30) <0.001
N 23,275 533 (2.3)

Peru origin
Y 36,596 1,054 (2.9) 1.80 (1.30-2.57) 0.001 1.67 (1.20-2.41) 0.004
N 2,138 35 (1.6)

*The program screened 38,734 incarcerated persons during January—September 2024. aOR, adjusted odds ratio; NA, not available; OR, odds ratio; TB,

tuberculosis.

taORs include fixed effects for prison and are adjusted for age, sex, TB history, TB contact, and Peru origin.
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Table 2. Predictive value of CAD4TB, symptom screening, and sputum testing among participants in a national active case-finding

program for TB in prisons, Peru, 2024*

Sputum TB confirmed

CAD4TB score Symptoms No. (%) collected No. confirmed % TB cases (95% CI)t % Sputum positivity (95% Cht
<40

N 30,335 (78.3) 333 1.6 (0.9-2.5) 5.1 (3.0-8.1)

Y 2,491 (6.4) 1,250 7.8 (6.3-9.6) 6.8 (5.5-8.3)
240

N 3,786 (9.8) 3,642 445 40.9 (37.9-43.9) 12.2 (11.2-13.3)

Y 2,122 (5.5) 2,066 542 49.8 (46.8-52.8) 26.2 (24.4-28.2)
Total 38,734 7,291 1,089

*CAD4TB, Computer-Aided Detection for Tuberculosis version 7.0 (Delft Imaging Systems, https://delft.care); TB, tuberculosis.
1TB case defined as any positive or trace result via Xpert MTB/RIF Ultra (Cepheid, https://www.cepheid.com).
1Sputum positivity calculated as percentage of individuals with sputum collected who are confirmed to have TB via Xpert MTB/RIF Ultra (Cepheid).

facilities in Peru, and the absence of disease duration
data restricted comparisons between study preva-
lence and prior incidence estimates.

Nonetheless, this study provides TB prevalence
estimates in Peru’s carceral system on the basis of
molecular testing covering nearly half of the coun-
try. Since 2020, Peru has remained among WHO's 30
countries with the highest burden of drug-resistant
TB, and #8.3% of new diagnoses annually are drug-re-
sistant (6,10). Our study detected high (2,800/100,000
persons) TB and RR-TB (11.4%) prevalences. Those
findings likely are underestimated because we did
not screen persons with previously diagnosed TB or
persons on TB treatment, and we only collected spu-
tum from participants with radiographic anomalies,
symptoms, or clinical suspicion of TB. In addition,
200 persons with abnormal chest radiographs were
not able to provide sputum. Including clinical infer-
ence as a criterion would likely have captured addi-
tional TB.

Asymptomatic TB is a hidden threat in high-
transmission settings like LMIC prisons. Previous
estimates suggest that asymptomatic TB represents
a considerable proportion of active disease and
transmission in general and incarcerated popula-
tions (11,12). In this study, 42.5% of TB cases were
asymptomatic, likely an underestimate because of
symptom criteria in the screening algorithm, sug-
gesting that symptom-only case-finding would
greatly delay or miss active TB infections among
incarcerated populations.

Conclusions

Effective, scalable, active case-finding models are
critically needed in LMIC prisons, where nearly half
of TB cases go undetected annually (13). In Peru,
mobile health teams screened >38,000 incarcerated
persons in 8 months, covering 40% of the national in-
carcerated population. That large-scale implementa-
tion of active case-finding revealed high prevalences
of RR-TB and undiagnosed TB. In addition, 42.5%

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

of persons with Xpert-confirmed TB had no clinical
symptoms. Those findings illustrate the importance
of systematic TB screening in prisons, particularly
for asymptomatic persons.

In summary, our data demonstrated that active
case-finding can identify large reservoirs of undi-
agnosed TB and be performed efficiently at scale in
prisons by teams of health professionals. Because TB
and RR-TB prevalence is high, intensive screening,
including annual or biannual mass screenings, and
targeted interventions like TB preventive therapy
are essential (14,15). Such strategies and sustain-
able financing need to be incorporated into national
TB programs to establish, implement, and maintain
programs in LMIC prisons, where the TB burden de-
mands urgent attention.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2024.11.08.24317002v1.
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EID Spotlight

Tuberculosis

World TB Day, falling on March 24th each year, is
designed to build public awareness that tubercu-
losis today remains an epidemic in much of the
world, causing the deaths of nearly one-and-a-
half million people each year, mostly in develop-
ing countries. It commemorates the day in 1882
when Dr. Robert Koch astounded the scientific
community by announcing that he had discov-
ered the cause of tuberculosis, the TB bacillus.
At the time of Koch’s announcement in Berlin,
TB was raging through Europe and the Americas,
causing the death of one out of every seven peo-
ple. Koch’s discovery opened the way towards di-
agnosing and curing TB.

http://wwwnc.cdc.gov/eid/
page/world-tb-day

EMERGING
INFECTIOUS DISEASES
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Mycobacterium ulcerans in
Possum Feces before Emergence
IN Humans, Australia

Bridgette J. McNamara, Jack Cornish, Kim R. Blasdell, Eugene Athan,
Naomi E. Clarke, Tiffany Pe, Mohammad Akhtar Hussain, Michael Muleme,
Ee Laine Tay, Michael Dunn, Victoria Boyd, Anjana Karawita, Daniel P. O’Brien

We describe emergence of Buruli ulcer in urban Gee-
long, Victoria, Australia, and examine timing and proxim-
ity of human cases to detection of Mycobacterium ulcer-
ans DNA in possum feces. M. ulcerans—positive feces
preceded human cases by up to 39 months, constituting
an early warning of impending risk for Buruli ulcer.

uruli ulcer is a neglected tropical disease and re-

mains a public health issue across south-eastern
Australia (1). Manifesting as a necrotizing ulcer, Bu-
ruli ulcer is caused by the environmental pathogen
Mycobacterium ulcerans (2). Although global case
numbers are falling, the ongoing epidemic in Victo-
ria, Australia, appears to be worsening (3), with a re-
cord 362 notified cases in Victoria in 2023. Historically
concentrated in coastal areas in Victoria, more recent
cases have emerged within noncoastal urban suburbs
of Melbourne and Geelong (4); the reasons remain
unclear. Temporal analysis of the phylogenic trees of
Victoria M. ulcerans isolates suggests a 7- to 9-year lag
time between the bacterium’s arrival in an area and
the emergence of human cases (5). Human acquisition
routes may include mosquito bites (6), direct trauma,
or contact with contaminated substrates, particularly
in limb areas with exposed skin (2,7). Unlike in Africa,
Australia shows evidence of zoonotic transmission,
notably from native ringtail (Pseudocheirus peregrinus)
and brushtail (Trichosurus vulpecula) possums, which
inhabit native habitat across coastal and inland areas
of Australia (8). Possum feces testing positive for M.
ulcerans DNA found at residential properties corre-
lated with higher likelihood of Buruli ulcer among

residents (9); surveillance in possums enhances case
prediction in humans (10), yet the timing of infection
in possum populations related to the emergence of
human cases has not been described. We describe the
emergence of human Buruli ulcer cases in Geelong,
Victoria, Australia, and their timing and proximity to
M. ulcerans-positive possum feces.

The Study
We conducted a descriptive epidemiologic study, in-
cluding a spatiotemporal clustering analysis of lab-
oratory-confirmed and probable Buruli ulcer cases
notified to the Department of Health Victoria during
January 1, 2011-December 31, 2022, to identify new en-
demic areas in suburbs of Geelong, a city of ~250,000
persons in southwest Victoria, Australia (Figure 1). We
examined aggregate case numbers and incidence per
100,000 estimated resident population (11) at Austra-
lian Bureau of Statistics (ABS) Statistical Areas 2 (SA2)
for the central Geelong suburbs and known endemic
areas of the Bellarine Peninsula and Surf Coast. We
examined geographic clustering of Geelong cases,
mapped to ABS Meshblocks (small geographic areas,
3-40 dwellings), in a space-time analysis using Pois-
son models in SatScan (http://www.satscan.org). The
models scan across geographic locations over time
to detect areas and time periods where reported case
numbers significantly exceed expected case numbers.
We used data from a systematic possum fecal
survey conducted in Geelong suburbs in 2020 (10),
as well as follow-up surveys conducted in a more
restricted area of Geelong at 3, 6, and 24 months
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Figure 1. Location of central Geelong suburbs in Victoria, Australia, and prior known endemic areas in the Bellarine Peninsula and Surf
Coast (higher case numbers dark pink, lower case numbers in light pink). We defined high incidence as >10 cases/100,000 population

in 2017-2019. Belmont with the central Geelong suburbs also meets this criterion. SA2, Australian Bureau of Statistics Statistical Area 2.

later and several samples from Belmont in the pre-
survey period in September 2019 (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/31/3/24-
0657-Appl.pdf). Fecal survey collection methods
have been published previously (10,12). We used the
data to examine the proximity and timing of human
Buruli ulcer cases notified in 2020-2022 to feces from
M. ulcerans-infected possums by calculating distance
from Buruli ulcer case residence (in meters) and tim-
ing (in months) from the most proximal possum fecal
sample collection to human case at notification.

During 2011-2022, a total of 402 Buruli ulcer cas-
es were reported in the Barwon South West (BSW)
catchment, including 80 cases within the SA2 loca-
tions of interest in central Geelong. We observed in-
creasing case numbers and incidence in Belmont dur-
ing 2017-2022 and in Highton and Newtown areas
during 2020-2022 (Table 1); we identified 3 clusters
where reported case numbers exceeded the number
expected (Figure 2, panel C).

Of the 49 Buruli ulcer cases diagnosed since 2020
in Geelong suburbs, 39 case-patients resided within

Table 1. Cases and incidence of Buruli ulcer in a noncoastal urban area, Australia, 2011-2022*

No. cases (no. per 100,000 patient-years)

Location 2020 populationt 2011-2013 2014-2016 2017-2019  2020-2022

Geelong SA2
Belmont 14,829 3(7.2) 0(0.0) 9 (20.5) 24 (53.5)
Corio—Norlane 27,622 0 (0.0) 0(0.0) 2(2.4) 0(0.0)
Geelong 13,781 2(5.3) 0(0.0) 1(2.5) 1(2.4)
Geelong West—Hamlyn Heights 21,272 2(3.4) 0(0.0) 0(0.0) 2 (3.1)
Grovedale 31,579 0 (0.0) 0 (0.0) 3(3.6) 4 (4.0)
Highton 23,869 3(4.9) 1(1.5) 1(1.4) 12 (16.6)
Newcomb-Moolap 15,089 3(6.7) 0(0.0) 0 (0.0) 0 (0.0)
Newtown (Victoria.) 10,945 0 (0.0) 0 (0.0) 1(3.1) 6 (18.1)
North Geelong—Bell Park 15,757 0(0.0) 0(0.0) 0(0.0) 0(0.0)

Bellarine and Surf Coast endemic SA2
Ocean Grove—-Barwon Heads 29,382 45 (76.8) 28 (41.0) 37 (46.2) 47 (51.0)
Point Lonsdale—Queenscliff 4,746 38 (303.3) 20 (157.9) 7 (53.0) 21 (144.3)
Portarlington 8,541 0(0.0) 5(22.8) 4 (16.8) 4 (15.2)
Lorne—Angelseat 5,615 0(0.0) 0(0.0) 6 (37.1) 8 (46.8)

*Data presented are for regions of interest in SA2 of Geelong and other recognized Bellarine Peninsula and Surf Coast disease-endemic areas. Bold text
indicates incidence >10 per 100,000 person-years. SA2, Australian Bureau of Statistics Statistical Area 2.

tAustralian Bureau of Statistics estimated resident population for 2020.

FIncludes Aireys Inlet, Angelsea, Lorne. Aireys Inlet, 7 cases since 2017; Anglesea, 5 cases since 2017.
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areas included in the 2020 possum excreta survey
(Figure 2). The median distance from case-patient
residence to M. ulcerans-positive possum feces was
283 meters (Table 2). In all, 16/39 (41%) of the cases
resided within 200 meters of a positive possum sam-
ple. The median distance to a positive possum sample
was lower for cases within the identified clusters in
Belmont, Highton, and Newtown (199 meters; 50% of
case-patients resided within 200 meters of a positive
possum sample) than cases who were not within the
identified clusters (median 1,177 meters; 23% within
200 meters; p = 0.040 by rank-sum test). For cases
within the central areas sampled in both 2020 and
2022 fecal surveys, the median distance from a case
residence to a prior positive possum sample was only
108 meters (interquartile range [IQR] 82-263 meters).

M. ulcerans in Possums and Humans, Australia

The most geographically proximal detections of
M. ulcerans in possum fecal samples preceded the
emergence of human Buruli ulcer cases by up to 39
(IQR 8-29) months (Table 2). For cases in identified
clusters, the most geographically proximal positive
possum fecal samples to cases occurred with an IQR
of 7-31 months before the case diagnosis, apart from
2 cases in which the closest positive detection (<100
meters) occurred after case diagnosis. For those cases,
other positive possum feces within 250 meters of the
case residence were detected 16 and 18 months before
the case diagnosis. Of note, we observed few Buruli
ulcer cases in the northern suburbs of Geelong during
2011-2022. Possum population density was lower in
these suburbs; few to no possum feces were present
during the 2020 excreta survey (Appendix Figure 1).

Figure 2. Distribution, clustering,
and timing of Buruli ulcer cases
in relation to Mycobacterium
ulcerans—positive possum fecal
samples, Victoria, Australia.

A) Number and home location

of human Buruli ulcer cases

in Statistical Area SA1 in
2019-2020, compared with the
distribution of M. ulcerans—positive
possum fecal samples collected
in the systematic main survey in
2020. Solid blue outline indicates
areas in 2019 in which cases
were tightly clustered during 2019;
colored areas without borders had
cases in 2020 only, B) Number
and home location of human
Buruli ulcer cases in Statistical
Area SA1 in 2021-2022,
compared with the distribution

of M. ulcerans—positive possum
fecal samples collected in the
systematic main survey in 2020.
Dashed blue outline indicates
areas with cases only in 2021—
2022 and not 2019-2020. Blue
circles indicate 100-meter radius
around the collection location.

C) Spatiotemporal clustering of
human Buruli ulcer cases from
2011-2022 in Geelong suburbs,
Australia. The observed number
of cases within each cluster

are compared to the expected
number for the estimated resident
population of the area during

the period (3), under the null
hypothesis (no spatiotemporal
clustering). D) Changing
distribution of positive possum
fecal samples from 2020 (blue)
and 2022 (green).

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 31, No. 3, March 2025 571


http://www.cdc.gov/eid

DISPATCHES

Table 2. Proximity and timing of human cases of Buruli ulcer in areas with Mycobacterium ulcerans—positive possum fecal samples

collected in 2020 and 2022, Australia*

Cases diagnosed Cases within Cases not in Cases in 2-year

Characteristic since 2020 detected clusters  detected clusters  follow-up survey area
Total cases 39 26 13 24
Distance from positive possum fecal sample, meters

Median (IQR) 283 (92-1,025) 199 (88-393) 1177 (209-1,256) 108 (82-263)

Range 35-1,867 35-1,531 70-1,867 35405
Proximity

<200 meters 16 (41) 13 (50) 3(23) 16 (67)

<500 meters 26 (67) 20 (77) 6 (46) 24 (100)
Months between possum detections and cases, 17 (8-29) 19 (8-31) 16 (11-26) 12 (7-28)

median (IQR)

*Values are no. (%) except as indicated. Clusters here include the 3 identified clusters (Belmont, Highton, Newtown, as presented in Figure 2, panel C).
All fecal samples positive by 1S2404 from any of the surveys (presurvey samples September 2019, main 2020 survey, 3-mo, 6-mo, or 24-mo follow-up)
were included in the measurement of proximity; the closest sample contributing to these summary measures.

tMonth calculated as days divided by 30. Two cases with closest proximity samples <100 meters in 2022 (postdiagnosis in 2021) have been excluded

from this time calculation, although both had relatively proximal detections (<250 meters) before diagnosis also.

No cases were reported in North Geelong-Bell Park
SA2; 1 of the 2 cases reported in 2018 in Corio-Nor-
lane SA2 resided within 344 meters of the subsequent
single M. ulcerans-positive possum fecal detection in
2020. Analysis examining the timeliness of diagnosis
in BSW demonstrated delays in Buruli ulcer diagno-
sis in emerging endemic areas.

Conclusions

Buruli ulcer endemicity in Victoria, Australia, is
evolving. Our multidisciplinary investigation of
human Buruli ulcer cases and M. ulcerans shedding
in local possums describes the speed and pattern
of spread in a large noncoastal urban center in Vic-
toria. Since 2017, Buruli ulcer cases have increased
and clustered within 3 Geelong suburbs, predomi-
nantly near possums shedding M. ulcerans in feces.
Possum detection precedes human cases by months
to years, suggesting that possum fecal surveillance
for M. ulcerans may be useful in identifying emerg-
ing areas before the onset of human cases. Our find-
ings support a recently published statistical model
to predict the location of future human Buruli ul-
cer cases based on previous human cases and the
location of positive possum fecal specimens (10);
here, we defined the temporal relationship where-
by infection appears in possums before humans in
an emerging disease area. Furthermore, we quan-
tified the time between the positive detections in
possum populations and subsequent human cases.
Our results suggest that possum fecal positivity
may provide an early warning signal of emerging
at-risk areas for Buruli ulcer. In Geelong, the Bar-
won South West Public Health Unit, established in
late 2020, uses this information (13) to inform tar-
geted efforts to enhance community awareness and
clinician knowledge of the condition in relation to
recommended behaviors aimed at disease preven-
tion (7) and for testing for more timely diagnosis
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(14). Evidence that such recommendations reduce
Buruli ulcer incidence is limited; further research
is required to investigate this possibility. As hu-
man cases emerge, M. ulcerans detections in pos-
sum feces may help delineate new areas of local
transmission from travel-related acquisition within
known endemic areas, assisted by research into the
ecology and transmission pathways of Buruli ulcer
to develop interventions to reduce disease in both
human and wildlife populations. Early detection of
M. ulcerans shedding in possums may inform de-
cisions on target areas to implement and evaluate
any such potential future interventions in Victoria.

This article was preprinted at https://medrxiv.org/cgi/
content/short/2024.05.03.24306731v1.
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Extended-Spectrum B-Lactamase-
Producing Enterobacterales in
Municipal Wastewater Collections,

Switzerland,

2019-2023

Lisandra Aguilar-Bultet," Elena Gdmez-Sanz,' Ana B. Garcia-Martin, Monica Alt Hug,
Reto Furger, Lucas Eichenberger, Claudia Bagutti,> Sarah Tschudin-Sutter?

We  quantified presumptive  extended-spectrum
B-lactamase—producing Escherichia coli and Klebsiella,
Enterobacter, Serratia, and Citrobacter group colonies
from wastewater in Basel, Switzerland, across 3 years
to represent before, during, and after the COVID-19 pan-
demic. Wastewater surveillance might be a noninvasive,
sensitive, rapid, and cost-effective instrument for early
detection and monitoring local epidemiology.

xtended-spectrum p-lactamase-producing Entero-

bacterales (ESBL-PE), particularly Escherichia coli
and species of the Klebsiella, Enterobacter, Serratia, and
Citrobacter (KESC) group, are bacteria that contribute
to the global antimicrobial resistance burden (1-3). A
comprehensive understanding of the sources of the
bacteria and relevant expansion factors is imperative.

The COVID-19 pandemic caused unprecedented
challenges at a global scale by overwhelming health-
care systems and causing disruption of infection control
and preventive measures (4,5). Antibiotic drugs were
overprescribed for patients with COVID-19 because of
concerns about secondary infections and co-infections
(4,6,7). Such overuse of antibiotic drugs might have
caused the emergence of multidrug-resistant patho-
gens. However, measures such as general lockdowns,
social distancing, vaccination, reduced antibiotic drug
use in the outpatient sector, extensive implementation
of hand hygiene and face masks, decreased elective
hospital procedures, and limited global internation-
al travel and migration reduced local antimicrobial
resistance severity during the pandemic (8).
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Returning travelers have been recorded as
a source of ESBL-PE (9). Thus, the influence of
COVID-19 on ESBL-PE remains unclear, and surveil-
lance data from clinical samples might be biased be-
cause of reduced patient care during the pandemic.
In contrast, wastewater surveillance is independent
of diagnostic tests and is increasingly recognized as
a tool to track circulating bacterial and viral patho-
gens and drug resistance determinants (10,11). Here,
we leveraged and applied an established wastewater
surveillance system (12) to assess changes in the num-
ber of presumptive ESBL-producing E. coli and KESC
in municipal wastewater before (2019), during (2021),
and after (2023) the COVID-19 pandemic in Basel,
Switzerland.

The Study

We collected 125 wastewater samples distributed
across Basel, Switzerland, for 3 consecutive months
(April-June) in 2021 (n = 62 [33.0% of samples]) and
2023 (n = 63 [33.5% of samples]) using a systematic
approach (Appendix, https://wwwnc.cdc.gov/
EID/article/31/3/24-0099-Appl.pdf) (12). To rep-
resent the baseline, we retrospectively included the
quantification results of presumptive ESBL-produc-
ing E. coli and KESC of wastewater samples collected
from the same wastewater sampling sites during a
12-month period covering 2018-2019. Those samples
were collected as part of an earlier study on ESBL-
PE in municipal wastewater and used the same sam-
pling approach and methods (12) (Appendix). For
the primary analyses, we chose not to incorporate all
results from that earlier study because of differences
in the timing of sample collection (Appendix Table

'"These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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ESBL-Producing Enterobacterales in Wastewater

Table 1. Quantification over 3 years of presumptive extended-spectrum B-lactamase—producing Enterobacterales in municipal

wastewater collections, Switzerland, 2019-2023*

2019, n =63 2021, n =62 2023, n =63
Median CFU/mL Range, Median CFU/mL  Range, Median CFU/mL Range,
Colony (IQR) CFU/mL (IQR) CFU/mL (IQR) CFU/mL
ESBL Escherichia coli 60 (8-180) 0-15,480 193 (50-520) 0-18,100 195 (58-708) 0-125,300
ESBL KESC 10 (0-83) 0-9,700 178 (51-731) 0-11,400 110 (13-373) 0-5,550
ESBL E. coli + KESC 120 (28-283) 0-15,480 473 (191-1,403) 0-11,400 475 (80-1,585)  0-125,300

*Comparisons for 2019 versus 2021 versus 2023 by Friedman test. All colony p values were statistically significant at <0.001. ESBL,
extended-spectrum B-lactamase; IQR, interquartile range; KESC, Klebsiella, Enterobacter, Serratia, and Citrobacter group.

1). We analyzed samples collected within the same
months (April-June) throughout the study period
because we previously found differences in ESBL-
PE counts across sampling months when analyzing
ESBL-PE counts across an entire year (12).

Municipal wastewater samples were taken at 21
different sewer sampling points representing the 10
postal codes of Basel, as previously described (12).
We categorized sites as urban (81.0%, n = 17), rep-
resenting a community without wastewater from

Figure. Temporal quantification of extended-spectrum B-lactamase—producing Enterobacterales in municipal wastewater collections,
Switzerland, 2019-2023. A—C) Temporal distribution of presumptive ESBL-producing Escherichia coli (A), presumptive ESBL-producing
KESC (B), and presumptive ESBL-producing E. coli plus KESC (C). Data from the 3-month sampling across the 21 sampling points
distributed across Basel, Switzerland (representing 44% of the Basel population), are collapsed and represented by year: 2019, n
=63; 2021, n = 62; 2023, n = 63. Friedman test p values for all categories are <0.001. Quantification stratified by sample source.

D—F) Temporal distribution by source, urban or mixed (community and hospital) effluents, of presumptive ESBL-producing E. coli (D)
presumptive ESBL-producing KESC (E), and presumptive ESBL-producing E. coli plus KESC (F). Data from the 3-month sampling
across the 17 urban (n = 51 per year) and 4 mixed (n = 12 per year, except for 1 data point missing in April 2021) sampling points are
combined and represented per year. Box tops and bottoms indicate interquartile ranges; bold lines, medians; whiskers, 1.5 times the
interquartile range. Jitter plots indicate individual data points. Outliers were removed for readability. Mann-Whitney sum U test p values
stratified by mixed versus urban samples per chromogenic group (per year): E. coli, p = 0.654 (2019), 0.107 (2021), 0.371 (2023);
KESC: 0.420 (2019), 0.179 (2021), 0.0251 (2023); E. coli plus KESC, p = 0.531 (2019), 0.283 (2021), 0.128 (2023). ESBL extended-
spectrum B-lactamase; ESBL-PE, extended-spectrum B-lactamase—producing Enterobacterales; KESC, Klebsiella, Enterobacter,

Serratia, and Citrobacter.
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healthcare settings; and mixed (19.1%, n = 4), both
community and healthcare settings (Appendix Table
2). The samples were collected by the Civil Engineer-
ing Department of the Canton of Basel-Stadt follow-
ing the recommendations of the World Health Orga-
nization and processed as previously detailed (12).

We assessed differences in the number of pre-
sumptive ESBL-producing E. coli, KESC, and E. coli
plus KESC by using the Friedman test, which is a
nonparametric alternative to the repeated-measures
analysis of variance and Kruskal-Wallis test for com-
parisons stratified by month. We compared urban ver-
sus mixed sites per sampling year for each bacterial
group by using the Mann-Whitney U test. To account
for the repeated testing of the sampling sites, we cal-
culated the mean of 3 CFU/mL counts measured over
the 3-month sampling period per sampling site and
year (Appendix Table 3). We used Stata version 16.1
(StataCorp LLC, https:/ /www.stata.com) to perform
analyses. Reported p values are 2-sided and consid-
ered significant at <0.05.

Median total counts combined across the 3 years
were as follows: 140 CFU/mL, presumptive ESBL E.
coli; 70 CFU/mL, KESC group; and 270 CFU/mL, E.
coli plus KESC. For all 3 comparisons, we observed
significant differences (p<0.001) (Table 1; Figure, pan-
els A-C). For analyses stratified by the 3 sampling
months, median counts statistically differed for May
and June (p<0.05) (Appendix Table 4). For the data
stratified by mixed (n =35 [18.6% of samples]) versus
urban (n =153 [81.4% of samples]) sites, sites that in-
cluded hospital sewage had higher counts overall (Fig-
ure 1, panels D-F). We detected larger values of pre-
sumptive ESBL-producing KESC colonies in sampling

sites including hospital sewage compared with sam-
pling sites receiving only community wastewater
(2023 median counts: 620 CFU/mL mixed, 40 CFU/
mL urban; p = 0.025) (Table 2; Figure 1, panels D-F),
whereas Mann-Whitney U tests showed no statistical-
ly significant differences for other comparisons. Anal-
yses stratified per month supported higher counts for
mixed compared with urban sites during and after
the pandemic (Appendix Table 5, Figures 1-4).

One limitation of the study was the small num-
ber of wastewater samples, and we acknowledge that
the prepandemic phase was represented by samples
collected within 12 months spanning 2018 and 2019.
To ensure comparability between the sample years,
the main comparisons were made for April, May,
and June because data were only available for those
3 months in 2019, 2021, and 2023 (Appendix Table 1).
The samples collected in 2019 might not accurately re-
flect the baseline presence of ESBL-PE before the pan-
demic. Also, collection of specimens in 2020 and 2022
could have further substantiated a conclusion that the
changes were caused by factors related to the pan-
demic. Another limitation of the study was that we
could not collect samples in 2020 and 2022 because of
a lack of resources.

Conclusions

Our wastewater surveillance showed increased pre-
sumptive ESBL-producing E. coli and KESC counts dur-
ing and after the COVID-19 pandemic compared with
the prepandemic period. Prevalence of ESBL-producing
Klebsiella pneumoniae in humans has doubled in Swit-
zerland since 2019, particularly in the northwest region
where Basel is located (5% in 2019; 8% in 2021; 11% in

Table 2. Quantification across 3 years of presumptive extended-spectrum B-lactamase—producing Enterobacterales in municipal

wastewater collections, Switzerland, 2019-2023, stratified by source*

ESBL E. coli ESBL KESC ESBL E. coli + KESC
Characteristics Mixed Urban Mixed Urban Mixed Urban
2019
Sample size n=12 n=>51 n=12 n=51 n=12 n=>51
Median CFU/mL (IQR) 90 (36-210) 55 (5-165) 23 (13-94) 5 (0-75) 238 (79-318) 115 (18-273)
Range, CFU/mL 5-455 0-15,480 0-840 0-9,700 5-885 0-15,480
p value 0.654 0.420 0.531
2021
Sample size n=11 n=>51 n=11 n=>51 n=11 n=>51
Median CFU/mL (IQR) 770 170 645 130 1,275 445
(375-1,428) (40-278) (465-870) (40-528) (970-2,793)  (170-1,058)
Range, CFU/mL 40-4,200 0-18,100 140-3,900 0-11,400 230-8100 0-18,300
p value 0.107 0.179 0.283
2023
Sample size n=12 n=>51 n=12 n=>51 n=12 n=>51
Median CFU/mL (IQR) 515 110 620 40 (10-243) 1,130 260
(296-798) (43-563) (275-1,511) (956-2,365) (63-1,348)
Range, CFU/mL 85-3,490 0-125,300 15-5,550 0-3,830 155-7,195 5-125,300
p value 0.371 0.025 0.128

*Mixed versus urban by Mann-Whitney U test. Bold text indicates statistically significant value. ESBL, extended-spectrum B-lactamase; IQR, interquartile

range; KESC, Klebsiella, Enterobacter, Serratia, and Citrobacter group.
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2023) (13). Highest presumptive ESBL-KESC counts in
wastewater in 2021 might be related to the overwhelm-
ing global situation in the healthcare system, implying
predominance of hospital-acquired infections, such as
those caused by ESBL-producing K. pneumoniae (14,15).
We observed an increase of presumptive ESBL-produc-
ing E. coli during 2021, without a subsequent decrease
in 2023. Of note, the overall ESBL-producing E. coli re-
sistance rates in humans in Switzerland have remained
stable since 2015 (10%-11%) (13).

Our results suggest that the COVID-19 pan-
demic exacerbated the differences in ESBL-PE
abundance between urban and mixed sites. That in-
crease might be caused by the rise in ESBL-PE prev-
alence in local hospitals compared with before the
pandemic, as is the case for ESBL K. pneumoniae, to-
gether with a slight increase detected in consump-
tion of third- and fourth-generation cephalosporins
in German-speaking Switzerland in the inpatient
sector (defined daily dose per 100 bed-days: 2019,
6.5; 2020, 7.0; 2021, 6.8; 2022, 7.0) (13). Social dis-
tancing, travel restrictions, and decreases in third-
and fourth-generation cephalosporin use (defined
daily dose per 1,000 inhabitants per day: 2019, 0.05;
2021, 0.03) observed in the outpatient sector in the
region during the years of the COVID-19 pandem-
ic (13) might have promoted the disparity of pre-
sumptive ESBL-KESC abundance between urban
and mixed wastewater samples in 2023.

In summary, we showed an increase in pre-
sumptive ESBL-producing E. coli and KESC in 2021
and 2023, particularly in samples containing hospital
wastewater, suggesting a disproportionate increase of
ESBL KESC within healthcare settings compared with
the community and possibly explained by less adher-
ence to infection prevention and control procedures.
Social distancing, travel restriction measures, and re-
duced antibiotic drug use in the community during
the pandemic might have prevented further ESBL-PE
increases in community settings. Wastewater ESBL-
PE surveillance may serve as a noninvasive, sensitive,
rapid, and cost-effective instrument for early detection
and monitoring the local epidemiology of ESBL-PE.

Acknowledgments

We thank the team of the Civil Engineering Department

of the canton of Basel-Stadt for providing access and
collecting wastewater samples and the Statistical Office

of the canton of Basel-Stadt for analyzing the sewer
catchment areas and number of inhabitants.

This work was supported by the University Hospital Basel,

the University of Basel, and the Swiss National Science
Foundation (grant no. 407240_167060).

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

ESBL-Producing Enterobacterales in Wastewater

About the Authors

Dr. Aguilar-Bultet is a research associate at the
Department of Infectious Diseases and Hospital
Epidemiology of the University Hospital Basel,
Switzerland. Her primary research interest is bacterial
genomics applied to epidemiology. Dr. Gémez-Sanz is a
senior research associate at the Department of Infectious
Diseases and Hospital Epidemiology of the University
Hospital Basel. Her primary research lies in defining the
pathways for transmission and persistence of bacterial
antimicrobial resistance from a One Health perspective.

References

1. Kaarme J, Riedel H, Schaal W, Yin H, Nevéus T, Melhus A.
rapid increase in carriage rates of Enterobacteriaceae
producing extended-spectrum f-lactamases in healthy
preschool children, Sweden. Emerg Infect Dis. 2018;24:1874-
81. https:/ /doi.org/10.3201/eid2410.171842

2. Antimicrobial Resistance Collaborators. Global burden of
bacterial antimicrobial resistance in 2019: a systematic
analysis. Lancet. 2022;399:629-55. https:/ /doi.org/10.1016/
50140-6736(21)02724-0

3. Cassini A, Hogberg LD, Plachouras D, Quattrocchi A,
Hoxha A, Simonsen GS, et al.; Burden of AMR Collaborative
Group. Attributable deaths and disability-adjusted life-years
caused by infections with antibiotic-resistant bacteria in the
EU and the European Economic Area in 2015: a population-
level modelling analysis. Lancet Infect Dis. 2019;19:56-66.
https:/ /doi.org/10.1016/51473-3099(18)30605-4

4. Centers for Disease Control and Prevention. COVID-19:
U.S. impact on antimicrobial resistance, special report 2022.
Atlanta (GA): The Centers; 2022.

5. Tomczyk S, Taylor A, Brown A, de Kraker MEA, El-Saed A,
Alshamrani M, et al.; WHO AMR Surveillance and Quality
Assessment Collaborating Centres Network. Impact of the
COVID-19 pandemic on the surveillance, prevention and
control of antimicrobial resistance: a global survey.

J Antimicrob Chemother. 2021;76:3045-58. https:/ /doi.org/
10.1093/jac/ dkab300

6. Langford BJ, So M, Simeonova M, Leung V, Lo J, Kan T,
et al. Antimicrobial resistance in patients with COVID-19:

a systematic review and meta-analysis. Lancet Microbe.
2023;4:€179-91. https:/ /doi.org/10.1016/S2666-5247
(22)00355-X

7. Suleiman AS, Islam MA, Akter MS, Amin MR, Werkneh AA,
Bhattacharya P. A meta-meta-analysis of co-infection,
secondary infections, and antimicrobial resistance in
COVID-19 patients. ] Infect Public Health. 2023;16:1562-90.
https:/ /doi.org/10.1016/].jiph.2023.07.005

8. Monnet DL, Harbarth S. Will coronavirus disease
(COVID-19) have an impact on antimicrobial resistance?
Euro Surveill. 2020;25:2001886. https:/ /doi.org/
10.2807/1560-7917.ES.2020.25.45.2001886

9. Arcilla MS, van Hattem JM, Haverkate MR, Bootsma M(]J,
van Genderen PJJ, Goorhuis A, et al. Import and
spread of extended-spectrum {-lactamase-producing
Enterobacteriaceae by international travellers (COMBAT
study): a prospective, multicentre cohort study. Lancet
Infect Dis. 2017;17:78-85. https:/ /doi.org/10.1016/
51473-3099(16)30319-X

10. Bagutti C, Alt Hug M, Heim P, Maurer Pekerman L,
Ilg Hampe E, Hiibner P, et al. Wastewater monitoring of

577


https://doi.org/10.3201/eid2410.171842
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1016/S1473-3099(18)30605-4
https://doi.org/10.1093/jac/dkab300
https://doi.org/10.1093/jac/dkab300
https://doi.org/10.1016/S2666-5247(22)00355-X
https://doi.org/10.1016/S2666-5247(22)00355-X
https://doi.org/10.1016/j.jiph.2023.07.005
https://doi.org/10.2807/1560-7917.ES.2020.25.45.2001886
https://doi.org/10.2807/1560-7917.ES.2020.25.45.2001886
https://doi.org/10.1016/S1473-3099(16)30319-X
https://doi.org/10.1016/S1473-3099(16)30319-X
http://www.cdc.gov/eid

DISPATCHES

SARS-CoV-2 shows high correlation with COVID-19 case in bacteria from humans and animals in Switzerland. Bern
numbers and allowed early detection of the first confirmed (Switzerland): The Office; 2024.
B.1.1.529 infection in Switzerland: results of an observational 14. Holt KE, Wertheim H, Zadoks RN, Baker S, Whitehouse CA,
surveillance study. Swiss Med Wkly. 2022;152:w30202. Dance D, et al. Genomic analysis of diversity, population
https://doi.org/10.4414/SMW.2022.w30202 structure, virulence, and antimicrobial resistance in Klebsiella
11. Aarestrup FM, Woolhouse ME]. Using sewage for pneumoniae, an urgent threat to public health. Proc Natl Acad
surveillance of antimicrobial resistance. Science. Sci US A. 2015;112:E3574-81. https:/ /doi.org/10.1073/
2020;367:630-2. https:/ /doi.org/10.1126/science.aba3432 pnas.1501049112
12. Goémez-Sanz E, Bagutti C, Roth JA, Alt Hug M, 15. Moradigaravand D, Martin V, Peacock SJ, Parkhill J.
Garcia-Martin AB, Maurer Pekerman L, et al. Evolution and epidemiology of multidrug-resistant Klebsiella
Spatiotemporal dissemination of ESBL-producing pneumoniae in the United Kingdom and Ireland. MBio.
Enterobacterales in municipal sewer systems: a prospec- 2017;8:€01976-16. https:/ /doi.org/10.1128 /mBio.01976-16

tive, longitudinal study in the city of Basel, Switzerland.
Front Microbiol. 2023; 14:1174336. https:/ /doi.org/10.3389/

Address for correspondence: Sarah Tschudin-Sutter, University

fmicb.2023.1174336 . . . .

13. Federal Office of Public Health and Federal Food Safety and Ho.splta? Basel, Department of Infectious Diseases 'and Hospital
Veterinary Office. Swiss antibiotic resistance report 2024. Epidemiology, Petersgraben 4, Basel CH-4031, Switzerland;
Usage of antibiotics and occurrence of antibiotic resistance email: sarah.tschudin@usb.ch

World TB Day
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munity by announcing that he had discovered the cause of tuberculosis, the TB bacil-
lus. At the time of Koch’s announcement in Berlin, TB was raging through Europe and
the Americas, causing the death of one out of every seven people. Koch’s discovery
opened the way towards diagnosing and curing TB.
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Haemophilus influenzae Type b
Meningitis in Infants, New York,
New York, USA, 2022-2023

Anne Ewing, Sydney Haldeman, Megan J. Job, Caitlin Otto, Adam J. Ratner

Two unvaccinated infants residing in the same borough
of New York, New York, USA, had Haemophilus influ-
enzae type b meningitis develop 1 year apart. Whole-
genome sequencing and phylogenetic analysis revealed
the isolates shared a previously undescribed multilocus
sequence type and were more closely related to each
other than to other sequenced strains.

aemophilus influenzae type b (Hib) invasive infec-

tions and upper respiratory tract colonization
have declined since the introduction of polysaccha-
ride conjugate Hib vaccines, but sporadic cases still
occur, leading to serious illness or death, especially
in young children (1,2). Undervaccinated communi-
ties can serve as reservoirs for Hib colonization. Prior
investigations of invasive Hib case clusters identified
the same multilocus sequence type (ST) in multiple
cases within undervaccinated Amish communities 14
years apart (3). Our medical center in New York, New
York, USA, received 2 unvaccinated infants with Hib
meningitis in 2022-2023, both of whom resided in the
same borough, prompting further investigation.

The Study

Case-patient 1, a 3-month-old, previously healthy,
unvaccinated girl, came to our facility with 2 days of
fever and lethargy. Physical examination revealed a
full fontanelle, right upward gaze deviation, and fo-
cal seizure activity. She required noninvasive respira-
tory support for hypoxia and fluid resuscitation for
septic shock. We administered vancomycin and cef-
triaxone and admitted her to the intensive care unit.
Blood and cerebrospinal fluid (CSF) cultures grew
H. influenzae, later identified by the New York City
Department of Health and Mental Hygiene as type b.

Author affiliation: New York University Grossman School of Medi-
cine, New York, New York, USA
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Complications impeding treatment included seizures
and bilateral subdural empyemas, requiring surgical
drainage. She completed 4 weeks of ceftriaxone with
clinical improvement and returned home on a con-
tinuing course of antiepileptic medication.
Case-patient 2, a 5-month-old, unvaccinated boy,
came to our facility with a history of prematurity and
3 days of fever, lethargy, and acute perioral cyanosis.
He was in septic shock, requiring vasopressor support
with hypoxic respiratory failure and encephalopathy
requiring endotracheal intubation. Shortly after ad-
mission to the intensive care unit, the patient’s pupils
became fixed and dilated. Computed tomographic
imaging of the brain revealed diffuse cerebral edema.
Blood and CSF cultures grew H. influenzae, later iden-
tified as Hib by New York City Department of Health
and Mental Hygiene. A multiplex PCR panel from the
nasopharynx detected rhinovirus and enterovirus.
The patient underwent initial treatment with linezol-
id and cefepime and then transitioned to ceftriaxone
for 10 days. He also completed a 7-day course of met-
ronidazole for presumed aspiration pneumonia. His
severe neurologic injury with absence of brain stem
reflexes did not improve. After 1 month of hospital-
ization, the patient transitioned to a rehabilitation fa-
cility, still requiring invasive mechanical ventilation.
We performed a retrospective chart review of
pediatric patients (0-5 years of age) with a sterile-
site culture positive for Hib who were seen in our
health system during January 1, 2013-December 31,
2023. We also conducted whole-genome sequencing
of Hib isolates from the 2 case-patients in this study.
We isolated bacterial DNA as previously described
and performed short-read sequencing on the Nova-
Seq 6000 platform (Illumina, https://www.illumina.
com) for both the blood and CSF isolates from the
2 patients (4). We performed long-read sequencing
on the blood isolates by using the Oxford Nanopore
Technologies platform R10.4.1 (Oxford Nanopore

579


https://www.illumina.com
https://www.illumina.com
http://www.cdc.gov/eid
http://doi.org/10.3201/eid3103.240946

DISPATCHES

Technologies, https://nanoporetech.com), conduct-
ing hybrid assembly with Trycycler (https://github.
com/rrwick/Trycycler) and polishing with polypol-
ish 0.6.0 (https://github.com/rrwick/Polypolish),
resulting in closed, error-corrected genomes (5,6).
We submitted genome sequences to the National
Center for Biotechnology Information (https:/ /www.
ncbi.nlm.nih.gov) (GenBank accession nos. CP148001
and CP148002). We determined multilocus sequence
types (STs) by using the PubMLST server (7). We
detected single-nucleotide polymorphisms and
insertions/ deletions with snippy 4.6.0 (https://soft-
ware.cqls.oregonstate.edu/updates/snippy-4.6.0).
We downloaded all available H. influenzae genome se-
quences from GenBank (n = 2,199) by using National
Center for Biotechnology Information Datasets com-
mand line tools 16.0.0 (https://www.ncbi.nlm.nih.
gov/datasets/docs/V2). In silico serotype predic-
tion using hicap 1.0.3 (https://github.com/scwatts/
hicap) generated a dataset of 73 nonredundant Hib

genomes (8). We constructed a genetic distance tree,
including those 73 genomes plus the 2 newly gener-
ated genomes by using mashtree 1.2.0 and visualized
that tree in Microreact (9,10).

The 2 cases we describe were the only invasive
pediatric (0-5 years of age) cases of Hib identified at
our institution during the 10-year span we investi-
gated. We obtained antibiotic susceptibility data for
the 2 cases we studied (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/31/3/24-0946-App1.
pdf) and generated high-quality closed genome se-
quences from the 2 Hib isolates. Both strains belonged
to a previously unreported ST, newly assigned the
identifier ST2832 within the ST6 clonal complex (Ap-
pendix Table 2). Analysis with hicap confirmed that
each isolate contained 2 copies of the type b capsule
locus, one of which had a truncation in the bexA gene
(Appendix Figure). In a comparative genomic anal-
ysis of the 2 ST2832 isolates and the 73 genomes in
our dataset, we enumerated core single-nucleotide

Figure. Genetic distance tree constructed to assess genetic relatedness among strains in study of Haemophilus influenzae type b (Hib)
meningitis in infants, New York, New York, USA, 2022-2023. We constructed the tree using Mashtree (10) for Hib strains from the 2
New York patients (red asterisk) and reference sequences from GenBank (Appendix Table). Rings are color-coded to indicate MLST
(inner ring) and CC (outer ring). Tree was rooted using the genome for NCTC 8468 (GenBank accession nos. GCA_90147285.1), a
division Il, sodC-containing Hib strain distantly related to other sequenced Hib isolates. Branch lengths represent mash distances. CC,

clonal complex; MLST, multilocus sequence type; NA, not available.
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polymorphisms among the Hib strains (Appendix
Table 2). We also performed short-read sequencing
on matched CSF isolates for each case and detected
no variants between the blood and CSF isolates with-
in either individual case. A genetic distance tree (Fig-
ure) demonstrated that the 2 ST2832 isolates from this
study were more closely related to each other than to
any other Hib genomes in the dataset.

Conjugate vaccination programs have been high-
ly successful in decreasing the burden of invasive Hib
disease, in part through reduction of nasopharyngeal
carriage among vaccine recipients (2,11). However,
even in the setting of widespread vaccination, spo-
radic cases occur among unvaccinated infants, older
adults, and immunocompromised patients (1,2,12).
Among children born in New York, New York, in
2021, less than 65% received their primary series of
Hib vaccination on schedule (by 7 months of age), de-
spite eventual coverage of *90% by 13 months of age
(13). The basic reproductive rate of Hib has been esti-
mated to be 3.3, implying a target immunization rate
of 270% for disease control (14). Adequate primary
series vaccination, boosters, and catchup programs
are critical for herd immunity. Susceptible infants ac-
quire Hib from colonized persons (generally young
children), and such colonization is more common
within underimmunized communities (11). Thus,
sporadic invasive Hib cases, especially with related
strains, may be sentinel events that indicate increased
colonization within local populations, possibly owing
to decreased immunization rates.

Limitations of our analysis include the small
number of identified strains and limited whole-ge-
nome sequencing data from invasive Hib strains in
the United States, requiring our comparisons to in-
clude both colonizing and invasive strains. Our ob-
servations are reminiscent of a report of 3 unvacci-
nated children hospitalized with invasive Hib disease
within 5 months in 2014 (3). Two of those children
were from the same Amish community and had Hib
strains with a shared ST (ST45), described 14 years
earlier in Amish communities in Pennsylvania, USA.

Vaccination rates are not the sole determinants
of community levels of Hib carriage. In some popu-
lations with adequate vaccination coverage, factors
like crowding might contribute to high colonization
rates. Nolen et al. described 33 cases of invasive Hib
over 14 years in Alaska, 27 of which were in Alaska
native children, all originating from high-density
indigenous communities despite *90% vaccination
coverage in that population (15). That research group
identified multiple distinct Hib STs in their analysis,
implicating factors other than clonal spread in Hib

Hib Meningitis in Infants, New York

carriage. Robust local surveillance of Hib vaccina-
tion coverage and routine whole-genome sequenc-
ing of isolates from invasive Hib disease would aid
early identification of inadequate herd immunity and
potential outbreaks. Studies of Hib colonization, par-
ticularly in communities with low uptake of routine
childhood vaccinations, are urgently needed, as are
ongoing efforts to combat vaccine hesitancy.

Conclusions

We identified Hib meningitis in 2 geographically
linked, unimmunized infants over the course of ~1
year. Our findings, including the newly described ST
and the relatedness of the 2 isolates, suggest ongoing
colonization and transmission of this strain in New
York communities. Despite the small number of cases
described in this report, our findings raise concern
for ongoing transmission of potentially virulent Hib
strains in New York, New York, placing unvaccinat-
ed children at risk.
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EID Podcast A Worm’s Eye View

Seeing a several-centimeters-long worm traversing the conjunc-

tiva of an eye is often the moment when many people realize they
are infected with Loa loa, commonly called the African eyeworm,
a parasitic nematode that migrates throughout the subcutane-
ous and connective tissues of infected persons. Infection with
this worm is called loiasis and is typically diagnosed either by the
worm’s appearance in the eye or by a history of localized Calabar
swellings, named for the coastal Nigerian town where that symp-
tom was initially observed among infected persons. Endemic to
a large region of the western and central African rainforests, the
Loa loa microfilariae are passed to humans primarily from bites
by flies from two species of the genus Chrysops, C. silacea and
C. dimidiate. The more than 29 million people who live in affected
areas of Central and West Africa are potentially at risk of loiasis.

Ben Taylor, cover artist for the August 2018 issue of EID, discusses
how his personal experience with the Loa loa parasite influenced
this painting.

Visit our website to listen:
https://tools.cdc.gov/

medialibrary/index.aspx#/
media/id/392605
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Meningococcal Sepsis in
Patient with Paroxysmal
Nocturnal Hemoglobinuria
during Pegcetacoplan Therapy

Leo Starck, Vuokko Nummi, Eira Poikonen, Anna-Elina Lehtinen,
Pia Kiveld, Nathalie Friberg, Jukka Torvikoski, Maija Toropainen, Seppo Meri

Complement C5 inhibitors bring an increased risk for
Neisseria infections. A novel complement C3 inhibitor,
pegcetacoplan, was recently approved to treat parox-
ysmal nocturnal hemoglobinuria, a condition commonly
treated with complement C5 inhibitors. We present a
case of meningococcal sepsis in a pegcetacoplan-treat-
ed patient with aplastic anemia and paroxysmal noctur-
nal hemoglobinuria.

Paroxysmal nocturnal hemoglobinuria (PNH) is a
rare, acquired disorder caused by a de novo mu-
tation in the PIG-A gene. This mutation occurs in a
hematopoietic stem cell and causes a clonal loss of the
glycosylphosphatidylinositol anchor from the sur-
faces of affected blood cells (1). Complement decay-
accelerating factor (2) and protectin (3) are bound to
cell membranes by the glycosylphosphatidylinositol
anchor. Thus, glycosylphosphatidylinositol-deficient
blood cells are vulnerable to complement attack, lead-
ing to hemolytic anemia, thrombi, and other PNH-re-
lated complications.

Complement inhibition is a logical therapy for
PNH. In 2007, the US Food and Drug Administra-
tion and the European Medicines Agency licensed
an anti-C5 monoclonal antibody, eculizumab, and in
2018-2019, the longer-acting ravulizumab. Deficien-
cies of the terminal complement pathway increase the
risk for Neisseria infections (4). C5 inhibitor decreases
the ability of human blood to kill serogroup B me-
ningococci despite vaccination (5); investigators have
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described sepsis caused by nonencapsulated N. men-
ingitidis in a patient with PNH during ravulizumab
therapy (6).

In 2021, pegcetacoplan was the first C3 inhibitor
authorized by the US Food and Drug Administra-
tion and the European Medicines Agency. Phase III
clinical trial data and postmarketing safety surveil-
lance studies revealed no invasive N. meningitidis
infections in patients (7-9). We describe invasive N.
meningitidis infection in a patient with PNH during
pegcetacoplan therapy.

Case Report

A 16-year-old girl received a diagnosis of aplastic
anemia and PNH. The next year, her granulocyte
PNH clone size increased from 1% to 98%. To address
chronic, severe hemolysis, physicians prescribed
ravulizumab therapy in April 2023. The patient re-
ceived a dose of meningococcal conjugate vaccine
(covering serogroups A, C, Y, and W-135 and a dose
of meningococcal group B vaccine (4CMenB) in
April 2023; she received a dose of each again in June
2023, ~8 months before meningococcal sepsis onset.
In December 2023, physicians switched the patient’s
therapy from ravulizumab to pegcetacoplan (1,080
mg 2x/wk) because of extravascular hemolysis; the
last ravulizumab infusion was 78 days before the on-
set of her infection, corresponding to 1.5 times the
half-life of ravulizumab. The patient’s medications
for aplastic anemia included eltrombopag (125 mg
1x/d), cyclosporine (100 mg 2x/d), and folic acid (5
mg 1x/d). She also used lynestrenol. At a follow-up
appointment in January 2024, the patient’s test re-
sults showed leukopenia: total leukocyte count of 1.8
x 107 cells/L (reference range 3.4-8.2 x 10° cells/L)
and neutrophils at 0.60 x 10° cells/L (reference range
1.5-6.7 x 10° cells/L).
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In February 2024, three days after a student
celebration on an international cruise ship, the pa-
tient, then 18 years of age, visited the emergency
department with signs of septic infection: occipital
headache, fever 39.5°C, tachycardia 110 beat/min,
and blood pressure 105/67 mm Hg. Physical exam-
ination revealed no petechiae; thorax radiograph
and urinalysis results were unremarkable. We per-
formed blood culture and started the patient on an-
timicrobial therapy (cefuroxime 1.5 g 3x/d). Tests
showed a total leukocyte count of 2.5 x 10° cells/L
and neutrophils at 1.90 x 10° cells/L. The patient’s
hemoglobin level was 86 g/L (reference 117-155
g/L), and lactate dehydrogenase (LDH) was 398
U/L (reference 115-235 U/L) (Tables 1, 2).

During the first inpatient morning, the patient’s
temperature peaked at 40.1°C, but she remained he-
modynamically stable and in good consciousness.
Her LDH increased to 463 U/L and hemoglobin de-
creased to 73 g/L. A transfusion of 1 unit of packed
red blood cells was administered. Pegcetacoplan
was continued at the same dose. Thromboprophy-
laxis with enoxaparin was initiated. Approximately
24 hours after admission, the patient’s blood culture
sample became positive, with an unclear finding in
gram-staining. A commercial multiplex-PCR array
(Biofire FilmArray Blood Culture Identification Panel
2; bioMérieux, https://www .biomerieux.com) yield-
ed no identification. Dosing of cefuroxime was in-
creased to 4 times a day.

On the second day, matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (VI-
TEK MS; bioMérieux) identified N. meningitidis, but
capsule agglutination was inconclusive. An in-house
meningococcus-specific PCR remained negative. The
multiplex PCR repeatedly returned a negative result
for all targets. Cefuroxime was switched to ceftriaxone
(2 g 2x/d), a medication more appropriate for treating
meningococcal sepsis. Subsequent laboratory tests re-
vealed a decrease in hemoglobin to 72 g/L and an in-
crease in LDH to 726 U/L, indicating active hemolysis.
She received another infusion of packed red blood cells.

Epidemiologic contact tracing and distribu-
tion of antimicrobial prophylaxis to close contacts

commenced. The meningococcal isolate was sent
to the Finnish Institute for Health and Welfare for
verification, serogrouping, and characterization
by whole-genome sequencing that included genes
of the 4CMenB vaccine antigens. The isolate auto-
agglutinated and was not groupable using a latex
agglutination test (BioRad Laboratories, https://
www.bio-rad.com).

On the third day of her hospital stay, the pa-
tient remained clinically stable, and her LDH level
decreased to 619 U/L. On the fourth day, a slight
drooping of the left side of her mouth was noticed.
Magnetic resonance imaging of her brain revealed no
abnormalities. The patient recovered fully and was
discharged in good health after a 7-day course of in-
travenous antimicrobial drugs. She continued pegce-
tacoplan therapy for PNH. At discharge, the patient
was prescribed amoxicillin/clavulanate (875/125
mg) to be started in duplicate in case of a sudden on-
set of fever at distance from hospital. On a follow-up
visit for PNH, the patient gave informed consent for
publication of a case report.

Whole-genome sequencing revealed a nonencap-
sulated N. meningitidis, harboring the capsule null
locus (cnl) allele 2. The strain designation of the iso-
late was sequence type 198, clonal complex 198 (cnl:
P1.18,25-1: F5-5: ST198 (cc198) (capsule group:PorA
type:FetA type:sequence type [clonal complex]). The
isolate contained neisserial heparin binding antigen
peptide 10 and factor H binding protein peptide 94
but lacked neisserial adhesin A. The genetic Menin-
gococcal Antigen Typing System (10) predicts isolate
coverage by 4CMenB because of cross-reactive neisse-
rial heparin binding antigen. Blocking of complement
C3 probably hinders killing by both opsonophagocy-
tosis and the complement terminal pathway (11), al-
though there is also evidence for serum killing during
C3 blockade through a C3 bypass pathway (12). The
negative diagnostic PCR and latex agglutination test
results were likely due to lack of capsular transport
and biosynthesis genes, including the PCR-targeted
ctrA (13).

Infections caused by nonencapsulated N. men-
ingitidis are rare. The epidemiology of cnl invasive

Table 1. Blood test results and body temperature of case patient from study of meningococcal sepsis in patient with paroxysmal

nocturnal hemoglobinuria during pegcetacoplan therapy*

Parameter Reference range  Day -29 Day 0 Day 1 Day 2 Day 3 Day 4 Day 5
Hemoglobin, g/L 117-155 94 86 73t 72t 80 76t 99
Total leukocytes, x 10° cells/L 3.4-8.2 1.8 2.5 1.8 3.1 23 2.2 3.4
Neutrophils, x 10° cells/L 1.5-6.7 0.60 1.90 1.46 2.02 1.33 0.89 1.81
CRP, g/L <4 <4 21 67 202 102 54 32
LDH, U/L 115-235 362 398 463 726 619 493 452
Fever, °C 36-37 NA 39.5 40.1 <38 <37.5 NA NA

*Day 0 indicates day patient sought hospital care. CRP, C-reactive protein; LDH, lactate dehydrogenase; NA, not available.

tPacked red blood cell transfusions.
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Meningococcal Sepsis during Pegcetacoplan Therapy

Table 2. Case patient diagnostic and hospital course highlights from study of meningococcal sepsis in patient with PNH during

pegcetacoplan therapy*

Treatment day Microbiology

Treatment Diagnostic tests and additional treatments

Day 0 Blood culture Cefuroxime 1.5g x 3
Day 1 Positive blood culture; Gram staining, Cefuroxime 1.5g x4 Pegcetacoplan 1,080 mg; prophylactic
challenging interpretation; BCID2 PCR, enoxaparin started; PRBC transfusion
negative

Day 2 Identification (MALDI-TOF mass spectrometry),  Ceftriaxone 2 g x 2 PRBC transfusion, contact tracing,
Neisseria meningitidis; in-house PCR, negative; prophylactic antimicrobial drugs distributed
serogrouping, inconclusive results; preliminary

report, nongroupable N. meningitidis
Day 4 NA NA Brain magnetic resonance imaging (PNH),
PRBC transfusion
Day 5 NA NA Pegcetacoplan 1,080 mg
Day 9 Whole-genome sequencing, nonencapsulated NA NA

N. meningitidis harboring capsule null locus

*Day 0 indicates day patient sought hospital care. BCID2, bioMérieux (https://www.biomerieux.com) Biofire Blood Culture Identification 2 Panel; MALDI-
TOF, matrix-assisted laser desorption/ionization time-of-flight; NA, not applicable; PNH, paroxysmal nocturnal hemoglobinuria; PRBC, 1 unit packed red

blood cells.

meningococci is difficult to ascertain. The 2022 Eu-
ropean Centre for Disease Prevention and Control
Surveillance Report for Invasive Meningococcal
Disease (14) listed serotypes A, X, Z, 29E, non-
groupable, and others in the same category (n = 63
in Europe in 2022). The US Centers for Disease Con-
trol and Prevention categorized cnl meningococci
as nongroupables (n = 30) and other/unknowns
(n = 40) in 2022. The PubMLST database (https://
pubmlst.org/neisseria), however, received >100
reports of invasive infections by cnl meningococci,
most belonging to the same strain designation as
the isolate infecting our patient. As whole-genome
sequencing becomes more common, allowing a
more detailed characterization than the agglutina-
tion test, cnl and other nongroupable meningococci
will likely become more frequently recognized and
differentiated.

Conclusions

Our patient had aplastic anemia and associated
PNH, with relative leukopenia and complement
inhibition, increasing her susceptibility to menin-
gococcal infections. latrogenic complement inhibi-
tion with pegcetacoplan and potential residual ra-
vulizumab predisposed this patient to an unusual
septic infection by nonencapsulated N. meningitidis,
despite immunization with 4CMenB 10 months and
8 months earlier. We faced some clinical challenges
in diagnosing and treating this patient. First, several
meningococcal identification tests returned negative
results. Second, because complement C3 inhibitor
therapy hampers protection against meningococci
conferred by 4CMenB immunization, patients who
suffer severe infections must sometimes compro-
mise continuity of complement inhibitor treatment.
Finally, with evidence lacking about efficacy and

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 31, No. 3, March 2025

safety of antimicrobial prophylaxis in complement
inhibitor recipients (15), physicians lack guidance
regarding appropriate prophylactic antimicrobial
drugs after severe infections in patients with PNH.
Our case sheds light on the obstacles involved in
both diagnosing and treating neisserial infections in
complement inhibitor recipients and demonstrates
the importance of vigilance and rapid administra-
tion of effective antimicrobial drugs.

This work was conducted as part of routine employment.
S.M. is supported by the Sigrid Jusélius Foundation and
the Helsinki University Hospital Funds (TYH2019311 and
TYH202322).
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Isolation Cocoon,
May 2020—After
Zhuangzi’s
Butterfly Dream

For many people, the prolonged period of
social distancing during the coronavirus dis-
ease pandemic felt frightening, uncanny,
or surreal.

For Ron Louie, the sensation was reminis-
cent of a moth taking refuge in its cocoon,
slumbering in isolation as he waited for bet-
ter days ahead.

In this EID podcast, Dr. Ron Louie, a clinical
professor in Pediatrics Hematology-Oncolo-
gy at the University of Washington in Seat-
tle, reads and discusses his poem about the
early days of the pandemic.

Visit our website to listen:
https://go.usa.gov/x6W9OA
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Donor-Derived Ehrlichiosis Caused
by Ehrlichia chaffeensis from
Living Donor Kidney Transplant

Michael J. Scolarici," Daniel Kuehler,' Rebecca Osborn, Annie Doyle, Elizabeth K. Schiffman, Alex Garvin,
Julian A. Villalba, Carmen J. Ramos, Christopher D. Paddock, Pallavi D. Annambhotla, Marissa Taylor,
Johanna S. Salzer, Christopher Saddler, Carrie Thiessen, Raja Kandaswamy,? Jon Odorico?

Tickborne infections are challenging to diagnose, particu-
larly among solid organ transplant recipients. We report a
US case of donor-derived ehrlichiosis from a living kidney
donation that highlights how screening for living donors
may miss tickborne infections. Clinicians should consider
the epidemiology of the donor when screening donations
and evaluating recipients for donor-derived infection.

hrlichia chaffeensis ehrlichiosis is a tickborne bac-

terial infection transmitted by the lone star tick
(Amblyomma americanum) endemic to the southeast-
ern and south-central United States (1). Because organ
transplant-associated transmission is rare, screening
of organ donors for ehrlichiosis is not routine, but in-
fection in transplant recipients is possible (2-5). We
report a case of donor-derived E. chaffeensis ehrlichio-
sis in a Wisconsin, USA, resident from a living kidney
donor in Minnesota, USA.

The Study

The living donor was a 33-year-old man with obesity
and unremarkable preoperative examination and se-
rologies who underwent laparoscopic hand-assisted
right nephrectomy for National Kidney Registry
living unrelated kidney transplant donation at the
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University of Minnesota (Minneapolis, MN, USA)
in June 2023. The donor had an uncomplicated ne-
phrectomy; the total operative time was 4 hours and
29 minutes. On postoperative day (POD) 0, a new er-
ythematous rash on the left hip and lower flank with
accompanying myalgia and weakness developed on
the donor. His urine output substantially decreased
and became cola colored. Creatine kinase (CK) level
was 41,155 U/L (reference range 30-200 U/L). Rhab-
domyolysis was diagnosed, and the patient received
aggressive fluid replacement. Urine myoglobin and
CK levels steadily improved, and the donor was dis-
charged on POD 6.

The recipient was a 24-year-old man with end-
stage kidney disease secondary to IgA nephropathy
who was on peritoneal dialysis. He underwent a Na-
tional Kidney Registry transplant from the described
unrelated donor to the right iliac fossa with antithy-
mocyte globulin induction and peritoneal catheter
removal at the University of Wisconsin (Madison,
WI, USA). He had an uncomplicated postoperative
recovery and was discharged to home on POD 3
with a creatinine level of 1.8 mg/dL (reference range
0.73-1.18 mg/dL) and maintenance immunosuppres-
sion (mycophenolate mofetil, tacrolimus, prednisone)
and antimicrobial prophylaxis (valganciclovir, trim-
ethoprim/sulfamethoxazole).

A week later, the recipient was readmitted with
a fever of 100.7°F (38.2°C), generalized malaise, joint
pain, and a perinephric fluid collection measuring 4.9
x 5.1 x 3.8 cm with 69 nucleated cells, predominately
macrophages. He received empiric intravenous piper-
acillin/tazobactam and vancomycin for 48 hours that
was then discontinued because admission cultures

"These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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remained negative. Because of persistent fever that
increased to 103°F (39.4°C), worsening renal function,
and onset of neutropenia and thrombocytopenia, we
performed broad-range 16S rRNA gene PCR on the
perinephric fluid, serum Lyme PCR, whole-blood Ba-
besia spp. PCR, and whole blood Ehrlichia and Ana-
plasma spp. PCR. Progressive kidney injury prompted
a graft biopsy.

Further patient history revealed no new sexual
partners, no international travel, and minimal out-
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Figure. Histopathologic and
immunohistochemical staining

of renal graft biopsy from
donor-derived ehrlichiosis

caused by Ehrlichia chaffeensis
from living donor kidney
transplant. We performed an
immunohistochemical (IHC) assay
using an immunoperoxidase
technique, with naphthol fast-

red substrate, light hematoxylin
counterstaining, and an antibody
raised against E. canis but

known to cross-react with other
Ehrlichia species, including E.
chaffeensis and E. ewingii, among
others. A) Interstitial peritubular
mononuclear cell infiltrate
(arrows). Hematoxylin and eosin
(H&E) stain; original magnification
x400. B) Immunostaining of
bacterial antigens from Ehrlichia
species within 2 morulae in

the cytoplasm of reactive
endothelial cells of a renal venule
(arrows). Original magnification
x630. C) Periglomerular focal
interstitial mononuclear cell
inflammation (arrows). H&E stain;
original magnification x400. D)
Magnification of IHC assay of
kidney biopsy indicating a granular
immunostaining pattern within
intracellular morulae (arrows).
Original magnification x1,000.

E) Renal tubules displaying

some features of acute tubular
necrosis including epithelial cells
with condensed chromatin and
sloughing of cells into lumina.
The tubular lumina are filled with
sloughed-off necrotic tubular
epithelial cells (arrowheads).
Some tubules show near
complete luminal occlusion. Casts
are not identified. H&E stain;
original magnification x630. F)
Another intracellular morulae seen
on kidney biopsy by IHC assay
(arrow). Original magnification
x1,000.

door exposure before or after transplantation. Neither
he nor his dogs had known recent tick exposures.
The whole-blood E. chaffeensis PCR result was
positive, and the 165 rRNA gene PCR, followed by
sequencing of the perinephric fluid collection, de-
tected E. chaffeensis. The patient started oral doxy-
cycline with defervescence within 12 hours. His
pancytopenia and renal function improved, and he
was discharged on hospitalization day 9 with a cre-
atinine level of 3.6 mg/dL. Two weeks after starting

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025


http://www.cdc.gov/eid

doxycycline, his perinephric drain was removed;
doxycycline was stopped 7 days later, for a total 21-
day course. Six weeks after transplant, he had a cre-
atinine level of 1.1 mg/dL, as well as unremarkable
leukocyte and platelet counts.

Ehrlichiosis is a nationally notifiable disease;
therefore, the recipient’s positive E. chaffeensis PCR
result was reported through the Wisconsin Elec-
tronic Disease Surveillance System, initiating a rou-
tine investigation by the Wisconsin Department of
Health Services. During the interview, the recipient
denied recent travel outside his Wisconsin county
of residence, outdoor activities, or tick exposures.
His recent organ transplantation triggered a mul-
tiagency investigation. The donor, a Minnesota
resident, reported the following to the Minnesota
Department of Health: outdoor exposure in Minne-
sota and travel to Kansas to hunt 3 weeks before the
transplant. While in Kansas, which is an E. chaffeen-
sis—endemic state, the donor removed several
ticks crawling on his body and clothing, includ-
ing 1 attached tick; he then experienced an illness
the donor attributed to food poisoning the week
before transplant.

Tissue biopsies from the transplanted kidney
sent to the Centers for Disease Control and Preven-
tion (CDC) revealed mild-to-moderate acute tubular
injury and necrosis (Figure, panels A, C, E). Because
of clinical and epidemiologic concerns for transplant-
transmitted infection of E. chaffeensis, we performed
an immunohistochemical assay raised against E. ca-
nis that is known to cross-react with other Ehrlichia
species, including E. chaffeensis (6). The immunohisto-
chemical assay highlighted antigens of Ehrlichia spp.
in intracellular morulae located within circulating
and interstitial mononuclear inflammatory cells and

Donor-Derived Ehrlichiosis

endothelial cells of periglomerular capillaries (Figure,
panels B, D, F). IgG against E. chaffeensis was detected
in archived predonation donor serum samples at a ti-
ter of 1:128, increasing 4-fold to 1:512 in postdonation
donor serum collected on POD 119. The recipient’s
pretransplant serum samples were all PCR negative
for E. chaffeensis (Table).

The laboratory evidence, exposure history, and
epidemiology of ehrlichiosis strongly support do-
nor-derived transmission of E. chaffeensis initially ac-
quired by the donor through a tick bite in Kansas 3
weeks before donation (7). That case highlights the
importance of rapid communication between trans-
plant centers when donor-derived infections are sus-
pected and the value of a parallel surveillance system
for tickborne infections leading to a comprehensive
investigation between 2 state health departments and
the assistance of CDC reference laboratories.

Although routine screening of all living donors
for laboratory evidence of ehrlichiosis is not justified,
this case study emphasizes the importance of asking
living donors and deceased donor next of kin about
recent travel and tick exposures, given the periopera-
tive risk to both living donors and recipients. Donor-
derived infection from a living donor is unique and is
definitive evidence that acute infection with Ehrlichia
spp. preoperatively developed in the donor. A prior
report showed posttransplant ehrlichiosis in 2 kid-
ney recipients with no exposure to ticks transmitted
from a deceased donor with increased risk for tick-
borne disease but no positive donor testing (5). An-
other study highlighted 2 clusters of donor-derived
ehrlichiosis from 2 deceased donors found to have at-
tached ticks on postmortem exam; 1 donor had peri-
mortem serum IgG positive for E. chaffeensis but no
convalescent titers (8).

Table. Summary of Ehrlichia testing of living donor and recipient from donor-derived ehrlichiosis caused by Ehrlichia chaffeensis from

living donor kidney transplant*

Days from kidney Real-time
donation Specimen IgG IFA titert PCRf 16S rRNA gene PCR8  Immunohistochemical assay{
Donor
-10 Serum 1:128 Negative ND ND
0 Serum 1:128 Negative ND ND
20 Serum 1:256 ND ND ND
119 Serum 1:512 ND ND ND
Recipient
-15 Serum ND Negative ND ND
0 Serum ND Negative ND ND
11 Perinephric fluid ND ND E. chaffeensis detected ND
14 Blood ND Positive ND ND
16 Renal tissue biopsy ND ND ND Ehrlichia spp. antigens detected

*IFA, indirect fluorescent antibody; ND, not done.
1Testing performed at the Centers for Disease Control and Prevention.

FTesting performed at the Centers for Disease Control and Prevention and Mayo Clinic Laboratories. Negative results defined as no bacterial DNA

detected by real-time PCR.
§Testing performed at University of Wisconsin Hospital Laboratory.
fITesting performed at the Centers for Disease Control and Prevention.
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This recipient’s perinephric fluid 165 rRNA gene
PCR was sent for evaluation for typical etiologies of
surgical site infection, but it detected E. chaffeensis.
We cannot determine whether that evaluation rep-
resents infected fluid or contamination from the
recipient’s circulating infected mononuclear cells.
However, that evaluation prompted extended ther-
apy beyond the CDC recommendation of >3 days
of doxycycline after defervescence and until clinical
improvement (typically a minimum of 5-7 days) (9).

Previously published cases have suggested that
trimethoprim/sulfamethoxazole use may increase
the severity of ehrlichiosis, although an analysis in
2020 did not find a major association between trim-
ethoprim/sulfamethoxazole use and need for inten-
sive care after controlling for underlying conditions
and doxycycline treatment delay (10). In addition, this
case highlights rhabdomyolysis, a relatively uncom-
mon and serious complication of ehrlichiosis (11,12).
This donation surgery was not prolonged, and the CK
level was higher than expected for routine postopera-
tive rhabdomyolysis. Recognition of a disproportion-
ately high CK level should trigger further evaluation
for a secondary cause such as infection.

Conclusions

In summary, clinicians should remain vigilant for
tickborne infections in potential organ donors, par-
ticularly those with known exposure to common dis-
ease vectors. Clinicians should maintain a broad dif-
ferential when evaluating solid organ recipients with
febrile syndrome shortly after transplantation, even
if the donor, recipient, or both reside in areas where
potential pathogens are not endemic.
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Cefotaxime-Resistant Neisseria
meningitidis Sequence Type 4821
Causing Fulminant Meningitis

Youxing Shao,' Mingliang Chen,' Jiehao Cai, Yohei Doi, Min Chen, Minggui Wang, Mei Zeng, Qinglan Guo

We explored the role of commensal Neisseria in the
emergence of third-generation cephalosporin-resistant
N. meningitidis. Cefotaxime resistance—conferring
penA795 was prevalent among commensal Neisseria
isolates in Shanghai, China, and was acquired by a se-
rogroup C quinolone-resistant sequence type 4821 N.
meningitidis, Nm507, causing fulminant meningitis in an
unvaccinated 2-year-old child.

Invasive meningococcal disease (IMD) is a severe
infection caused by Neisseria meningitidis. Early
empiric treatment with penicillin or third-generation
cephalosporins (3GCs) including ceftriaxone and ce-
fotaxime, is crucial (1). Over the past 2 decades, the
spread of the hyperinvasive and quinolone-resistant
N. meningitidis clone China®*?R-¢/B  (syblineage
L44.1, mainly serogroup C) within clonal complex
(CC) 4821 has resulted in ~70% fluoroquinolone re-
sistance among meningococci in China (2). More re-
cently, penicillin nonsusceptiblity has increased rap-
idly among meningococci in China (3-5). We recently
reported acquisition of penicillin and cefotaxime re-
sistance by CC4821 (3).

The penA gene (around 1,746 bp, NEIS1753) en-
codes penicillin binding protein 2 (PBP2), a 2-domain
protein (6). A 402-bp region (nucleotides 1321-1722,
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amino acids 441-574) is commonly used to determine
penA alleles in meningococci. Five well-characterized
alterations in the C-terminal catalytic transpeptidase
of PBP2 (PBP2-TPase) are primarily responsible for
penicillin nonsusceptibility in meningococci (7). A
series of additional mutations in PBP2-TPase contrib-
ute to ceftriaxone resistance in the globally dissemi-
nated N. gonorrhoeae FC428 clone (8,9). Three cefotax-
ime-resistant meningococci isolates were reported
in China during 2017-2019 (3). The case reported
in this article involves, 1 of those 3 isolates, Nm507,
serogroup C quinolone-resistant sequence type (ST)
4821 (C: P1.21-2,9:F3-3:5T4821, 1.44.1), which led to a
rare fulminant case of IMD (Appendix, https://ww-
wnc.cde.gov/EID/article/31/3/24-1493-Appl.pdf).
This study was approved by the Institutional Review
Board of Children’s Hospital of Fudan University
(approval no. 2023-111).

The Study

A 2-year-old child was initially infected with influ-
enza A virus and subsequently developed purpura
fulminans, progressing to septic shock and dissemi-
nated intravascular coagulation. Mechanical ventila-
tion, fluid resuscitation, and vasoactive drugs were
administered to stabilize his vital signs. After 1 dose
of penicillin, antimicrobial therapy was changed to
ceftriaxone for 14 days (Appendix Figure 1). The
child recovered fully. Previous influenza A virus in-
fection is hypothesized to increase the risk for IMD
because it disrupts the nasopharyngeal epithelium
and normal flora (10).

We isolated 3 N. meningitidis isolates from the
patient: Nm507 (blood), Nm508 (cerebrospinal flu-
id), and Nm509 (nasopharynx). Antimicrobial sus-
ceptibility testing showed the 3 N. meningitidis iso-
lates were resistant to penicillin (MICs 0.75 pg/mL),

"These authors contributed equally to this article.
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Figure 1. Epidemiologic and molecular characterizations of penA795-bearing Neisseria meningitidis, N. gonorrhoeae, and Neisseria
commensals in study of cefotaxime-resistant N. meningitidis sequence type 4821 causing fulminant meningitis. Epidemiology,
molecular typing, antimicrobial resistance determinants, and antimicrobial susceptibility testing results of 85 penA795-bearing Neisseria
isolates are shown. The leftmost tree depicts the phylogeny of the PBP2-TPase region (penA 718 to 1,746 bp). Analysis of mutations

in antimicrobial resistance-associated genes/determinants is provided in the Appendix (https://wwwnc.cdc.gov/ElD/article/31/3/24-
1493-App1.pdf). Scale bar indicates number of nucleotide substitutions per site. AMR, antimicrobial resistance; AST, antimicrobial
susceptibility testing; CC, clonal complex; CIP, ciprofloxacin; CRO, ceftriaxone; CTX, cefotaxime; MEM, meropenem; MLST, multilocus
sequence type; |, intermediate; ND, not determined; PEN, penicillin; R, resistant; sgl, singleton; S, susceptible; UN, unknown.
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cefotaxime (MICs 0.25 pg/mL), ciprofloxacin (MICs
0.5 pg/mL), and trimethoprim/sulfamethoxazole
(MICs >2/38 pg/mL) and had reduced susceptibility
to ceftriaxone (MICs 0.125 pg/mL) and meropenem
(MICs 0.047 pg/mL). The 3 isolates were genetically
identical and harbored penA795, which contained 12
mutations associated with penicillin and 3GCs resis-
tance in the PBP2-TPase. These mutations included
5 classic penicillin-resistance-associated mutations
(F504L, A510V, 1515V, H541N, and 1566V) (7) and
the A549T mutation, which contributes to penicillin
nonsusceptibility (3). In addition, they contained 6
mutations found in N. gonorrhoeae strain FC428 as-
sociated with resistance to 3GCs (A311V, 1312M,
V316T, T483S, N512Y, and G545S) (8,9), without any
other determinants conferring resistance to 3GCs.
Natural transformants, obtained from previous re-
search (3), harbored mosaic penA, and the segments
containing penA795 were transferred from 3 com-
mensal Neisseria species to penicillin- and 3GCs-sus-
ceptible recipient N. meningitidis Nm040 (penicillin
MIC 0.032 pg/mL, cefotaxime MIC 0.008 pg/mL).
All natural transformants showed penicillin nonsus-
ceptibility (MIC 0.19-0.38 ng/mL) and cefotaxime
resistance (MIC 0.25-0.5 pg/mL). In addition, MICs
were elevated by 32-62-fold (0.064-0.125 pg/mL)
for ceftriaxone and by 2-5-fold (0.023-0.064 ng/mL)
for meropenem compared with recipient Nm040
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(ceftriaxone MIC <0.002 pg/mL, meropenem MIC
0.012 pg/mL) (Appendix Table 1).

We cataloged the penA alleles in 1,032 local com-
mensal Neisseria isolates (commensals) and observed
penA795 in 76/1,032 (7.4%) isolates. The 76 penA795-
bearing commensals included N. lactamica (n=71), N.
cinerea (n = 4), and N. polysaccharea (n = 1) (Figure 1).
Among the 71 N. lactamica isolates, CC640 dominated
(54.9%, 39 isolates; 27 isolates were ST14031). Those
penA795-bearing commensals were collected from
6 districts of Shanghai (Figures 1, 2); they were iso-
lated from persons of various ages, mainly children
3-6 years of age (n = 42), students 7-11 years of age
(n = 18), and children <3 years of age (n = 10), over a
10-year period (2013-2022) (Figures 1, 3). All 76 pe-
nA795-bearing commensals were resistant to penicil-
lin, cefotaxime, and ciprofloxacin and nonsusceptible
(75/76 resistant, 1 intermediate) to trimethoprim/
sulfamethoxazole but susceptible to meropenem.
Seventy-one isolates (93%, 71/76) were resistant to
ceftriaxone (Figure 1; Appendix Table 2).

We identified the penA795 allele among 6 Neisse-
ria species (85 isolates, including 76 from this study)
through searches in PubMLST (https://pubmlst.org/
neisseria) and PubMed (8,11-14). Of note, penA795
has been transferred among unrelated N. gonorrhoeae
clones such as H041 (World Health Organization
gonococcal reference strain X [WHO X], 2009, Japan)

Figure 2. Sampling locations of
76 penA795-bearing Neisseria
commensals in 6 districts of
Shanghai, China, in study of
cefotaxime-resistant Neisseria
meningitidis sequence type 4821
causing fulminant meningitis.
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Figure 3. Timeline of 85
penA795-bearing Neisseria
isolates from China and
elsewhere during 2009-2022

in study of cefotaxime-resistant
Neisseria meningitidis sequence
type 4821 causing fulminant
meningitis. WHO, World Health
Organization.

(11), A8806 (WHO Z, 2013, Australia) (12), GU140106
(2014, Japan) (13), the FC428 international clone (WHO
R, 2015, Japan) (8), and G7944 (WHO Q, 2018, United
Kingdom) (14) (Figures 1, 3; Appendix Table 1). Only 3
penA795-bearing N. meningitidis isolates have been re-
ported: Nm507 from Shanghai in 2019 and LN24 and
LN25 (PubMLST identifications 133563 and 133564)
from Shandong Province, China, in 2022. LN24 and
LN25 exhibit identical molecular characteristics as B:
P1.20,23-1: F1-91:5T5664 (CC4821, 1.44.2) (Figures 1, 3).
MIC data for LN24 and LN25 are unavailable. We ex-
tracted the full-length penA (NEIS1753) sequences from
85 penA795-bearing Neisseria isolates and divided them
at nucleotide position 718, according to the N terminal
(penA 1-717) and C terminal (penA 718-1,746) encom-
passing the 3 conserved motifs of the PBP2-TPase do-
main of PBP2 (Appendix Figures 2, 3) (6). The +718 to
+900 region possessed 1%-28% nucleotide variations.
Except for H041, which had an amino acid alternation
of V316P, all isolates harbored the 12 resistance-asso-
ciated mutations in PBP2-TPase described in Nm507
and FC428 (Appendix Table 1, Figure 3). We classi-
fied 85 penA795-bearing Neisseria isolates into 7 groups
(a-g) and 6 singletons based on PBP2-TPase sequences
associated with cefotaxime resistance (penA 901-1,746,
covering 12 resistance-associated mutations) (Figure
1). Nmb507 shared an identical cefotaxime-resistant
PBP2-TPase sequence with 50 penA795-bearing com-
mensals, as well as LN24, LN25, and A8806 (CTX-R
group a), suggesting likely horizontal gene transfer
among different Neisseria species, especially from N.
lactamica to N. meningitidis. Natural transformation ex-
periments (3) reproduced the horizontal gene transfer
event of N. meningitidis acquiring the penA795-bearing
segment from Neisseria commensals.
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Commensal Neisseria, with a 100% carriage
rate, serve as an ideal reservoir of antimicrobial re-
sistance genetic elements for local meningococci.
The widespread presence of penA795-bearing N.
lactamica CC640, exhibiting multidrug resistance
to penicillin, cefotaxime, ceftriaxone, ciprofloxacin,
and trimethoprim-sulfamethoxazole in Shanghai,
raises substantial concerns over its role in fostering
the emergence of multidrug-resistant N. meningitidis.
Moreover, the increase of international travel height-
ens the risk for both meningococcal and multidrug-
resistant commensal colonization. Of note, penA795-
bearing N. meningitidis (LN24 and LN25) in Shandong
were recovered sharing identical PBP2-TPase se-
quences associated with cefotaxime resistance with
commensals from Shanghai.

Conclusions

Our study reveals widespread presence of the
penA795 allele, which encodes PBP2-TPase associated
with cefotaxime resistance, among Neisseria commen-
sals in Shanghai, China. The penA795 fragment has
been captured by the hyperinvasive, quinolone-resis-
tant NmC N. meningitidis ST4821, causing life-threat-
ening meningitis. In China, scheduled meningococcal
vaccines include the group A polysaccharide vaccine
(MPV-A, 2 doses at 6 and 9 months) and the bivalent
NmA and NmC polysaccharide vaccine (MPV-AC,
administered at 3 and 6 years of age). This patient
had received only 2 doses of MPV-A, because MPV-
AC is not licensed for young children (<2-3 years of
age). A recent study has just reported an outbreak of
NmC caused by multidrug-resistant ST4821 isolates
in Fiji (15). Promoting coverage with meningococ-
cal polysaccharide conjugate vaccine (MPCV), such
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as MPCV-AC or MPCV-ACYW, will be imperative
to effectively reduce illness and deaths caused by N.
meningitidis, particularly the emerging multidrug-re-
sistant invasive NmC clone.

This study used Neisseria genomic data deposited in the
PubMLST database (https://pubmlst.org/neisseria), sited
at the University of Oxford (Jolley & Maiden, 2018,
Wellcome open research, 3:124).
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Tsukamurella tyrosinosolvens
Respiratory Infection in
Immunocompetent Man

Aidan Clifford, Jenny Siaw Jin Wong, Ben Aw-Yeong, Kerrie Lea, Maria Globan, Benjamin Smith

Tsukamurella spp. are an infrequent and underdiag-
nosed cause of bacterial respiratory infection, usually
occurring in patients with structural lung disease or im-
mune compromise. We describe T. tyrosinosolvens re-
spiratory infection in a patient in Australia without struc-
tural lung disease or known immune deficiency. The
patient was successfully treated with oral ciprofloxacin
and clarithromycin.

T%ukamurella spp. are variably or weakly acid-fast,
gram-positive, non-spore-forming, obligate aero-
bic actinomycetes and are typically isolated from wa-
ter, soil, and other terrestrial samples. Tsukamurella
infections are rare but, when reported, are often as-
sociated with indwelling vascular or peritoneal cathe-
ters (1). Tsukamurella spp. also have been described as
causative agents in respiratory infection, meningitis,
keratitis, cutaneous infection, and acute otitis media
(1,2). Nonpathogenic respiratory colonization by Tsu-
kamurella spp. also has been described (1). Tsukamurel-
la respiratory infection probably is underidentified
because of clinical, radiologic, and morphologic simi-
larities with related, more common organisms such
as Mycobacterium tuberculosis. The advent of DNA
and RNA sequencing techniques and matrix-assisted
laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry has enabled an increase in
diagnosis of Tsukamurella infection (2,3).

Tsukamurella spp. respiratory infection might be
clinically indistinguishable from pulmonary tubercu-
losis (TB); symptoms include cough, hemoptysis, and
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weight loss (1). Current understanding of risk fac-
tors is limited; however, 38% of previously described
cases were associated with immune compromise
and 69% with underlying structural lung disease
(1,4-13) (Appendix, https://wwwnc.cdc.gov/EID/
article/31/3/24-1365-Appl.pdf). Tsukamurella pul-
monary co-infection with other aerobic actinomycetes
also has been described (13).

Because reported cases are rare, awareness of
Tsukamurella spp. infection among clinicians is lim-
ited, and evidence to guide empiric management is
scarce. We describe a case of T. tyrosinosolvens respi-
ratory infection in an apparently immunocompetent
patient in Australia without underlying structural
lung disease.

The Case-Patient

A 25-year-old man, 3 years postmigration from In-
dia, was referred to our hospital with right apical
nodular opacities on chest radiograph performed
during routine migrant screening, which were pre-
sumed to be attributable to TB. He was asymptom-
atic, with no cough, dyspnea, fevers, night sweats,
or recent weight loss. The patient had no remark-
able medical history and did not take medications
regularly. He reported no smoking or recreational
drug use. He had no history of immune deficits
such as HIV infection, malignancy, stem cell or sol-
id organ transplant, steroid or other immunosup-
pressive drug use, diabetes mellitus, alcoholism,
renal failure, liver failure, or previous splenectomy.
He worked in manufacturing and had exposure to
diesel engines and reported no exposure to soil,
animals, or wastewater.

At initial assessment, the patient was afebrile
and had no focal respiratory signs. Initial blood test-
ing results were unremarkable; C-reactive protein
and leukocyte counts were within reference ranges.
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Results of assay tests for TB and HIV were negative.
Sputum specimens collected on 3 consecutive days
were smear-negative for acid-fast bacilli (AFB) with
auramine-rhodamine stain.

Computed tomography (CT) of the chest showed
variable-sized pulmonary nodules in the right lung
apex and surrounding tree-in-bud changes (Figure).
CT also identified 2 cavities; the larger cavity mea-
sured 25 mm and contained an air-fluid level. The
remaining lung was clear. Cultures of all 3 sputum
samples indicated Tsukamurella spp. most closely re-
lated to T. tyrosinosolvens. We performed species iden-
tification through targeted Sanger DNA sequencing
of a 550-bp fragment of the 165 rRNA gene, followed
by BLAST analysis (https://blast.ncbi.nlm.nih.gov)
to determine the most closely matched species. Given
radiologic findings consistent with active infection
and repeated isolation of Tsukamurella spp., we de-
cided to treat empirically with ciprofloxacin and clar-
ithromycin (both 500 mg 2/d).

Subsequent sensitivity testing through broth
microdilution demonstrated susceptibility to a
broad range of antimicrobial drugs, intermedi-
ate susceptibility to doxycycline, and resistance
to amoxicillin/clavulanic acid and tobramycin
(Table). Given the lack of clinical data to support
development of validated MIC breakpoints for Tsu-
kamurella spp., we interpreted susceptibilities by
using MIC breakpoints for Nocardia spp. by Clinical
and Laboratory Standards Institute guidelines (14).
Two further sputum samples collected 1 month
later also were AFB smear-negative; however, we
cultured Mycobacterium fortuitum from a single
specimen, which was not considered causative or
otherwise clinically important.

Tsukamurella tyrosinosolvens Respiratory Infection

After 3 months of treatment, the patient remained
asymptomatic and reported no adverse events associ-
ated with treatment. Repeat CT showed interval re-
duction of the cavitating lesion from 25 to 17 mm (Fig-
ure). Treatment was continued for another 3 months,
at which time the nodules had further reduced in size;
the cavitating lesion measured 10 mm (Figure). After
6 months of macrolide and fluoroquinolone therapy,
treatment was stopped. We noted no radiologic signs
of infection recurrence on repeat CT at 6 months after
treatment cessation.

Conclusions

We describe a case of T. tyrosinosolvens infection as
a cause of cavitating respiratory disease in an im-
munocompetent and otherwise healthy young man.
This case challenges the characterization of Tsuka-
murella spp. as opportunistic pathogens and should
raise awareness of Tsukamurella respiratory infection.
Although Tsukamurella pulmonary infection is rare,
the number of reports is increasing, and most cases
have been published within the last decade (Ap-
pendix). The emergence of Tsukamurella bacteria as a
cause of human infection probably reflects advances
in laboratory methods and increased recognition of a
previously misdiagnosed disease. Although the true
prevalence remains unclear, epidemiologic studies in
China indicated that 1% of presumed nontuberculous
Mycobacteria respiratory samples were Tsukamurella
spp.- when they were retrospectively analyzed using
molecular methods (15).

Underrecognition occurs for several reasons.
Lack of awareness among clinicians and the prac-
tice of treating AFB culture-positive infection as
presumed TB in some clinical settings contribute

Figure. Computed tomography (CT) scans for reported case of Tsukamurella tyrosinosolvens infection in 25-year-old immunocompetent
man. A) Initial CT showing 25-mm cavitating right apical lesion. B) Repeat CT after 6 months of treatment, indicating interval cavitary
lesion reduction to 10 mm and resolution of the second smaller cavitation seen on original CT. C) Final CT 6 months after treatment
cessation, indicating further cavity resolution without evidence of infection recurrence.
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Table. Antimicrobial susceptibility testing results for reported
case of Tsukamurella tyrosinosolvens infection in 25-year-old
immunocompetent man, with tentative interpretation based on
Nocardia spp. breakpoints (14)*

Tentative

Agent MIC, yg/mL interpretation
Amikacin 1 S
Amoxicillin/clavulanic acid 64/32 R
Ceftriaxone 4 S
Ciprofloxacin 0.5 S
Clarithromycin 2 S
Doxycycline 4 |
Imipenem 2 S
Linezolid 2 S
Minocycline 1 S
Moxifloxacin 0.25 S
Tobramycin 16 R
Trimethoprim/sulfamethoxazole 0.25/4.75 S

*|, intermediate; R, resistant; S, sensitive.

to misdiagnosis (2,7). Because Tsukamurella spp.
respiratory infection might be clinically, radiologi-
cally, and morphologically indistinguishable from
pulmonary TB and might also respond to treatment
with first-line TB therapy, the risk for misdiagnosis
is high in the absence of microbiologic confirma-
tion. A broader differential including other aerobic
actinomycetes could be beneficial, especially in pa-
tients not responding to initial therapy. Tsukamurella
resistance to first-line TB treatment agents has been
described (2). Misdiagnosis has been shown to lead
to excess disease and death in some case reports (7)
and can also lead to use of unnecessary, toxicity-
prone TB treatment regimens.

Microbiologic diagnosis often is resource-inten-
sive. Standard laboratory phenotypic and biochemi-
cal methods might be inadequate to distinguish
Tsukamurella from other aerobic actinomycetes. The
advent of MALDI-TOF mass spectrometry and mo-
lecular techniques such as 165 rRNA and DNA se-
quencing have enabled accurate identification of
Tsukamurella genus (2). Although 16S sequencing is
an effective technique for identifying Tsukamurella
genus, it often is insufficient to achieve species-level
identification because of the high genetic conserva-
tion between species and lack of sequences avail-
able on public databases for comparison. Sequencing
of additional housekeeping genes (e.g., groEL, secA,
and rpoB) might be necessary for Tsukamurella species
identification. Although some literature describes
low diagnostic accuracy of Tsukamurella spp. with
MALDI-TOF mass spectrometry, recent database im-
provements have demonstrated species-level identifi-
cation with 98% accuracy (3). Therefore MALDI-TOF
mass spectrometry might be an efficacious and cost-
effective diagnostic method compared with DNA
and RNA sequencing techniques. Unfortunately,
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those methods might not be routinely available out-
side metropolitan clinical microbiology and reference
laboratories and can be impractical in settings with
high TB prevalence.

Even once diagnosis is made, evidence to guide
antibiotic choice and duration of therapy is scarce.
Empiric regimens are based on previous case reports,
and duration must be guided by clinical response. In
the absence of validated MIC breakpoints, correla-
tion between in vivo and in vitro sensitivities might
be poor. Current Clinical and Laboratory Standards
Institute guidelines provide tentative breakpoints for
interpreting Tsukamurella spp. susceptibility testing
on the basis of Nocardia spp. breakpoints (14); how-
ever, patients should be monitored to ensure appro-
priate clinical response.
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etymologia revisited

Plague
[plag]

lague (from the Latin plaga, “stroke” or “wound”) infec-

tions are believed to have been common since at least
3000 Bce. Plague is caused by the ancestor of current Yersinia
(named for Swiss bacteriologist Alexandre Yersin, who first
isolated the bacterium) pestis strains. However, this ances-
tral Y. pestis lacked the critical Yersinia murine toxin (ymt)
gene that enables vectorborne transmission. After acquiring
this gene (sometime during 1600-950 BCE), which encodes
a phospholipase D that protects the bacterium inside the
flea gut, Y. pestis evolved the ability to cause pandemics of
bubonic plague. The first recorded of these, the Justinian
Plague, began in 541 Ace and eventually killed more than 25
million persons.

Originally published
in January 2018
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Tsukamurella tyrosinosolvens
(tst-ka-ma-rel'lo tI'-r-sé-no6-sol'vins)
Clyde Partin

he species name for the bacterium Tsukamurel-

la tyrosinosolvens was accepted in 1997 on the
basis of biochemical attributes: tyrosina, from the
amino acid tyrosine in cheese (tyros, Greek for
cheese), which imparts a crystalline texture. The
hydrolysis, or dissolving of tyrosine —thus, tyro-
sinosolvens —is a species characteristic.

The genus Tsukamurella consists of commen-
sal bacteria with a propensity to cause oppor-
tunistic infections in immunocompromised pa-
tients, especially those with chronic lung disease.
Tsukamurella bacteria are related to the genera
Nocardia, Mycobacterium, Corynebacterium, and
Gordonia. Gordonia aurantiaca was initially isolat-
ed in 1971 by renowned Japanese physician-mi-
crobiologist and Mycobacteria taxonomist Michio
Tsukamura at Nagoya University in Nagoya,
Japan. In 1988, he was honored with the genus
name Tsukamurella.

Tsukamurella, retrospectively isolated by Ed-
| ward A. Steinhaus in 1941 from the mycetoma
| and ovaries of the bedbug, was originally mis-

identified as Corynebacterium paurometabolum.
Tsukamurelln are weakly acid-fast; therefore,
clinical manifestations can be confused with

Figure. Gram staining
from aerobic blood
cultures (x1,000
magnification)
showing numerous
long, slightly curved,
thin, nonbranching,
and gram-positive
rods, confirmed

as Tsukamurella
tyrosinosolvens. Image
from (2); licensed by
CC by 4.0 (https:/
creativecommons.org/
licenses/by/4.0).

those of tuberculosis and create microbiological
misidentification with Mycobacterium and Coryne-
bacterium spp.

Tsukamurella infections are rare and usually as-
sociated with immune-suppressed patients, but se-
vere infections have occurred in immunocompetent
patients. Currently, of 17 known species, 12 cause
human disease. Although Tsukamurella infections
have been increasingly reported in Europe, Asia,
America, and Africa, T. tyrosinosolvens has been the
most common species observed.
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Outbreak Caused by Multidrug-
Resistant Mycobacterium
Tuberculosis with Unusual
Combination of Resistance
Mutations, Northern Argentina,
2006—2022

Roxana Paul," Federico Lorenzo," Beatriz Lopez, Maria Gabriela Alegre, David Couvin,
Nalin Rastogi, Laura Pérez-Lago, Dario Garcia de Viedma, Ana Gamberale,
Norma Gonzalez, Domingo Palmero, Silvia Altabe, Norberto Simboli, Noemi Kaoru Yokobori

To reconstruct transmission chains of the multidrug-resis-
tant tuberculosis Ch strain, which harbors a unique com-
bination of resistance mutations, we analyzed genomes
of 25 isolates from 12 patients with diagnosis during
2006-2022 in Chaco Province, Argentina. Amplification
of resistance, high mortality rates, and indications of a
wider outbreak raise concerns for surveillance programs.

rgentina is considered a mid-incidence country

for tuberculosis (TB); 1% of multidrug-resistant
(MDR) cases persist in Argentina. The northern prov-
ince of Chaco, a province with a top 5 TB burden (1),
had a low number of MDR TB cases and no prior
evidence of local transmission (2). MDR TB can af-
fect patients beyond the well-established risk groups,
making clinical suspicion essential where univer-
sal drug-susceptibility testing (DST) is unavailable.
Whole-genome sequencing (WGS) enables timely and
precise molecular drug-resistance profiling, but gen-
otype/ phenotype correlations need further research,
especially for rapidly emerging resistance to second-
line drugs (e.g., bedaquiline and linezolid) (3).

To reconstruct the transmission chains and drug-
resistance profiles, we used WGS to analyze an MDR
TB outbreak in Resistencia, Chaco Province, Argen-
tina. The study was performed in accordance with the
Helsinki Declaration as revised in 2013. The Research
Ethics Committee of the Instituto Nacional de Epide-
miologia, ANLIS “Dr. Jara,” Buenos Aires, Argentina,
approved the project and waived the informed con-
sent requirement (project code YOKOBORI05/2022).

The Study

During 2018-2019, our laboratory received 9 MDR
M. tuberculosis isolates from 3 patients of Resisten-
cia, Chaco, that had unexpectedly inconsistent PCR-
based resistance profiles for rifampin and isoniazid in
isolates from the same patient and between 2 patients
with close epidemiologic links (Appendix 1, https://
wwwnc.cdc.gov/EID/article/31/3/24-1272-App1.
pdf; Appendix 2, https://wwwnc.cdc.gov/EID/
article/31/3/24-1272-App2.xlsx). A preliminary ge-
nomic analysis showed simultaneous presence of
the mutations rpoB_Asp435His, rpoB_His445Asp,
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fabG1-inhA_t-8c, and katG_Ser315Thr. We studied
that possible outbreak because of the unusual combi-
nation of mutations, the extended resistance profile,
and the critical disease in young patients with no rel-
evant comorbidities (Table 1).

The Mycobacteria Service, Instituto Nacional de
Enfermedades Infecciosas, ANLIS “Dr. C. Malbran,”
Buenos Aires, Argentina, the national reference labo-
ratory for TB diagnosis, has kept an MDR genotyp-
ing database, representing nationwide cases, since
2003. After intense screening of our databases, on

the basis of rifampin and isoniazid molecular resis-
tance patterns; province of origin; epidemiologic link,
genotype, or both, we identified 29 candidate isolates
from 12 patients. Twenty-four isolates were avail-
able for WGS analysis (Appendix 1); we assigned an
identification number to each isolate. We performed
phenotypic DST when we received the isolates unless
otherwise stated (Appendixes 1, 2), and we compared
spoligotypes with those in the SITVITEXTED data-
base (Appendix 3, https://wwwnc.cdc.gov/EID/
article/31/3/24-1272-App3.pdf).

Table 1. Characteristics of patients at time of diagnosis of MDR-TB infection with Ch strain, Argentina, 2006—2022*

Age,
ID Residence  Year y/sex DR profilet DR status  HIV status Comments
1 Resistencia, 2006 57/M  STR, INH, RIF, MDR Unknown  Index case-patient. No previous treatment records.
Chaco EMB, PZA, ETH Died 2 months after diagnosis. Treatment was with
INH, RIF, PZA, EMB, and STR.
2 Resistencia, 2008 NA/F  STR, INH, RIF, MDR Negative  Mother of patients 3, 4, and 9. Worked as a nurse at
Chaco EMB, PZA, ETH hospital where patient 1 was assisted. Self-
administered the second-line drugs. Smear positive
for AFB until 2011.
3 Resistencia, 2010 14/M  STR,INH, RIF, MDR (pre- Negative  Son of patient 2. Hepatotoxicity associated with TB
Chaco EMB, PZA, ETH XDR) drugs. Poor adherence to treatment. Problematic
(2LI, FLQ) substance use. Died in 2016.
4 Resistencia, 2010 16/M  STR, INH, RIF, MDR Negative  Son of patient 2. Hepatotoxicity associated with TB
Chaco EMB, PZA, ETH drugs.
5 Resistencia, 2014 66/M  STR,INH,RIF, Pre-XDR  Unknown Grandfather of patient 6. Repeated treatment
Chaco EMB, PZA, ETH changes, suboptimal treatment.
6 Resistencia, 2014 15/F STR,INH,RIF, Pre-XDR  Negative Granddaughter of patient 5. Her mother, who had
Chaco EMB, PZA, ETH, (XDR) lupus, and brother died of TB (Appendix 2,
FLQ (LZD%) https://wwwnc.cdc.gov/ElD/article/31/3/24-1272-
App2.pdf). Discharged in 2016 after sputum tested
negative. Relapsed in 2017. Referred to a hospital
that specialized in DR-TB in Buenos Aires in 2019.
Poor adherence to treatment. Smoker.
7 Corrientes, 2014 52/M STR, INH, RIF, MDR Positive Died in 2015.
Corrientes EMB, PZA, ETH
8 Resistencia, 2017  43/F STR, INH, RIF, MDR Unknown TB diagnosed in 2016. Had contact with a TB patient
Chaco EMB, PZA, ETH in 1999, but the association with the outbreak is
unknown.
9 Resistencia, 2017  18/F STR, INH, RIF, MDR Negative Daughter of patient 2. Irregular treatment and poor
Chaco EMB, PZA, ETH adherence. Died in 2021.
(CAP, ETH)
10 Resistencia, 2018 16/F STR,INH,RIF, Pre-XDR  Negative Friend of patient 6, who visited her frequently.
Chaco EMB, PZA, ETH, (XDR) Repeated treatment changes. Admitted to a pediatric
FLQ (CFz, hospital in Buenos Aires in 2019, where she received
BDQS§) CFZ/BDAQ. Patient complied with treatment; her
condition improved, and she was discharged in
December 2019. Relapsed and died in 2020 during
social isolation because of COVID-19 pandemic.
11 Resistencia, 2020 24/F STR, INH, RIF, MDR Negative Irregular treatment. Problematic substance use.
Chaco EMB, PZA, ETH
12 Del Viso, 2021 21/M  STR, INH, RIF, MDR Unknown  Patient was unavailable for follow-up until mid-2022
Buenos EMB, PZA, ETH when he started second-line treatment. Former
Aires resident of Resistencia and declared the same

address of patient 2 and her family, but their exact
relationship is unknown.

*BDQ, bedaquiline; CAP, capreomycin; CFZ, clofazimine; DR, drug resistance; EMB, ethambutol; ETH, ethionamide; FLQ, fluoroquinolone; INH,
isoniazid; NA, not available; MDR, multidrug-resistant; pre-XDR, pre—extensively drug-resistant; PZA, pyrazinamide; RIF, rifampin; STR, streptomycin;

XDR, extensively drug-resistant.; 2LI, second-line injectable drugs.

tConsolidated DR profiles based on phenotypic and molecular test results. STR was tested phenotypically in all isolates until 2017. The DR profile and

DR status of the last isolate are indicated between brackets.
FConfirmed phenotypically.

§Tested retrospectively after the detection of the Rv0678_114duplC mutation by whole-genome sequencing.
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Figure 1. Maximum-likelihood phylogenetic tree of the 24 isolates from the MDR Mycobacterium tuberculosis outbreak strain Ch,
Chaco, Argentina, 2006—2022, analyzed by whole-genome sequencing. Each patient is represented by a colored dot. Labels indicate
the patient and isolate identification numbers. Blocks indicate the resistance-conferring mutations detected in each isolate, as indicated
below the tree. Scale bar indicates number of substitutions per variable site. MDR, multidrug-resistant.

All patients were residents of Resistencia, except
for a patient from the neighboring Corrientes city
and a former resident of Resistencia who received
their diagnoses in Buenos Aires (Table 1; Appen-
dix 3). Patient 2, a healthcare worker at the hospital
where patient 1 was assisted, was the mother of pa-
tients 3, 4, and 9. Patient 6 was the granddaughter of
patient 5 and frequently visited her friend, patient 10.
The remaining epidemiologic links were unknown.
Five patients were teenagers at the time of diagnosis
(Table 1).

WGS showed a monophyletic group (Figure 1;
Appendix 2). We named the clone the Ch strain, and
it belonged to lineage 4.1.1 and to the spoligotype in-
ternational type (SIT) 119 of the X1 family. The high-
est number of SIT119 clones in the SITVITEXTEND
database in the region, without association with
MDR, is in Brazil (Appendix 3). The median pairwise
single-nucleotide polymorphism distance among the
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first isolates from each patient was 3 (range 0-6) (Ap-
pendix 2), excluding isolate 8.1, which was 15 single-
nucleotide polymorphisms (range 12-17) apart from
the others. The most ancestral isolate belonged to
the index case-patient, whose diagnosis was made
in 2006. Despite the patient having no history of TB
treatment, that isolate had the 8 resistance mutations
common to the cluster, including the double muta-
tions for isoniazid and rifampin (Table 2; Figure 1),
suggesting that the outbreak could have been more
extended. Patient 3 was probably the source of 3 sec-
ondary pre-extensively drug-resistant cases in the
second subcluster. Isolates from the patients with the
most recent diagnoses (patients 11 and 12) were clos-
er to the first subcluster (Figure 1).

The resistance mutations had high World Health
Organization (WHO) confidence gradings and were
concordant with the phenotypic drug-susceptibility
testing results (Table 2), except for ethionamide and
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Table 2. Resistance conferring mutations found in Ch strain isolates from patients with MDR-TB infection, Argentina, 2006—2022*

Mutation Drug Confidence grading Phenotype/genotypet Concordance
rpoB_Asp435His RIF Associated with resistance—interim 24/24 Yes
rpoB_His445Asp RIF Associated with resistance 24/24 Yes
fabG1-inhA_t-8c INH Associated with resistance—interim 24/24 Yes
ETH Associated with resistance—interim 3/24% Partial
katG_Ser315Thr INH Associated with resistance 24/24 Yes
embB_Met306lle EMB Associated with resistance 18/24§ Partial
embA_c-11a EMB Uncertain significance NA NA
pncA_Pro54Leu PZA Associated with resistance 24/24 Yes
rpsL_Lys43Arg STR Associated with resistance 24/24 Yes
rrs_a1401g KAN Associated with resistance 11 Yes
AMK Associated with resistance 11 Yes
CAP Associated with resistance 11 Yes
eis_c-14t KAN Associated with resistance 11 Yes
AMK Associated with resistance—interim 0/1 No
CAP NA 0/1 NA
tlyA_Arg18stop (LoF) KAN NA 01 NA
AMK NA 0/1 NA
CAP Associated with resistance 11 Yes
gyrA_Asp94Ala FLQ Associated with resistance 10/109 Yes
rrl_g2270t LZD Associated with resistance—interim 1/1# Yes
Rv0678_144dupC (LoF) BDQ Associated with resistance 11 Yes
CFz Associated with resistance 1/1** Yes

*Confidence grading according to the World Health Organization Catalogue of Mutations, 2nd Edition (3). AMK, amikacin; BDQ, bedaquiline; CAP,
capreomycin; CFZ, clofazimine; EMB, ethambutol; ETH, ethionamide; FLQ, fluoroquinolone; INH, isoniazid; LoF, loss of function; LZD, linezolid; NA, not
applicable; PZA, pyrazinamide; RIF, rifampin; Stop, stop codon; STR, streptomycin; 2LI, second-line injectable drugs.

tFor the isolates studied by whole-genome sequencing; phenotypically resistant isolates/isolates harboring each mutation are indicated.

}Fifteen isolates were sensitive, 5 isolates had discordant results between methods, and 1 isolate was not tested.

§Two isolates were susceptible, 3 had discordant results between proportion and MGIT methods, and 1 isolate was not studied.

fResistance to low dose of moxifloxacin.
#lsolate 6.4 had a MIC of 4 mg/L for LZD (suggested cutoff value 0.5 mg/L).

**Isolate 10.4 had a MIC of 2 mg/L for CFZ (suggested cutoff value 0.25 mg/L). Phenotypic resistance to BDQ was implemented in 2021, and isolate 10.4.

was tested in the light of the genomic results.

ethambutol, as expected (3). Resistance to the second-
line injectable drugs was acquired independently in 3
isolates (Figure 1). Two isolates were extensively drug
resistant. Isolate 6.4 had a rrl_g2270t mutation, which
has recently been associated with linezolid resistance
(3), and isolate 10.4 had the loss-of-function mutation
Rv0678_144dupC. Resistance to linezolid and cross-
resistance to bedaquiline were confirmed by pheno-
typic methods (Table 2). Instances of clofazimine/be-
daquiline resistance were acquired shortly after their
administration under strict supervision (Figure 2).

No compensatory mutations were found in rpoC
or rpoA. Because both mutations in rpoB are expected
to have a mild to high fitness cost (4), their simultane-
ous presence could constitute a unique compensatory
mechanism.

Patient 1 died shortly after diagnosis. The mother
of patient 2 had received a TB diagnosis in 2010 but re-
fused treatment and died in 2011. The mother and the
brother of patient 6 died in 2013 (Appendix 2). Isolates
from those patients were not available. Because iso-
lates 3.2, 5.1, and 6.1 were identical (Figure 1), the other
2 relatives could have acquired their infection from pa-
tient 3 (Figure 2), but their epidemiologic link remains
unknown. Their close relationship, the contemporane-
ity, and their fatal outcomes strongly suggest that those
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patients were part of the outbreak (Figure 2). Patient
9 probably experienced relapse from latency and in-
fected patient 12, who lived at the same address before
moving to Buenos Aires. Their relationship remains
unclear. Patient 2 administered the medication to her
family, including the injectable drugs. Some regimens,
especially in the first years of the outbreak, were sub-
optimal and underwent multiple changes. Reports
suggest that empathy from some healthcare providers
had been insufficient. Three cohabitants received che-
moprophylaxis with isoniazid, and no active disease
has been reported (Appendix 2).

Conclusions
The MDR Ch outbreak strain, with its epicenter in
Resistencia, Chaco, belonged to the X1, SIT 119 spoli-
gotype, which is infrequent in Argentina (5,6) (Ap-
pendix 3). The X family has been associated with high
transmissibility (7,8), and SIT119 could have been
imported from Brazil, considering the frequent cross-
border movements to and from Chaco (Appendix 3).
Further phylogenomic studies are warranted to de-
termine the precise origin of that MDR strain.

Several factors converged in the outbreak. It started
as intrahospital transmission to a healthcare worker,
who spread the disease to her cohabitants (Figure 2).
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Figure 2. Schematic representations of the timeline and epidemiologic links of the MDR Mycobacterium tuberculosis outbreak with
strain Ch, Chaco, Argentina, 2006—2022. Two subclusters were defined according to the phylogenetic analysis (Figure 1). The symbols
represent epidemiologic events. Patients represented with squares were identified as part of the outbreak after comprehensive
epidemiologic research in the light of the genomic results (Appendix 2, https://wwwnc.cdc.gov/EID/article/31/3/24-1272-App2.pdf). They
had received a clinical diagnosis, and the drug susceptibility profiles were not available. Dot colors represent the drug-resistance status
and the mutation found. The exact date of the events indicated with a question mark is unknown. Black arrow indicates administration of
bedaquiline to patient 10, and the red arrow indicates implementation of phenotypic drug-susceptibility testing for that drug in Argentina.
MDR, multidrug resistant; WGS NA, whole-genome sequence not available; XDR, extensively multidrug resistant.

Despite her background, the family was poorly recep-
tive to and not compliant with treatment. On the other
hand, some healthcare workers were not appropriately
prepared to manage MDR TB. Delayed diagnosis, poor
compliance, and administration of suboptimal regimens
led to long periods of culture positivity, amplification of
resistance, and an alarmingly high mortality rate (53%).
In addition to lack of effective drugs, host and bacterial
genetic factors could have played a role. Several patients
were relatives, which suggests genetic susceptibility to
TB. Conversely, the observed mortality rate suggests
higher virulence of the Ch strain. Although challenging
to assess their relative effect, those biological and soci-
etal factors collectively shaped the outbreak outcome.
We gained valuable insights from our study. The
phylogenetic analysis strongly suggests additional
missing cases, and although no new cases were di-
agnosed, MDR TB surveillance in Chaco must be
strengthened. Of note, Ch genotype can be suspected
by detecting the rpoB double mutation through Gen-
eXpert and other molecular tests (data not shown).
Next-generation tools, including novel drugs and

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 31, No. 3, March 2025

WGS, are available, but clinical suspicion of MDR-
TB remains crucial for their effective use. Continuing
education and active engagement of healthcare pro-
fessionals and the community are vital for managing
future outbreaks.
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ANOTHER DIMENSION

Portraying Tuberculosis Through
Western Art, 1000—-2000 CE

Yousra Kherabi, Philippe Charlier

In 2025, tuberculosis (TB) still maintains its grim dis-
tinction as one of the world’s most lethal infectious
diseases. Mycobacterium tuberculosis, the causative
agent, infects one fourth of the global population (1).
However, this statistic offers only a partial under-
standing of the disease’s true effect on humanity.

To assess the burden of TB comprehensively, espe-
cially in Europe, we must embark on a historical expe-
dition, retracing our steps to an era when this ailment
was a cryptic and seemingly incurable enigma (2).
During that period, society sought to grapple with the
mysteries of tuberculosis through artistic expressions.
Representation of TB in art underwent an evolution in
tandem with the shifting perceptions of the disease.

Termed under various appellations, such as
phthisis, a Greek term denoting wasting, or con-
sumption, TB has long been portrayed across a spec-
trum of cultural domains from literature and music
to movies (3,4). The confluence of visual arts and TB
offers a unique vantage point to examine humanity’s
enduring confrontation with this disease. In this ar-
ticle, we aim to explore the depiction of TB in West-
ern art across the centuries, shedding light on how it
not only reflects a medical journey but also echoes the
profound societal shifts accompanying its history.

Methods

Definitions

The primary objective of this study was to conduct
a comprehensive review of the representation of TB
in Western pictorial arts spanning a millennium. To
establish a focused framework, we defined a precise
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chrono-cultural context, centering on Western art
created during 1000-2000 CE. Geographically, this
context encompasses Europe, the United States, and
Canada. Our review included a diverse range of pic-
torial art forms, including painting, engraving, sculp-
ture, photography, and posters.

Search Strategy

To identify relevant references for our review,
we executed searches across museum databases and
national heritage platforms (Appendix, https://
wwwnc.cdc.gov/EID/article/31/3/23-1581-App1.
pdf). Our search strategy included the use of specific
keywords, including tuberculosis, cough, scrofula,
consumption, phthisis, king’s evil, disease, and heal-
ing. To ensure inclusivity, those search terms were
translated into the language of each database.

Selection of Artworks

From our extensive search, we selected reference
artworks that portrayed TB according to previously
published iconodiagnosis guidelines (recommenda-
tions for the retrospective diagnosis carried out on a
work of art representing a human being) (5). We ex-
cluded pieces of art that did not unequivocally depict
the presence of TB. The process of selection ensured
the chosen artworks provided clear and discernible
representations of TB within the context of our study.

Results

We classified the selected works of art into 3 differ-
ent periods of influence (Figure 1). The first period,
from the 10th Century through the 18th Century, was
marked by the depiction of thaumaturgic kings (i.e.,
kings with miraculous healing powers); the most fa-
mous wonder was the touching of scrofula. This pe-
riod was followed by a very short but rich second
period that flourished at the start of the Industrial
Revolution and was full of paradoxes. The third pe-
riod covered the 20th Century, which was a period of
challenge and struggle against an identified scourge:
Koch'’s bacillus.
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Figure 1. The 3 different periods
of consequence in tuberculosis
representation in visual art in the
Western world, 1000-2000 CE. The
first period (10th—18th Centuries)
was marked by the magic of

“the royal touch.” The second
period (19th Century) displayed
romanticized representations of
tuberculosis. The third period (20th
Century) depicted the struggle
against an identified microbial
enemy: Koch'’s bacillus.

First Period, 10th-18th Centuries

Throughout history, rulers have sought divine ap-
proval to legitimize their reign, a phenomenon inte-
gral to the governance of many cultures (6). Rulers

Figure 2. An engraving by Robert White of Charles Il touching a
patient to cure them of tuberculosis, or the King’s Evil (scrofula),
surrounded by courtiers, clergy, and the public. Image from

the Wellcome Collection, https://wellcomecollection.org/works/
z9hwpcka. Public domain image.
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in Europe in particular claimed the divine right to
rule, and the belief of the divine right of kings in Brit-
ain and France played a major role in shaping the past
millennium (7).

The royal touch, an act by the monarch with
which they could seemingly heal the sick, probably
dates back to Clovis of France (5th Century) or to
Philip I (11th Century) in France and to Edward the
Confessor in Britain (11th Century) (7, 8). In Shake-
speare’s Macbeth, the royal touch is shown as both a
medical ritual and a symbol of the monarch’s legiti-
macy (9). Afflicted persons often sought the king’s
miraculous cure for scrofula (tuberculous cervical
lymphadenitis), often referred to as the King's Evil.
Before the advent of pasteurization, scrofula was pre-
dominantly because of the ingestion of dairy products
contaminated with M. bovis that resulted in local in-
fection of the lymph nodes in proximity to the upper
digestive tract (10).

In ceremonies, subjects could approach the king
to seek the royal touch, hoping to cure their ailments
or diseases (Figure 2). Scrofula would manifest itself
with painful and visible sores that could spontane-
ously go into remission and even resolve, giving the
impression of a royally induced cure. Frequently
during the 15th-17th Centuries, those subjects were
also given a hammered gold coin as a gift picturing
the winged standing figure of the Archangel Michael
slaying a dragon with a spear (11).

Second Period, 19th Century

The 19th Century witnessed a rich and paradoxical
portrayal of TB in the pictorial arts. As the Industrial
Revolution brought about urbanization and wide-
spread poverty, artists began to interpret the disease
within this new social context. TB was frequently
seen as an ailment of poverty, a theme powerfully en-
capsulated in Cristobal Rojas” The Misery (Figure 3), a
poignant painting of the somber reality of TB in the
19th Century. This painting depicts a young man in
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Figure 3. The Misery, an oil painting by Cristobal Rojas that
depicts tuberculosis as a disease of poverty. 1886. Public domain
digital image.

a state of despondency next to his wife who has suc-
cumbed to the illness amidst the backdrop of squalor.
Rojas” work stands as a vivid reminder of the human
cost of TB during a time when the disease was a major
cause of death in Europe (12). Operas such as Verdi’s
La Traviata and Puccini’s La Bohéme also reflected so-
cietal views on TB.

Figure 4. A 19th Century painting of Marie Duplessis by Edouard
Viénot. Marie Duplessis was a courtesan with tuberculosis
whose beauty contributed to romanticizing the infection. Public
domain digital image.
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Concurrently, with the stark realism of tubercu-
losis’s representation, there emerged a romanticized
vision of the disease as a marker of fragile, tragic
beauty, a sentiment that became particularly pro-
nounced in the 19th Century (13). This idealization of
tuberculosis-related frailty was famously captured in
the figure of Marie Duplessis, the high-society cour-
tesan whose battle with tuberculosis was immortal-
ized in Alexandre Dumas fils" novel La Dame aux
Camélias (15) (Figure 4). Her portrayal as an ethereal
beauty, with her pallor, slimness, and radiant eyes,
captivated the societal imagination, encapsulating the
era’s curious romanticization of consumption. This
romanticization was a phenomenon that even Lord
Byron alluded to, suggesting that consumption led to
a delicate and refined end by enhancing a person’s
beauty until the last breath; a jarring contradiction to
the harsh reality of the disease (15) (Figure 5).

Historically, there was a pervasive belief that TB
could accentuate artistic talent. The slight fever and
toxemia supposedly enabled artists afflicted with TB
to see more clearly and to act more decisively, a no-
tion rooted in Greek medical terms that associated
phthisis with heightened mental faculties. This idea
was further romanticized during the 19th Century
and the physical manifestations of the disease, such
as lean limbs and a pallid complexion, were often
linked to an aesthetic of the ethereal and the sublime,
reinforcing the stereotype of the consumptive artist
who produced work of profound emotional and ar-
tistic depth (16). Poets such as Percy Bysshe Shelley
and John Keats transformed their personal battles
with TB into metaphors for creativity and passion,
exemplifying the concept of “spes phthisica,” where
physical decline spurred artistic brilliance (17). This
romantic notion, although scientifically unfounded,

Figure 5. A 19th Century engraving of Marie Duplessis’ death by
H. Linton. Created during the romanticized era of tuberculosis
history. Public domain digital image.
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contributed to the mythos of the tortured artist, inter-
twining the suffering and creativity of figures who,
despite their illness, were believed to have harnessed
their condition to fuel their artistic genius.

The intimate tragedies of TB within familial cir-
cles are profoundly rendered in the works of Chris-
tian Krohg and Edvard Munch. Krohg's The Sick
Girl from 1880-1881 is a poignant depiction, where
the neutral setting and the subject’s simple attire fo-
cus the viewer’s attention on the emotional gravity
of the scene (Figure 6). Nana, the dying girl, some-
times identified as Krohg's sister, daughter, or niece,
is prominently placed and engages the viewer in a
shared space of death, underscored by the emblemat-
ic withering rose that symbolizes the fleeting nature

Figure 6. The Sick Girl is an oil painting by Christian Krohg
detailing the familiar heartache experienced by many of losing
loved ones to tuberculosis. Public domain digital image.
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Figure 7. A painting by Edvard Munch, The Sick Child,

depicts the moments before the death of his sister Sophie
from tuberculosis. Munch portrayed his sister Sophie in a chair,
in pain, and accompanied by a grieving woman. Image from
The Munch Museum/The Munch-Ellingsen Group/Artist

Rights Society, NY. Image copyright, Tate, London, 2011.
Previously published by Emerging Infectious Diseases
(https://wwwnc.cdc.gov/eid/article/17/3/ac-1703_article).

of life. This painting, steeped in personal loss with
echoes of Nana's illness and death, is thought to have
influenced Edvard Munch. The Sick Child by Munch
is a series of 6 paintings and various prints created
during 1885-1926, depicting the moments before the
death of his sister Sophie from tuberculosis (18) (Fig-
ure 7). Munch revisited this personal trauma in his
art for more than 4 decades, portraying Sophie in a
chair, in pain, and accompanied by a grieving wom-
an, likely her aunt. Munch’s work symbolizes his
own experiences with TB and his feelings of despair
and guilt for surviving his sister. Obsessively return-
ing to this theme, he produced numerous versions in
different formats by using various models (19).

The turn of the 20th Century was marked by
noteworthy medical advances in the fight against tu-
berculosis as depicted in the fine arts of the period.
René Laennec’s innovation of the stethoscope, a revo-
lutionary breakthrough for the diagnosis of TB, was
celebrated in art, which showcased the instrument
that became synonymous with medical practice. Fur-
thermore, the artistic engagement with medical prog-
ress was epitomized by Jules Adler’s Transfusion of a
Goat’s Blood (Figure 8). Commissioned by Dr. Samuel
Bernheim, a renowned physician and TB specialist
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Figure 8. An 1892 painting by Jules Adler, Transfusion of a Goat's
Blood. Commissioned by Dr. Samuel Bernheim, a tuberculosis
specialist, the painting shows him overseeing a transfusion of goat
blood to a patient and demonstrates the engagement of art with
medical progress. Copyright © Pittsburgh Post-Gazette, 2010,

all rights reserved. Photograph by Alyssa Cwanger, 2006.
Previously published by Emerging Infectious Diseases
(https://wwwnc.cdc.gov/eid/article/18/8/ac-1808_article).

from Paris, the painting depicts him overseeing a
transfusion of goat blood to a patient (20, 21). In the
painting’s foreground, a woman reclines, enveloped
in a pristine white shroud, her complexion ghostly,
contrasting with the stark black of her hair and her
hand tightly clutches the bed’s edge. Adler’s work re-
flects the perception of medical practices as grand his-
torical events, thus bridging the realms of art and the
history of medicine. This dualistic artistic depiction of
TB traverses the societal spectrum from raw reality to
idealized romanticism, juxtaposing the gritty struggle
against the disease with an almost paradoxical glori-
fication, all amidst a backdrop of critical medical in-
novation.

Third Period, 20th Century

The 20th Century marked a shift in the represen-
tation of TB because scientific understanding ad-
vanced. Robert Koch’s discovery of the TB bacillus
in 1882 shattered the romanticized image of the dis-
ease. The imagery moved from depicting the con-
sumptive beauty to showcasing TB as an enemy of
public health (17).

During World War I, TB was depicted in propa-
ganda posters from France as a national adversary,
akin to the German enemy. One propaganda poster
shows the German imperial eagle being struck down
by a sword, drawing a parallel between the fight
against TB and the war against Germany (Figure 9).

The representation of TB in the 20th Century not
only documented a medical battle against a micro-
bial foe but also encapsulated the social and political

Portraying Tuberculosis Through Art

challenges of the era. The fight against TB was not
just in hospitals and sanatoriums but also on the front
lines of public consciousness, through stamps, post-
ers, and public campaigns, urging a societal call to
arms against this persistent threat to human health.

In the United States, artists such as Alice Neel
brought the issue of TB into the context of immigra-
tion and the urban experience (22). Neel’'s 1940 paint-
ing TB Harlem starkly depicts the reality of TB in New
York City, portraying Carlos Negron with a dignified
yet afflicted presence postthoracoplasty (Figure 10).
Her unsentimental style emphasizes the physical rav-
ages of the disease through distorted anatomy and
dark, heavy outlines. Neel’s work reflects TB’s grim
effect in urban settings, particularly within the disad-
vantaged communities of Harlem.

This representation is complemented by Recov-
ery, a life-size wood sculpture by an unnamed TB pa-
tient from an English asylum, depicting the patient’s
own experience with the disease by representing

Figure 9. L'aigle Boche sera vaincu: la tuberculose doit I'étre
aussi, a World War | propaganda poster from France depicting
tuberculosis as a national adversary. Public domain digital image
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Figure 10. Alice Neels’ 1940 painting TB Harlem depicting
tuberculosis in New York City, portraying Carlos Negron after
thoracoplasty. Image from the National Museum of Women in
the Arts, Gift of Wallace and Wilhelmina Holladay. Copyright ©
The Estate of Alice Neel/Courtesy of David Zwirner, New York.
Previously published by Emerging Infectious Diseases
(https://wwwnc.cdc.gov/eid/article/19/3/ac-1903_article).

himself with a sunken chest (Figure 11) (23). This
work underscores the personal narratives of those
who endured TB, shifting the focus from mere artistic
interpretation to patient-lived reality.

Since the 1980s, TB and HIV have been jointly
portrayed in art as twin scourges, reflecting their
intertwined epidemiologic effect on global health.
Posters and visual campaigns frequently depict them
together, symbolizing the compounded vulnerability
and the heightened challenge faced by those hav-
ing both conditions (24). This co-representation has
served to amplify awareness and galvanize action
against the dual public health crises.

Discussion
Our review has traced the evolution of TB’s portray-
al from a mysterious condition affecting all societal
levels to a known pathogen targeted by public health
initiatives. Throughout the centuries, the representa-
tion of TB in Western art has undergone a profound
transformation. This artistic journey through TB’s
depiction reflects a complex interplay among harsh
reality, romantic idealization, and evolving medical
understanding, illustrating how deeply TB has been
woven into the cultural and artistic fabric of society.
In the organization of this review, we have con-
sciously categorized the artistic representation of TB
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into 3 distinct periods, a decision driven by our goal to
provide clarity and coherence for the reader. Although
we acknowledge that the artistic portrayal of TB often
transcends strict chronological boundaries and forms
a spectrum of evolving expression, this structured ap-
proach simplified the complex interplay between art

Figure 11. Recovery, a life-size wood sculpture by an unnamed
tuberculosis patient from an asylum in England, showcasing the
patient’s direct experience with the disease as he represented
himself with a sunken chest. Copyright © American Visionary
Art Museum.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 3, March 2025


http://www.cdc.gov/eid

Figure 12. Don't Speak is a painting by Paulina Siniatkina. She
painted the piece while battling tuberculosis in 2015 to demonstrate
how stigmatizing the infection felt. Copyright © Paulina Siniatkina.
Previously published by Emerging Infectious Diseases
(https://wwwnc.cdc.gov/eid/article/30/3/AC-3003_article).

and the disease. By dividing the material into distinct
eras, we aimed to highlight the major shifts in percep-
tion and representation that paralleled medical ad-
vancements and still appreciate the nuanced continu-
ity present in the artistic narrative of this disease.
Artistic portrayals often showed patients as
gaunt or skeletal figures, either bedridden or sitting,
their bodies weakened or immobilized. However,
as the 20th Century progressed, the visual narrative
attributed to TB permeated representations of other
diseases. Inspired by the TB attributes, the Span-
ish influenza after 1918 and cancer after the 1950s
were portrayed by using similar visual motifs in artis-
tic representations. This shift coincided with a decline
in TB because of increasingly effective public health
measures, the devastating effect of the Spanish influ-
enza pandemic, and a rise in cancer diagnoses (25,26).
The 20th Century has also seen the patient’s per-
spective come to the forefront. Those personal narra-
tives deepen our appreciation for the subjective ex-
perience of illness and resonate with contemporary
movements in healthcare that emphasize patient-cen-
tered perspectives. Those narratives also illustrate how
art has not only served as a medium for societal reflec-
tion but also provided a therapeutic outlet for persons
to process and contend with their conditions (27).
Once shrouded in a romanticized veil or seen as
an almost divine affliction, TB has now become a stig-
matizing disease. In the 21st Century, the works of
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artists such as Paulina Siniatkina, who, while battling
TB herself in 2015, created poignant and powerful
paintings during her stay in a TB hospital in Moscow,
are particularly illustrative (28,29) (Figure 12). Her
art is a testament to the role of creative expression in
coping with illness and stigma, offering both a form
of escapism and a way to confront and articulate the
reality of living with a chronic condition (30).

In conclusion, the intersection of TB and art
throughout history highlights the enduring human
capacity to find meaning and resilience in the face
of suffering. The artistic legacy of TB, from the royal
touch to patient-produced artwork, encapsulates a
diverse range of human response to this disease. As
we continue to grapple with TB in various contexts,
art remains a potent form of expression and coping,
offering insights into the individual and collective ex-
perience of health and disease.
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Rifampin-resistant Mycobacterium tuberculosis was identi-
fied by the World Health Organization as a pathogen of
public health critical importance. During 2014-2023, an
increase in fluoroquinolone resistance in rifampin-resistant
M. tuberculosis from Kharkiv, Ukraine, was observed. Ef-
forts to mitigate factors contributing to resistance should be
prioritized to prevent further escalation of that threat.

In 2024, the World Health Organization (WHO)
officially recognized rifampin-resistant Mycobac-
terium tuberculosis as 1 of 4 antibiotic drug-resistant
pathogens of critical global priority (I). According
to WHO'’s 2024 Global TB report, 400,000 persons
worldwide develop tuberculosis (TB) caused by a
multidrug-resistant/rifampin-resistant (MDR/RR)
M. tuberculosis (2). Of note, the estimated propor-
tion of MDR/RR TB among all new TB cases is 3.2%,
whereas among previously treated cases, that figure
was 16% (2). Regional disparities in the global bur-
den of MDR/RR TB are profound. The greatest in-
cidence is observed in Eastern Europe and Central
Asia, where up to 20% of new TB cases and >50% of
previously treated cases exhibit MDR/RR TB. Those
regions face considerable challenges in implementing
effective TB control measures (2).

WHO's 2024 recommendations for drug-resistant
TB management included several short treatment
regimens, which have shown high efficacy in curing
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MDR/RR TB. Treatment durations are 6-9 months,
which are substantially shorter than the standard
18-20-month regimen (3). Eligibility for shorter
regimens requires confirmation of drug susceptibil-
ity within the regimen. In cases where resistance to
agents used in 6- and 9-month regimens is confirmed
or suspected, patients must undergo the longer
18-month course. However, emerging resistance to
key second-line TB treatment agents in multiple re-
gions threatens the real-world effectiveness of those
treatment approaches (4).

The objective of this study was to assess resis-
tance rates to second-line TB treatment drugs in the
Kharkiv region of Ukraine (2.6 million inhabitants
in 2023), which is a country with a high burden of
drug-resistant TB, and to compare those findings
with our previously reported data from the same
region (5). We analyzed data from phenotypic drug
susceptibility testing, as recorded in the Electronic
Register of the TB-Control Program in Kharkiv, for
the specified period. Results indicated that 23.1%-
31.2% of patients in Kharkiv affected by MDR/RR
TB during 2019-2023 had additional resistance to
levofloxacin at =3-fold greater level than the 10%
observed in 2014. Similarly, resistance to moxiflox-
acin ranged from 10.6% to 20.9% and was the high-
est rate recorded in the past 2 years, suggesting a
notable upward trend in fluoroquinolone resis-
tance (Table). Conversely, resistance to other group
A agents (bedaquiline and linezolid) and group B
agents (clofazimine and cycloserine) remained low
at <1%. We observed high levels of resistance for
pyrazinamide (a drug belonging to group C on the
WHO drug list), which is a component medicine
in the 2024 WHO-recommended 9-month MDR TB
regimens. Resistance to pyrazinamide ranged from
54.3% to 58.7% during 2019-2023, compared with
69.6% in 2014.

The substantial increase in fluoroquinolone resis-
tance observed in this study is particularly alarming.
Fluoroquinolones play a critical role in MDR/RR TB
treatment. Resistance to those agents is a key criterion
for defining pre-extensively drug-resistant TB. That
resistance is also a noteworthy factor linked to poorer
outcomes in patients with MDR/RR TB (6). Conse-
quently, because up to 30% of patients in Kharkiv
with MDR/RR TB are infected with M. tuberculosis
strains exhibiting fluoroquinolone resistance, effec-
tive TB control faces considerable challenges at times
of military oppression. A contributing factor to the
rise in fluoroquinolone resistance is likely the insuf-
ficient availability or improper use of second-line TB
medications (7). Our 2014 data indicated deficiencies
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Table. Resistance to second-line drugs in a study of fluoroquinolone resistance in drug-resistant TB, Kharkiv, Ukraine, 2019-2023*

Category 2014 2019 2020 2021 2022 2023 Kendall <
No. patients with MDR/RR TB 169 333 231 243 155 262 0.07
New TB patients with MDR/RR TB, no. (%) 104 (61.5) 256 (76.9) 178 (77.1) 173 (71.2) 125(80.6) 187 (71.4) 0.07t
Group A drugs, % resistant
Moxifloxacin 14.9 NT 15.0 10.6 20.8 20.9 0.6
Levofloxacin 10.0 231 27.2 26.9 31.2 28.2 0.73
Bedaquiline NT NT 0 0 0.7 0.4 0.55
Linezolid 2.9 0.3 0 0.5 27 0.4 -0.07
Group B drugs, % resistant
Clofazimine NT 0 0 0 0 0.4 0.63
Cycloserine 5.8 0 NT NT NT NT NA
Group C drugs, % resistant
Ethambutol 66.3 75.4 60.1 37.9 49.4 54.4 -0.47
Delamanid NT 0 1.8 0.9 0.7 1.7 0.2
Pyrazinamide 69.6 54.9 54.9 54.3 55.3 58.6 0
Imipenem/meropenem NT NT NT NT NT NT NA
Amikacin 23.4 124 13.2 18.5 20.4 18.0 0.07
Streptomycin 95.9 75.3 78.4 NT NT NT -0.33
Ethionamide 33.6 32.7 26.1 244 27.3 NT -0.6
Para-aminosalicylic acid 3.1 NT NT NT NT NT NA

*Results referred to phenotypic drug susceptibility testing, performed by using the BACTEC MGIT960 culture system (Becton Dickinson,
https://www.bd.com), applying World Health Organization-recommended critical concentrations. Drug groups are from the World Health Organization (3).
MDR/RR, multidrug resistant/rifampin resistant; NA, not applicable; NT, not tested; TB, tuberculosis.

TThe Kendal t coeficient for the trend for the percentage of new TB patients over the study period 2014 and 2019-2023 was 0.33.

in MDR/RR TB management at the Kharkiv TB Dis-
pensary, suggesting that the high rates of fluoroqui-
nolone resistance observed during 2019-2023 could
be a consequence of suboptimal possibilities for the
management of patients with drug-resistant TB in
previous years.

In addition to their role in MDR/RR TB treat-
ment, fluoroquinolones are frequently prescribed
empirically for common bacterial infections, such
as pneumonia and sinusitis. In cases where fluoro-
quinolones are used as monotherapy for patients
with undiagnosed TB, that practice may contribute
to bacillary resistance across that drug class (8).
The resulting symptom relief can delay TB diag-
nosis, thereby increasing community transmission
risk (9). In Ukraine, the unregulated use of antibi-
otic drugs is common practice (10), adding to the
increase in M. tuberculosis resistance to fluoroqui-
nolones. The rapid development of resistance ob-
served here should serve as a cautionary example
as new MDR/RR TB drugs, such as bedaquiline,
are introduced into clinical settings. Rapid resis-
tance development poses a potential threat to the
efficacy of newly implemented TB treatment drugs
such as bedaquiline, even if data from this study do
not yet reflect such resistance.

In conclusion, given the ongoing military conflict
in the region, heightened vigilance regarding the po-
tential for worsening drug resistance among patients
with MDR TB in Kharkiv is essential. Additional ef-
forts to mitigate factors that may contribute to rising
resistance should be prioritized to prevent further es-
calation of the public health threat.
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Sarcocystis is a genus of protozoan parasites that can
infect various vertebrates. In humans, Sarcocystis infec-
tion usually is asymptomatic but might manifest as a mild
gastroenteritis or extraintestinal myositis. We report a
case of human central nervous system infection in Nor-
way caused by S. nesbitti parasites.

he genus Sarcocystis consists of apicomplexan

parasites, ~200 species of which can infect reptiles,
birds, and mammals; however, few species are zoo-
notic (1). Humans are definitive hosts of S. hominis, S.
suihominis, and S. heydorni, shedding oocysts after in-
gestion of undercooked meat from intermediate hosts
containing tissue cysts (1). Gastrointestinal infection is
asymptomatic or causes a mild, self-limiting gastro-
enteritis (2). Human muscular sarcocystosis is a rare
clinical syndrome associated with S. nesbitti infection
mostly documented in Malaysia (2). The natural reser-
voirs of S. nesbitti parasites are probably reptiles, par-
ticularly snakes in Southeast Asia and Australia (3,4).
Intermediate hosts, including humans, might develop
tissue sarcocystosis after ingesting S. nesbitti sporocysts
from fecally contaminated food or water. In Thailand,
the prevalence of intestinal sarcocystosis is 7.0%-23.2%
(5,6), but data regarding tissue sarcocystosis and S. nes-
bitti infection are scarce. We report a human case of S.
nesbitti central nervous system infection in Norway.

The patient, a White male in his 70s, had lived in
Norway for =40 years and visited Thailand for several
months a year for 10 years. While in southern Thai-
land, he experienced increasing back pain and acute
diplopia, aphasia, unilateral hemiparesis, and urinary
and fecal incontinence. Imaging conducted in a clinic
in Thailand revealed multiple brain lesions, and he
returned to Norway for further investigations.

Upon the patient’s hospital admission in Norway,
initial laboratory workup revealed an undiagnosed
HIV infection (viral load 50,000 copies/mL, CD4+
T-cell count 116 cells/mm?®). Magnetic resonance im-
aging showed numerous cortical and subcortical con-
trast-enhancing lesions in both cerebral hemispheres,
along with multiple cerebellar, cervical, and thoracic
spinal cord lesions (Figure). We noted hemorrhagic
components and substantial perilesional edema (Fig-
ure). 18F-fluorodeoxyglucose (FDG) positron emis-
sion tomography-computed tomography demon-
strated intense focal FDG uptake corresponding to
areas of contrast enhancement found on magnetic
resonance imaging. Apart from a diffusely increased
signal in gluteal muscles, we noted no abnormal FDG
uptake outside the central nervous system (CNS). The
overall assessment suggested metastatic cancer, with
opportunistic infection as a differential diagnosis.
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Figure. Microscopic findings and imaging results for patient with HIV-induced immunodeficiency preceding diagnosis of
neurosarcocystosis, Norway. A) Light microscopic findings of structures resembling Toxoplasma gondii bradozoites (white arrows) in
brain biopsy. Hematoxylin and eosin stain. Scale bars of enlarged images indicate 50 um; scale bar of background image indicates 100
um. B) Magnetic resonance imaging of cerebral and spinal cord lesions (contrast enhanced sagtittal T1 sequence, left panel, red arrows)
and cerebral lesions with slight peripheral ring enhancement (contrast enhanced transversal T1 sequence, right panel, red arrows).

Cerebrospinal fluid (CSF) analysis showed an
unremarkable leucocyte count (<4 x 10° cells/L), but
increased protein level (1.8 g/L) and albumin and
IgG indices. Serologic test results were positive for
Toxoplasma gondii 1gG and negative for IgM. Blood
and CSF were negative for T. gondii DNA. We detect-
ed asymptomatic reactivation of Epstein-Barr virus
(EBV) and cytomegalovirus in blood. Results of ad-
ditional microbiologic diagnostic analyses of other vi-
ruses, bacteria, fungi, and parasites (e.g., tuberculosis
interferon-y release assay and serologic and molecu-
lar testing of blood and CSF) were negative.

Histological examination of brain tissue revealed
no signs of malignancy but indicated lymphohistiocytic
infiltrates and singular structures resembling T. gondii
bradyzoites (Figure). However, T. gondii immunohisto-
chemical testing was inconclusive, and results for 2 dif-
ferent T. gondii-specific PCR assays were negative. Brain
tissue PCR results were negative for herpes simplex
virus 1 and 2, varicella zoster virus, cytomegalovirus,
JC virus, 165 rDNA, internal transcribed spacer 2, and
D1D2 fungal DNA. EBV PCR results were positive, but
in situ hybridization displayed EBV-positive cells in a
minute proportion of infiltrating lymphocytes, compat-
ible with unspecific reactivity. We sent brain tissue and
CSF to Statens Serum Institut (Copenhagen, Denmark)
for metabarcoding analyses based on 16S and 185 DNA
PCR combined with next-generation sequencing (7).

Faced with the presence of multiple space-occu-
pying CNS lesions and evolving neurologic symptoms
in the patient, we initiated treatment with dexametha-
sone pending further diagnostic workup. We started
the patient on antiretroviral therapy, and after histo-
logic assessment of the brain biopsy, we commenced
treatment with high-dose trimethoprim/sulfamethox-
azole (5/25 mg/kg x 2/d), because toxoplasmosis
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was considered the most probable diagnosis. The
metabarcoding analyses of brain tissue (but not CSF)
yielded a 380-bp consensus sequence of the 185 rRNA
gene with 100% similarity to a published S. nesbitti
sequence (genomic DNA containing 185 rRNA gene;
GenBank accession no. HF544323.1). On the basis of
metabarcoding analyses and histological findings, we
made a final diagnosis of neurosarcocystosis. Sarcocys-
tis serologic testing was not obtainable.

The treatment regimen was well-tolerated, and
the patient’s clinical and radiologic condition im-
proved substantially without signs of immune re-
constitution inflammatory syndrome; however, some
neurologic sequelae remained. We tapered glucocor-
ticoids gradually and started secondary prophylaxis
of trimethoprim/sulfamethoxazole.

To our knowledge, human neurosarcocystosis is
not recognized as an opportunistic infection. Given
the phylogenetic relationship of Sarcocystis with Toxo-
plasma, the patient’s condition might represent reac-
tivation of latent sarcocystis infection resulting from
HIV-induced immunodeficiency. Because of limited
knowledge about the dynamics of extraintestinal sar-
cocystosis in immunosuppressed hosts, we cannot de-
termine whether this condition represents a primary
infection or reactivation. A detailed travel history re-
vealed no visits to Sarcocystis-endemic hotspots such
as the Pangkor or Tioman Islands of Malaysia (8).

We hypothesize that Sarcocystis spp. may cause
opportunistic CNS infections in immunocompromised
persons. Furthermore, neurosarcocystosis might be
misdiagnosed as toxoplasmosis clinically, histopatho-
logically, and radiologically. Because both conditions
respond to high-dose trimethoprim/sulfamethoxa-
zole, therapeutic efficacy might inadvertently sup-
port such a misdiagnosis. This case illustrates that the
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true prevalence and disease patterns of opportunistic
pathogens are probably underestimated and that rou-
tine microbiologic workup might fail to reveal rare and
unrecognized opportunistic infections.
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Given recent outbreaks of Oropouche virus in Latin Amer-
ica and >100 confirmed travel-associated cases in the
United States, we evaluated the competence of US vec-
tors, including Aedes albopictus, Culex quinquefasciatus,
Culex pipiens, and Anopheles quadrimaculatus mosqui-
toes. Results with historic and recent isolates suggest
transmission potential for those species is low.

Oropouche virus (OROV) is a negative-sense,
segmented RNA virus and a member of the
family Peribunaviridae, genus Orthobunyavirus.
OROV was first identified in Trinidad and Tobago
in 1955, and although it was previously detected in
several countries in Latin America, large outbreaks
have historically been limited to the Amazon re-
gion of Brazil (1,2). In 2024, >10,000 cases were
reported, with unprecedented activity outside Bra-
zil (3). In addition, 108 imported cases have been
identified in travelers or residents returning to the
United States. Although most of those cases have
been in Florida, cases have also been identified in
New York, New Jersey, Kentucky, Colorado, and
California (3).

OROV infection is generally associated with a
mild, self-limiting febrile illness, yet more extensive
disease, including fatal infections, has been attributed
to the recent outbreak. Furthermore, vertical trans-
mission and associations with congenital abnormali-
ties and fetal death have been reported (4,5).

Although the primary vector of OROV is Cu-
licoides paraensis midges (6), mosquitoes have also
been implicated, particularly Culex quinquefasciatus
mosquitoes (7). However, experimental assessment
of OROV transmission by mosquitoes is limited
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(8-10). We investigated whether prominent US
mosquito species have the potential to contribute
to local maintenance.

We isolated OROV from reverse transcription
PCR-positive serum from a febrile patient from
Cuba after amplification on Vero cell culture (OROV
240023). We obtained RNA through the QTAGEN QI-
Acube using the DSP Viral RNA Mini Kit (https://
www.qiagen.com). We completed first and second
strand cDNA synthesis with random primers using
NEB ProtoScript II First Strand cDNA Synthesis Kit
and NEBNext Ultra II Non-Directional RNA Second
Strand Synthesis Module (New England BioLabs,
https://www.neb.com). We completed purifica-
tion using AMPure bead-based methods (Beckman
Coulter, https://www.beckmancoulter.com) and
completed library preparation using the Illumina
DNA Prep kit (Illumina, https://www.illumina.
com). We completed sequencing on an Illumina
NextSeq 1000 with fastq files generated through
BaseSpace. We achieved reference-based assembly
using an in-house pipeline. We aligned high-qual-
ity reads to reference sequences (GenBank acces-
sion nos. PQ064919.1, PQ064920.1, and PQ064921.1)
and generated consensus sequences. We compared
OROV 240023 to the 1955 strain OROV TRVL9760
(GenBank accession no. KC759122-24) after pair-
wise alignment in Geneious Prime (https://www.
geneious.com). OROV 240023 was 6.3% divergent
on the nucleotide level and 0% on the amino acid
level in the small segment, 5.2% divergent on the
nucleotide level and 1.8% on the amino acid level
in the medium segment, and 10.9% divergent on the
nucleotide level and 2.0% on the amino acid level
in the large segment. The 69 unique amino acid
residues are dispersed throughout the medium and
large peptides.

Using OROV 240023 and TRVL9760, we as-
sessed competence of mosquitoes after feeding on
blood meals containing 6.5 log,, PFU/mL with 4
US species: Aedes albopictus, Cx. quinquefasciatus, Cx.
pipiens, and Anopheles quadrimaculatus. Ae. albopictus
mosquitoes, F46, were collected in Suffolk County,
New York, in 2014. Cx. quinquefasciatus mosquitoes,

F57, were collected in Chattooga County, Georgia, in
2022. Cx. pipiens mosquitoes, F50, were collected in
Albany County, New York, in 2022. An. quadrimac-
ulatus mosquitoes (BEl Resources, https://www.
beiresources.org) were originally collected in Or-
lando, Florida, in 1930. At 14 days postinfection, we
anesthetized mosquitoes and assessed competence
using 26-50 mosquitoes/population. We removed
legs and placed the proboscises in a capillary tube
containing 25% sucrose. After 30 minutes, we col-
lected secretions and bodies and stored all samples
-70°C. We thawed bodies and legs, homogenized
for 30 seconds with a stainless-steel bead (Daisy,
https:/ /www.daisy.com) using a Retsch Mixer Mill
(https:/ /www.retsch.com), and centrifuged for 2
min at 10,000 x g. We tested samples by plaque as-
say on Vero cells to determine infectivity (positive
body), dissemination (positive legs), and transmis-
sion potential (positive saliva).

Our results suggest a general lack of competence
for all species with both viral strains (Table). Infec-
tion rates for Ae. albopictus mosquitoes were 2.0% for
TRVLI9760 and 0.0% for OROV 240023, for An. quadri-
maculatus mosquitoes 4.0% for TRVLI760 and 0.0%
for OROV 240023, for Cx. quinquefasciatus mosquitoes
2.0% for TRVL9760 and 0.0% for OROV 240023, and
for Cx. pipiens mosquitoes 0.0% for OROV TRVL9760
and 2.0% for OROV 240023. Although strain-depen-
dent, those data represent a single positive mosquito
for each species. Of the 3 TRVL9760-positive mosqui-
toes, 2 had disseminated infections, and no transmis-
sion was detected. Our results provide evidence of in-
fectivity of OROV in Anopheles mosquitoes, and given
the small sample sizes, modest transmission potential
is possible for this species. A more comprehensive
assessment of competence could be achieved with
larger sample sizes.

OROV 240023 infection was only identified for
Cx. pipiens mosquitoes, the only mosquito with posi-
tivesaliva, indicating OROV transmission. McGregor
et al. (9) demonstrated higher OROV TRVL9760 in-
fection levels at the same dose in Cx. quinquefasciatus
mosquitoes but similarly limited transmission po-
tential. In addition, de Mendonga et al. (10) used a

Table. Vector competence of US mosquito species for Oropouche virus

Input, log+o % Infected % Disseminated % Transmitted
Strain PFU/mL Species (no. tested) (no. tested) (no. tested)
OROV TRVL9760 6.5 Aedes albopictus 2 (50) 100 (1) 0(1)
Anopheles quadrimaculatus 4 (26) 100 (1) 0(1)
Culex. quinguefasciatus 2 (50) 0(1) 0(1)
Cx. pipiens 0 (50) 0 0
OROV 240023 6.5 Ae. albopictus 0 (50) 0 0
An. quadrimaculatus 0(31) 0 0
Cx. quinquefasciatus 0 (46) 0 0
Cx. pipiens 2 (50) 100 (1) 100 (1)
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historic sloth isolate, OROV BeAn19991, and found a
lack of infectivity in Cx. quinquefasciatus mosquitoes.
Our data suggest that the currently circulating geno-
type remains limited in its capacity to infect that spe-
cies. These results demonstrate some strain-specific
variability in competence but suggest the likelihood
of these species maintaining OROV in North Amer-
ica remains low.
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We detected neutralizing antibodies, viral RNA, and
sialic acid receptors for Alphainfluenzavirus influenzae
in urban coatis (Nasua nasua) in Brazil, suggesting ex-
posure and susceptibility. We used hemagglutination
inhibition, reverse transcription quantitative PCR, and
histochemistry for detection. Increased epidemiologic
wildlife surveillance would improve influenza A emer-
gency event response.

Iphainfluenzavirus influenzae, also known as as in-

fluenza A virus (IAV), continues to spread glob-
ally, causing economic loss and threatening public
health (1). IAVs can infect a range of species, leading
to the emergence of new subtypes with altered host
tropism or virulence (2). Highly pathogenic avian
influenza viruses (HPAIVs) have been detected in
wild animals around the world (3). Brazil reported
its first case of HPAIV in 2023, in a Thalasseus acufla-
vidus bird (4).

The expression of an appropriate host cell recep-
tor that viral haemagglutinin (HA) can bind to is the
key determinant of IAV ability to infect a species (5).
Avian influenza viruses preferentially bind to sialic
acid (SA) receptors linked to galactose by a-2,3 link-
age, whereas human and classical swine influenza
show preference for a-2,6 linkage. Mammal hosts that
co-express both SA a-2,3 and a-2,6 receptors, primar-
ily in the upper respiratory tract, potentially play a
major role in the evolution and transmission of IAVs.
Susceptibility to infection by IAVs of different origins
(human, avian, or swine) can support rearrangement
between IAVs and contribute to the emergence of ge-
netically diverse viruses (6).

Coatis (Nasua nasua) are carnivores of the Procyo-
nidae family (7). Coatis are susceptible to different vi-
rus infections, such as SARS-COV-2, and can be sen-
tinels for animal, human, and environmental health
(8). We investigated coatis IAV exposure and sus-
ceptibility from an urban park (Appendix Figure 1,
https:/ /wwwnc.cdc.gov/EID/article/31/3/23-

Table. Urban coatis (Nasua nasua) samples positive for
Alphainfluenzavirus influenzae viral RNA, demonstrating
exposure and susceptibility, Brazil

Coati identification Cycle
no. Collection date Sex threshold
343 2021 Jan 18 F 36.7
344 2021 Jan 18 M 37.3
518 2021 Jan 18 M 38.3
520 2021 Jan 18 M 36.6
347 2021 Jun 28 F 37.776
541 2021 Jun 30 F 34.266
531 2021 Jul 9 M 37.436
354 2021 Aug 13 M 38.880
355 2021 Aug 13 F 38.824
356 2021 Aug 13 M 35.462
622

1640-Appl.pdf), which comprises an intersecting
area of urban and wild environments, in Belo Hori-
zonte, Brazil.

During 2013, 2014, 2018, 2019, and 2021, we
collected samples from wild coatis. We captured
coatis respecting Biosafety standards and us-
ing personal protective equipment. Ethical ap-
provals were obtained for research development
(Appendix). We placed tomahawk (Zootech,
https:/ /zootechonline.com.br/armadilhas) traps at
strategic points and checked them daily. We physi-
cally examined the captured coatis and then gave
each an intramuscular injection of Zoletil 100 (Virbac,
https:/ /us.virbac.com) at a dose of 7-10 mg/kg. We
collected blood samples from the coatis and identi-
fied each with a subcutaneous microchip before re-
leasing them.

We collected whole blood samples at a limit of 1%
of bodyweight by jugular venipuncture from 145 coa-
tis (Appendix Table). For 63 coatis captured in 2021,
we also collected oropharyngeal swab samples and
packed them in 3 mL of buffered saline solution with
penicillin (200 U/mL) and streptomycin (200 mg/
mL). We stored serum samples at —20°C and swabs at
—-80°C. We used dead coatis (n = 3) found in the park
for tissue sample collection. We fixed tissues in 10%
buffered formalin, embedded them in paraffin, and
sectioned the tissue samples at 4 pm thickness.

We conducted hemagglutination inhibition (HI)
assays to detect neutralizing antibodies to IAV (Ap-
pendix). We identified antibodies in 92.4% (n = 134)
of the samples. Influenza A(HIN1)pdm09 subtype
was detected in coatis” samples from each year of the
study period. H3N2 virus was detected in samples
from 2018, 2019, and 2021, and seasonal human HIN1
virus was detected in 2021 (Appendix Figure 2). None
of the captured coatis demonstrated any clinical man-
ifestations of illness.

We performed RNA extraction from swabs by
using QIAamp MinElute Virus Spin Kit (QIAGEN,
https:/ /www.qiagen.com), and quantitative reverse
transcription PCR for universal and subtype detec-
tion of IAVs (Appendix). We detected viral RNA in
15.87% of samples from 2021 (Table 1). We detected
subtype H3N2 genetic material from coati 347.

To detect a-2,6 and a-2,3 SA receptors, we select-
ed nasal conchae, trachea, and lung tissue for lectin
histochemistry technique by using Maackia amurensis
and Sambucus nigra plant lectin (Appendix). We de-
tected positive labels for those receptors in all ana-
lyzed tissues. The receptor marking was visualized as
a strong brown color at the apical membrane of the
nasal ephitelium and ciliated cells of the respiratory
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tract (nasal turbinate, trachea, bronchus and bronchi-
ole), including globet cells, pneumocytes, and pulmo-
nary endothelial cells (Figure). The 2 lectins labeled
both receptors with diffuse distribution in the respi-
ratory tissues.

The detection of antibodies against IAV sub-
types suggests natural exposure of coatis to IAVs.
We were unable to confirm the mode of IAV trans-
mission to coatis; nevertheless, we found evidence
of close contact of coatis to contaminated human
waste and food, indicating the possibility of human-
to-animal transmission.

The seasonal human HIN1 virus subtype,
which circulated in Brazil during 2001-2003, was
detected in swab samples, suggesting the possible
dissemination, maintenance, and transmission ca-
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Figure. Detection of 0-2,3 and
a-2,6 receptors in tissues from
the respiratory system of coatis
(Nasua nasua), Brazil. A-C)
Arrows indicate labeling of the
a-2,3 receptor in the ciliated
epithelium for the lectin Maackia
amurensis |l of the nasal
concha (A), lung (bronchiole)
tissue (B), and trachea (C).
Scale bars = 100 ym in panel
A, 50 um in panel B, and 20
pum in panel C. D-F) Arrows
indicate labeling of the a-2,6
receptor in the endothelium for
Sambucus nigra lectin in the
arteriole (D), rostral concha
(E), and lung (bronchiole) (F).
Scale bars = 20 ym in panels
D and E, 50 ym in panel F.
Tissue was counterstained with
hematoxylin and revealed with
diaminobenzidine chromogen.

pacity of coatis. Those results agree with previous-
ly published reports that detected the same viral
subtype in wild carnivores during 2009-2011 (9).
In 2021 and 2022, there were reports of outbreaks
in Brazil triggered by the emergence of a new in-
fluenza A(H3N2) strain, named Darwin, occur-
ring concurrently with SARS-CoV-2 as co-infection
(10). The presence of a-2,6 and a-2,3 SA receptors
highlight the possibility of co-infection of coatis
with different viral lineages, giving the animals a
potential role in IAV spillover events. Because of
urban coatis’ habitats, the absence of signs of clini-
cal illness, and the recent introduction of HPAIV
into Brazil, a heightened epidemiologic wildlife
surveillance strategy would improve the ability to
respond to IAV emergency health events.
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We identified 2 novel species, Mycobacterium novus-
gordonae and M. shingordonae, from sputum speci-
mens of pulmonary disease patients in Japan. Genetic
and biochemical analyses revealed a close relationship
with M. paragordonae. One M. shingordonae case-
patient experienced severe progressive infection, high-
lighting the variation in pathogenicity of the M. gordo-
nae clade species.

e report identification of Mycobacterium novus-
gordonae and M. shingordonae, 2 novel species
in the M. gordonae clade, in sputum specimens from
5 patients with chronic respiratory disease in Japan.
Written informed consent was obtained from all the
participants at enrollment. The ethics board of the
National Hospital Organization, Osaka Toneyama
Medical Center approved the whole-genome se-
quencing (WGS) analysis of Mycobacterium culture
isolates (TNH-R-2020020).
During 2021-2024, staff of Toneyama Medical
Center (Osaka, Japan), detected novel mycobacteria

RESEARCH LETTERS

strains from 3 patients receiving treatment or fol-
low-up for nontuberculous mycobacterial pulmo-
nary disease caused by other species, 1 patient with
a clinical diagnosis of nontuberculous mycobacte-
rial pulmonary disease, and 1 immunocompetent
patient with progressive pulmonary infectious dis-
ease. Here, we discuss the course of illness and test-
ing for the immunocompetent patient (strain MS1);
the other patients are described in the Appendix
(https:/ /wwwnc.cdc.gov/EID/article/31/3/24-
0174-Appl.pdf).

A 68-year-old woman with a history of chron-
ic gastritis and allergic rhinitis sought care for a
chronic productive cough. Chest computed to-
mography revealed centrilobular nodules and
bronchiectasis in the middle and bilateral lower
lobes (Appendix Figure 2). Acid-fast bacilli were
detected in 61 sputum culture tests. M. gordonae
was identified 3 times with DNA-DNA hybridiza-
tion assays (Kyokuto Pharmaceutical Industrial,
https:/ /www.kyokutoseiyaku.co.jp), 13 times us-
ing AccuProbe (Gen-Probe Inc., https://www.ho-
logic.com), and 1 time using matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry (Bruker Daltonics, https://
www.bruker.com). No other pathogenic bacteria
were detected.

Figure. Heatmap showing average nucleotide identity classification of 2 novel mycobacteria species, Mycobacterium novusgordonae
and M. shingordonae, among other Mycobacteria species. Heatmap drawn using FastANI (https://github.com/ParBLiSS/FastANI/
releases). Species labels in the heatmap were sorted in the same manner as those in the whole-genome sequence-based phylogenetic
tree. Numbers at bottom match numbers at right; 24—28 indicate the strains from this study.
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Table. Biochemical assay results for 4 strains of Mycobacterium spp. in study identifying 2 novel species*

M. novusgordonae

M. shingordonae

M. paragordonae M. gordonae

Characteristic (MN1) (MS1) (CIP112418) (ATCC 14470)
Growth at 37°C + + - +
Growth detectable after 7 d + + +W +
Catalase + + + +
Urease - - - -
Nitrate reduction + + + -
3-d arylsulfatase +wW + + +
Telluric acid reduction + + + +
Colony color Yellow Yellow Yellow Orange
Pigmentation Scoto Scoto Scoto Scoto
Colony morphology Smooth Smooth Smooth Smooth

*Schoto, scotochromogenic; w, weak; +, positive; —, negative.

The patient initially started clarithromycin
monotherapy; her condition progressively worsened.
When she was 75 years of age, a left pneumotho-
rax developed that required drainage. At 77 years
of age, her providers switched her treatment to
erythromycin from clarithromycin because of
gastrointestinal intolerance. Despite worsening re-
spiratory symptoms (productive cough, hemopty-
sis, and dyspnea) and radiologic findings (Appendix
Figure 2), she declined the recommended multidrug
therapy because of concerns about adverse effects.

We performed MALDI-TOF mass spectrom-
etry, culture of sputum samples, whole-genome se-
quencing (WGS), and phylogenetic analysis on all 5
identified strains. MALDI-TOF mass spectrometry
identified 2 of the strains as M. gordonae and the
other 3 strains as unidentified. We processed spu-
tum samples in accordance with the guidance in
Clinical Microbiology Procedures Handbook, 5th
edition (1). After processing, we cultured sputum
samples on Ogawa medium at 36°C or in mycobac-
teria growth indicator tube (MGIT) media at 37°C
using a BACTEC MGIT 960 system (BD, https://
www.bd.com) (2). We subsequently pure-cultured 5
strains on Ogawa medium, analyzed them by WGS,
and classified them into 2 groups, MN1/MN2 and
MS1/MS2/MS3. Genetic similarity was 99.9%-100%
between MN1 and MN2 and 99.1%-100% among
MS1, MS2, and MS3. All 5 strains showed an aver-
age nucleotide identity (ANI) <95% with the closest
known species, M. paragordonae (Figure). Phyloge-
netic analysis showed that the 5 strains and M. para-
gordonae belong to different lineages from M. gordo-
nae; however, their mutual relationships are unclear
(Appendix Table 1, Figure 1).

WGS confirmed that the MS1 isolates collected at
3 different time points and the MS2 isolates collected
at 2 different time points belong to the same species
(ANIof MS1, 99.1%-100.0%; of MS2,100.0%). The new
species to which MN1 and MN2 belong was named
M. novusgordonae, strain type MN1 (TY813, RIMD
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1378001, and CIP 11419"), and the other new species
to which MS1, MS2, and MS3 belong was named M.
shingordonae strain type MS1 (TY814; RIMD 1379001;
CIP 11420") (Appendix). Novus in Latin and shin in
Japanese both mean new.

M. gordonae is an environmental acid-fast bacte-
rium traditionally considered to have low virulence
and pathogenicity; it primarily causes opportunistic
infections in immunocompromised persons (3). How-
ever, recent studies have identified diverse novel spe-
cies within this clade, revealing distinct patterns of
pathogenicity (4-7).

We determined MICs on the basis of recommen-
dations of the Clinical and Laboratory Standards In-
stitute (8). Of note, the MN1-2 and MS2-3 strains ex-
hibit low MICs for clarithromycin, ethambutol, and
rifampin, whereas the MS1 strain showed high MIC
for clarithromycin, in parallel with the detection of
an A2058G mutation in the rrl gene. We performed
biochemical tests on 4 strains: MN1 (M. novusgordo-
nae type strain), MS1 (M. shingordonae type strain),
M. paragordonae (RIMD 1369002, CIP 112418), and
M. gordonae (ATCC 14470") (Table; Appendix Table
3). The MN1 and MS1 strains were nearly identical;
they had similar characteristics as M. paragordonae
but were distinct in their ability to grow at 37°C.
MN1 and MSI1 isolates and M. paragordonae were
positive for nitrate reduction. All strains showed
positive reactions for catalase, 3-day arylsulfatase,
and telluric acid reduction tests.

In conclusion, we identified 2 novel mycobac-
teria species within the M. gordonae clade that are
more closely related to M. paragordonae than to
M. gordonae. One patient experienced a progressive
infection, revealing the pathogenicity of this novel
strain and diversity within the M. gordonae clade.
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In a longitudinal study in a first-level hospital in Luanda,
Angola, we found rifampin-resistant and multidrug-resis-
tant tuberculosis (TB) in 38 (8%, 95% CIl 5.7-10.8) of
474 patients with no previous history of TB. Of note, 2
patients (0.4%, 95% CI 0.1-1.5) demonstrated pre—ex-
tensively drug-resistant TB.

uberculosis (TB) is one of the leading causes of

death worldwide, causing an estimated 1.25 mil-
lion deaths in 2023 (95% uncertainty interval [UI]
1.13-1.37 million) (1,2). Drug resistance is a major
threat to the effective treatment of TB; rifampin-
resistant (RR) and multidrug-resistant (MDR; resis-
tance to both rifampin and isoniazid) TB caused an
estimated 150,000 (95% UI 94,000-210,000) deaths in
2023 (2). Even more worrisome, is the emergence of
pre-extensively drug-resistant (pre-XDR; resistance
to rifampin and any fluoroquinolone) and extensively
drug-resistant (XDR TB; resistance to rifampin, any
fluoroquinolone, and >1 of bedaquiline or linezolid)
strains, which entail the deployment of more expen-
sive and less tolerated drugs (2).

Angola is one of 30 countries with high TB bur-
den; ~22,000 (95% UI 14,000-32,000) deaths were
caused by TB in 2023 (2,3). The incidence rate in the
country is 339 cases/100,000 population (95% Ul
217-511 cases/100,000 population), which is still far
from the 50% incidence rate reduction target set for
2015 (when the rate was 366 cases/100,000 popula-
tion [95% UI 232-531 cases/100,000 population]) to
2025 by the End TB strategy (2,4). However, the of-
ficial data on TB in Angola are based on notifications
only; thus, the World Health Organization (WHO)
encourages nationwide surveys to collect more reli-
able data (2,5).

During November 21, 2023-June 14, 2024, we
conducted a study to determine the prevalence of
drug-resistant TB at the Hospital Divina Providéncia,

Table 1. Resistance profiles of cases in study of multidrug-
resistant tuberculosis, Luanda, Angola
No. (%) cases showing

Drug resistance, N = 474
Rifampin 38 (8.0)
Isoniazid 19 (4.0)
Fluoroquinolones 2(0.4)
Amikacin 0
Ethionamide 4 (0.8)

a first-level hospital in the district of Kilamba-Kiaxi,
Luanda, Angola. TB cases were diagnosed with
GeneXpert Ultra assay (Cepheid, https://www.ce-
pheid.com). Patients who tested positive for RR or
MDR TB were referred to the Centro Especializado
de Tratamento de Endemias e Pandemias (CETEP)
for further management, in accordance with na-
tional guidelines. The Ministry of Health Research
Ethics Committee, Angola, approved the study (ref.
32/C.E.M.S5/2023).

We calculated sample size using a conservative
percentage of MDR TB and RR-TB of 20%. We calcu-
lated a 2-sided 95% CI with a width of 10% for >264
TB-infected participants. We measured potential
associations between resistance and demographic
and clinical variables. We summarized continuous
variables by median and interquartile range and cat-
egorical variables by number and percentage. We
used exact Cls for CI proportions. We calculated odds
ratios (ORs) with 95% Cls to identify possible risk
factors (age, sex, body mass index, smoking status,
alcohol consumption, and HIV infection) associated
with Mycobacterium tuberculosis infection, RR-MTB,
and MDR TB in multivariable logistic regression
models. We used R version 4.4.1 (The R Project for
Statistical Computing, https://www.r-project.org)
for all analyses.

During the study period, 474 cases of TB were con-
firmed in patients with no history of TB. We detected
RR-TB in 38 (8%, 95% CI5.7%-10.8%) and MDR TB in

Table 2. Multivariable logistic regression models evaluating risk factors for RR and MDR TB, Luanda, Angola*

RR TB MDR TB

Characteristic OR (95% CI) p value OR (95% CI) p value
Age 1 (0.97-1.03) 0.8 1.02 (0.98-1.06) 04
Sex

M Referent Referent

F 0.59 (0.27-1.25) 0.2 0.39 (0.13-1.07) 0.075
Body mass index 0.96 (0.84-1.08) 0.5 0.91 (0.75-1.07) 0.3
Smoking

N Referent Referent

Y 0.84 (0.22-2.63) 0.8 0.44 (0.02-2.85) 0.5
Alcohol

N Referent Referent

Y 1.01 (0.38-2.46) >0.9 0.85 (0.18-3.01) 0.8
HIV

Negative Referent Referent

Positive 1.16 (0.26-3.76) 0.8 0.57 (0.03-3.23) 0.6

*MDR, multidrug-resistant; OR, odds ratio; RR, rifampin-resistant; TB, tuberculosis.
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19 (4.0%, 95% CI 2.4%-6.2%) of the 474 cases. Of note,
2 cases (0.4%, 95% CI 0.1%-1.5%) showed resistance
also to quinolones (pre-XDR TB). No cases of XDR TB
were detected (Table 1). None of the considered vari-
ables was associated with an increased risk for RR or
MDR TB (Table 2).

In our study, the prevalence of RR or MDR TB
in patients with no previous history of TB was at
least double the estimates reported by WHO for
2023 in Angola (3.29%-3.65%) (3). Similarly, a previ-
ous study in a rural area (Cubal, in Benguela Prov-
ince) in 2014 reported prevalence of MDR TB as
twice as high as estimates: 8% (95% CI 5.1%-12.3%)
(6). In 2014, a study carried out at Hospital Divina
Providéncia found 5.6% of RR/MDR TB in 89 pa-
tients who were tested for TB (no distinction between
new and previously treated cases) (7). A retrospec-
tive study conducted at the Instituto Nacional de In-
vestigacdo em Saude, Angola, found MDR TB in 38
(50%) of 76 patients with previously untreated TB
who attended private and public health services in
Luanda (8). Discrepancies with previous data might
be caused by the different settings (rural vs. urban),
study designs (prospective vs. retrospective), pop-
ulation (previously infected included or not), and
diagnostic methods (GeneXpert vs. BACTEC [BD,
https:/ /www.bd.com]).

Because we collected data from a single center,
our results should not be generalized as prevalence
in Luanda or all of Angola. Despite that limitation,
our finding of higher prevalence (8%) of RR/MDR
TB in new TB cases compared with the estimates
from WHO, together with the existence of pre-XDR
TB cases, calls for a nationwide prevalence survey to
strengthen epidemiologic monitoring of TB drug re-
sistance in Angola.
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We report avian Chlamydia abortus pneumonia in an im-
munocompetent elderly patient in the Netherlands after
environmental exposure to wild aquatic birds, including
seabirds. New molecular surveillance studies are need-
ed in wild and captive birds, as well as increased aware-
ness to establish occurrence, clinical manifestations,
and geographic distribution of this rare zoonotic disease.

he bacterial genus Chlamydia consists of 14 ubig-

uitous species that affect a wide range of hosts.
The species C. trachomatis, C. pneumoniae, C. psittaci,
C. caviae, C. felis, and C. abortus are pathogenic to hu-
mans after interhuman or zoonotic transmission. Tax-
onomy studies have identified a new avian C. abortus
subgroup that is an intermediary related to C. psit-
taci and mammalian C. abortus (1). In 2024, avian C.
abortus was associated with human respiratory tract
infection and possible human-to-human transmission
(2). We report a case of severe community-acquired
pneumonia caused by an avian C. abortus genotype
not yet associated with human disease.

A previously healthy 74-year-old man from a resi-
dential coastal town in the Netherlands was admitted
to the hospital during the winter in 2021 with fever,
confusion, and progressive dyspnea of 4-day dura-
tion. The patient was a nonsmoker and was vaccinated
against seasonal influenza and SARS-CoV-2. He lived
a socially withdrawn lifestyle and had no exposure to
ruminants or domestic birds, although he regularly fed
wild aquatic birds during the winter months. He re-
ported noteworthy exposure to wild birds, including
seabirds, which included hand feeding and occasional
contact with bird droppings on his clothing.

At hospital admission, a physical examination
revealed a body temperature of 39.3°C, pulse of 162
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beats/min, blood pressure of 127/77 mm Hg, and
respiration rate of 42 breaths/min. Laboratory results
showed an unremarkable leukocyte count of 7.49 x
10° cells/L (reference range 4.0-10.0 x 10° cells/L),
acute lymphocytopenia of 0.43 x 10° cells /L (reference
range 1.0-3.5 x 10° cells/L), unremarkable serum cre-
atinine level of 101 pmol/L (reference range 64-104
pmol/L), and elevated C-reactive protein level of 305
mg/L (reference range <5.0 mg/L). Other findings
included hyponatremia with a serum sodium level
of 129 mmol/L (reference range 136-145 mmol/L)
and elevated levels of creatine kinase, 531 U/L (ref-
erence range <171 U/L); plasma fibrinogen, 7.3 g/L
(reference range 2.1-3.8 g/L); serum lactate dehydro-
genase, 397 U/L (reference range <248 U/L); blood
urea, 11.7 mmol/L (reference range 2.5-7.5 mmol/L);
serum glucose, 10 mmol/L (reference range 3.9-7.7
mmol/L); y-glutamyl transferase, 71 U/L (reference
range <55 U/L); aspartate aminotransferase, of 87
U/L (reference range <35 U/L); and cardiac troponin
T, 58 ng/L (reference range <14 ng/L). All other labo-
ratory findings were unremarkable.

The patient was transferred to the intensive care
unit because of hypoxemic respiratory failure (SaO,
<90%) and progressive pulmonary consolidations
with pleural effusion (Figure 1) requiring invasive
mechanical ventilation. Blood and sputum cultures
collected before intravenous cefuroxime and cip-
rofloxacin empirical therapy showed no microbial
pathogens. Bronchial aspirate obtained by fiberoptic
bronchoscopy was negative for respiratory viruses,

Figure 1. Chest radiograph of a patient with community-acquired
pneumonia caused by avian Chlamydia abortus, the Netherlands.
The radiograph shows progressive pulmonary consolidations with
pleural effusion.
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Figure 2. Chlamydial phylogeny of isolates from a patient with community-acquired pneumonia caused by avian Chlamydia abortus, the
Netherlands, and reference sequences. Chlamydial phylogenetic trees were constructed by using concatenated MLST gatA, oppA, hflX,
gidA, enoA, hemN, and fumC gene sequences (A) or by using plasmid Il xerC gene sequences (B) of clinical isolate KML-2021 (bold;
PubMLST sequence type 359; id-5228, https://pubmist.org) and reference Chlamydia isolates (GenBank accession no. or PubMLST id
shown) that were aligned and analyzed in MEGA11 (https://www.megasoftware.net). The phylogenetic tree was constructed by using
maximum-likelihood approximation with FastTree v2.1.11 (https://kbase.us/applist/apps/kb_fasttree/run_FastTree/release) and rooted
with C. felis (FE/C) or C. caviae (GPIC reference strains). Scale bar indicates nucleotide substitutions per 100 sites. id, identification;
MLST, multilocus sequence typing.
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Legionella spp., Mycoplasma pneumoniae, and Chla-
mydia pneumoniae by real-time PCR; however, B-CAP
real-time PCR (Biolegio, https://www.biolegio.
com) detected Chlamydia DNA. Quantitative 16S mi-
celle PCR and next-generation sequencing-based (3)
and metagenomic-based (4,5) microbiota profiling
showed a high relative abundance of Chlamydia spp.
in the lower respiratory tract; levels were >100 mil-
lion 165 rRNA gene copies per milliliter of bronchial
aspirate (Appendix Figure 1, https://wwwnc.cdc.
gov/EID/article/31/3/24-1406-Appl.pdf). Metage-
nomic profiling suggested a high abundance of Chla-
mydia spp. intermediaries related to C. psittaci and
C. abortus. The reference laboratory detected C. abor-
tus carrying a plasmid inherent in avian C. abortus
(6). Multilocus sequence typing revealed sequence
type 359. Phylogenetic analyses of concatenated
multilocus sequence typing and plasmid II xerC
gene sequences confirmed avian C. abortus (Figure
2) (6,7). Chlamydial outer membrane protein A gene
sequencing identified a single Chlamydia spp. match-
ing provisional genotype R54 (Appendix Figure 2),
previously isolated from migratory seabirds in polar
regions but never from humans or other mammals
(8,9). The avian C. abortus clinical isolate KML-2021
(GenBank accession nos. OR665720 and PQO001575)
obtained from the patient in this study was geneti-
cally different from avian C. abortus clinical strain
NL2335-4C (GenBank accession nos. CP158097 and
CP158098) and related clinical isolates or strains
from other patients in the Netherlands (Figure 2;
Appendix Figure 2) (2).

The patient’s respiratory condition improved
with doxycycline treatment directed at Chlamydia
spp- At 1-year clinical follow-up, the patient noted no
recurrences. The patient provided written informed
consent for publication to the treating physician
(E.H.R.v.E.) after the 1-year clinical follow-up. All
authors confirmed that subject protection guidelines
and regulations were strictly followed. We notified
the Public Health Service for the Hollands Midden re-
gion in Leiden, the Netherlands, of the zoonotic Chia-
mydia spp. infection and did not identify any human-
to-human transmission events.

In conclusion, our findings confirm the zoonotic
potential of avian C. abortus to cause severe communi-
ty-acquired pneumonia in humans. Increased aware-
ness is warranted to establish the occurrence, clinical
manifestations, and global geographic distribution of
that rare zoonotic disease. We recommend molecu-
lar surveillance studies in wild and captive birds to
evaluate sources of contamination of different avian
C. abortus genotypes.
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High-dose isoniazid is recommended to treat multidrug-
resistant tuberculosis (MDR TB). Among 958 MDR TB
isolates identified in France during 2008-2022, 93.1%
exhibited high-level isoniazid resistance, and molecular
testing showed limited diagnostic accuracy in predicting
resistance. Clinicians should reconsider using high-dose
isoniazid in MDR TB treatment because of suboptimal
effect and toxicity concerns.

Despite the turning point represented by the 2022
update in World Health Organization guide-
lines (1), optimal treatment for multidrug-resistant
tuberculosis (MDR TB), defined by isoniazid and ri-
fampin resistance, remains a global challenge. The
6-month, all-oral regimen combining bedaquiline,
pretomanid, linezolid, and moxifloxacin represents
a breakthrough in MDR TB treatment; however, its
adoption is limited by cost and access issues. Alter-
native treatments include the 9-month, all-oral short-
course regimen (SCR) and the 18-month, individual-
ized conventional regimen. The SCR is recommended
for patients with MDR TB without fluoroquinolone
resistance and includes high-dose isoniazid of 10-15
mg/kg. The conventional regimen may also incorpo-
rate high-dose isoniazid if there is no confirmation of
high-level isoniazid resistance (1). The effectiveness
of high-dose isoniazid relies on the absence of muta-
tions known to confer phenotypic high-level isonia-
zid resistance, notably mutations in the katG gene (2).
The high prevalence of such mutations among MDR
TB isolates makes the role of high-dose isoniazid in
MDR TB regimens questionable (3). We quantified the
prevalence of high-level isoniazid resistance among
MDR TB isolates, particularly isolates from patients
eligible for SCR, and evaluated the diagnostic accu-
racy of molecular testing for predicting high-level iso-
niazid resistance.

We used data from the comprehensive French
national network of the National Reference Centre
for Mycobacteria (Paris, France) to perform a retro-
spective, observational cohort study. We included the
isolate obtained at diagnosis from each patient with
confirmed pulmonary or extrapulmonary MDR TB
identified in France during 2008-2022. We excluded
isolates lacking phenotypic drug susceptibility testing
(DST) results for isoniazid (0.2 and 1.0 ng/mL) or ge-
notypic data for inhA, katG, and gyrA. For phenotypic
DST, solid and liquid cultures were used interchange-
ably. Testing of solid cultures used the proportion
method on Lowenstein-Jensen media, whereas testing
of liquid cultures used mycobacteria growth indicator
tubes containing Middlebrook 7H9 broth (BD Difco,
https:/ /www.bd.com). We defined resistance levels
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Figure. Flowchart of MDR TB
isolates identified in France
during 2008-2022 included in an
evaluation of high-dose isoniazid
in MDR TB treatment. DST, drug
susceptibility testing; MDR TB,
multidrug-resistant tuberculosis;
SCR, short-course regimen.

as low-level (0.2 pg/mL) or high-level (1.0 ng/mL)
(4). Genotypic DST used GenoType MTBDRplus and
MTBDRs! assays (Bruker, https://www.bruker.com)
and Sanger or targeted next-generation sequencing
(Deeplex Myc-TB; Genoscreen, https://www.geno-
screen.fr) when line-probe assay results were missing
or uninterpretable. We interpreted results according to
the World Health Organization catalog of resistance-
associated genetic variants (5). We defined eligibility
for SCR as the absence of gyrA mutations.

We assessed the diagnostic accuracy of katG
mutations (with or without mutation in inhA) in
predicting high-level isoniazid resistance by us-
ing phenotypic DST. In the DST calculation, strains
without mutations were excluded because they
could not be classified as low-level resistance (inhA
mutation) or high-level resistance (katG with or

without inhA mutation) in phenotypic-genotypic
comparisons.

Descriptive statistics included frequency analyses
for categorical variables and median and interquar-
tile range for quantitative variables. We calculated
95% Cls for proportions. We used Stata 15.2 (Stata-
Corp LLC, https:/ /www.stata.com) for analyses and
considered p<0.05 statistically significant. Ethical
approval was granted by the ethics review board of
the Bligny Hospital, Briis-sous-Forges, France (study
design approved by Conseil de Réflexion Ethique on
June 27, 2023).

Among 1,089 MDR TB isolates, 958 were includ-
ed in the study (Figure). Of those isolates, 892 (93.1%,
95% ClI 91.5-94.7) exhibited high-level isoniazid re-
sistance (Table). Mutations in katG were found in 837
(87.4%) isolates and inhA mutations in 259 (27.0%)

Table. Phenotypic and genotypic methods for MDR TB isolates identified in France during 2008—2022 used in evaluation of high-dose

isoniazid use in MDR TB treatment*

Isoniazid resistance

Isolates from patients eligible

All isolates, n = 958 for SCR, n =739

Phenotypic isoniazid resistance
High-level resistancet
Low-level resistancet

892 (93.1; 91.5-94.7)
66 (6.9; 5.3-8.5)

677 (91.6; 89.6-93.6)
62 (8.4; 6.4-10.4)

Genotypic isoniazid resistance
katG + inhA or its promoter mutation
katG mutation alone
inhA or its promoter mutation alone
No mutation

161 (16.8; 14.4-19.2)
676 (70.6; 67.7-73.5)
98 (10.2; 8.3-12.1)
23 (2.4; 1.4-3.4)

104 (14.1; 11.6-16.6)
525 (71.0; 67.8-74.3)
89 (12.1; 9.7-14.4)
21 (2.8; 1.6-4.0)

Diagnostic accuracy of genotypic testing (katG mutation) to predict high-level isoniazid resistance, % (95% CI)

Sensitivity

Specificity

Positive predictive value
Negative predictive value

93.3 (91.6-94.9)
86.4 (84.2-88.6)
99.0 (98.4-99.7)
46.4 (43.2-49.6)

92.3 (90.4-94.3)
87.3 (84.8-89.7)
98.9 (98.1-99.7)
48.5 (44.8-52.1)

*Values are no. (%; 95% CI) except as indicated. MDR TB, multidrug-resistant TB; SCR, short course regimen.

tDefined as resistance to the 1.0 yg/mL dose.
tDefined as resistance to the 0.2 yg/mL dose.
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isolates. Of note, 828 (98.9%) of the 837 isolates with
katG mutations showed high-level isoniazid resis-
tance. In addition, we detected high-level isoniazid
resistance in 51.0% of isolates with inhA mutations
and without katG mutations. Of the 739 isolates from
patients eligible for the SCR (Figure), 677 (91.6%) had
high-level isoniazid resistance. The diagnostic ac-
curacy of genotypic testing for predicting high-level
isoniazid resistance compared with phenotypic DST
was as follows: sensitivity 93.3% (95% CI 91.6-94.9),
specificity 86.4% (95% CI 84.2-88.6), positive predic-
tive value 99.0% (95% CI 98.4-99.7), and negative
predictive value 46.4% (95% CI 43.2-49.6). Those ac-
curacy metrics were comparable among isolates from
patients eligible for SCR (Table).

Our findings indicated that high-dose isoniazid is
unlikely to be effective for most patients using the MDR
TB regimen because of the high prevalence of high-
level isoniazid resistance, including those from patients
eligible for SCR. The high frequency of observed katG
mutations aligns with previous studies; most katG mu-
tant isolates exhibited high-level isoniazid resistance (3).
Furthermore, the absence of katG mutations alone does
not reliably exclude high-level isoniazid resistance be-
cause more than half of strains in our study with inhA
mutations displayed isoniazid MICs >1.0 mg/L. Al-
though high-dose isoniazid was previously considered
effective against inhA mutant isolates (6), more recent
research reported MICs >1.0 mg/L in those strains (7,8),
which limits the utility of genotypic testing in predicting
low-level isoniazid resistance. Although high-dose iso-
niazid may still be appropriate in specific cases, the as-
sociated toxicity risks suggest that its inclusion in MDR
TB regimens may not be warranted (9,10).

In summary, high-dose isoniazid offers limited
benefit for most patients using the MDR TB regi-
men because of widespread high-level isoniazid re-
sistance. Clinicians should optimize existing regi-
mens, replace high-dose isoniazid with safer, more
effective alternatives, and promote global access to
new treatments.
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Annual Hospitalizations for
COVID-19, Influenza, and
Respiratory Syncytial Virus,
United States, 2023—-2024

Projections for the US 2023—-24 respiratory virus season
indicated a 31% decrease to a 55% increase in hospi-
talizations for respiratory syncytial virus, influenza, and
COVID-19 compared with 2022—-23, depending on circu-
lating variants and vaccination uptake. The projections
captured the tripledemic peak but missed the multiwave
seasonality of COVID-19.
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onpharmaceutical interventions to combat

the COVID-19 pandemic disrupted the sea-
sonal transmission of influenza virus and respi-
ratory syncytial virus (RSV). During November
2022-March 2023, co-circulation of SARS-CoV-2,
influenza virus, and RSV caused a tripledemic that
strained US healthcare systems. By the summer
of 2023, global authorities had officially declared
the end of the COVID-19 pandemic (1), and the
recent tripledemic had bolstered populationwide
immunity against the 3 viruses, leading to con-
siderable uncertainty about the potential severity
of the 2023-24 respiratory virus season and the
effects of updated vaccines for SARS-CoV-2 and
influenza (2), the novel Food and Drug Adminis-
tration-approved RSV vaccine for older adults and
pregnant women, and the novel monoclonal anti-
body therapy for infants with RSV (3). To support
national planning, we created a series of scenario
projections by using validated models of influenza,
SARS-CoV-2, and RSV that track immunity stem-
ming from infection and immunization (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/31/3/25-
0594-Appl.pdf) and compared projected 2023-24
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hospitalizations to those reported during the 2022-
23 season. We retrospectively evaluated the validity
of the assumptions and the consistency of the projec-
tions compared with actual epidemiologic trends in
the United States during September 1, 2023-
March 30, 2024.

The 4 SARS-CoV-2 scenarios assumed that an
immune-evasive EG.5-like variant either would or
would not emerge in May 2023 and that updated
booster vaccines would be recommended for every-
one or only for adults >65 years of age (Appendix).
In retrospect, the scenarios optimistically assumed
52% booster coverage for persons >65 years of age
and 34% for persons <65 years of age, which are al-
most double the reported uptake of 28.1% for per-
sons >65 years of age and 19.1% for persons <65
years of age (4). Moreover, none of the scenarios
anticipated the October emergence of the highly
transmissible JN.1 variant (5). Our projections of
598,000 (95% CI 486,000-692,000) to 1,310,000 (95%
CI 1,089,000-1,493,000) total COVID-19 hospitaliza-
tions were high compared with the 612,616 eventu-
ally reported, and the projected mid-October peak
was considerably earlier than the actual December
peak (Figure, panel A). Our model cannot explain
the persistent 2-wave seasonal dynamics of COV-
ID-19, which could stem from frequent emergence
of new variants, durability of infection-acquired and
vaccine-acquired immunity, or other unidentified
seasonal factors.

The influenza scenarios vary in terms of the
dominant subtype (HIN1 vs. H3N2) and national
vaccination coverage (40% vs. 60%) (Appendix).
In retrospect, the 2023-24 influenza season was
dominated by influenza A(HIN1), and an estimat-
ed 47.3% of the US population received an influ-
enza vaccine (6). Under the best-matching scenario
(HIN1 with 40% coverage), daily influenza hospi-
tal admissions were projected to peak on December
16 (95% CI November 21-January 25) at 4,100 (95%
CI 400-8,700) and to total 210,000 (95% CI 17,000~
475,000) (Figure, panel B). In reality, influenza hos-
pital admissions peaked on December 28 at 3,137
and totaled 215,667. Comparing our 2 influenza
A(HIN1) scenarios, we estimated that vaccinating
60% versus 40% of the US population would have
prevented 27,000 (95% CI 6,000-34,000) influenza-
related hospitalizations.

The RSV scenarios assume either a high trans-
mission rate (estimated in 2022-23) or a low trans-
mission rate (estimated before 2020) and either high
or low vaccination uptake. Under the high uptake
scenario, the new RSV vaccine is recommended
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Figure. Projected daily hospital admissions attributable to COVID-19 (A), influenza (B), RSV (C), and COVID-19, influenza, or RSV
infections combined (D) under multiple scenarios with varying viral transmission rates and varying effect of medical countermeasures,
United States, June 8, 2023—-March 30, 2024. Values are the 7-day average number of hospital admissions attributable to infections by
the specified viruses. The solid lines indicate medians; shaded ribbons indicate 95% Cls across 200 stochastic simulations. Black dots
in all graphs and gray shading in panel D indicate the reported 7-day average hospital admissions for the 3 viruses before the projection
period (9,10); orange lines indicate 7-day average hospital admissions from the projection period that were not available at the time of

the initial analysis. RSV, respiratory syncytial virus.

for persons >60 years of age (assuming 56.12%
uptake based on 2022-23 influenza vaccination cov-
erage), and all infants <8 months of age receive the
new monoclonal antibody (Appendix). As of April
2024, only =23.6% (95% CI 22.7%-24.5%) of older
adults had received the vaccine and 43.0% (95% CI
33.9%-52.1%) of infants had received antibody in-
jections (7,8). By fitting our model to 2023-24 RSV
hospitalization data (Appendix), we estimated that
the transmission rate for children <18 years of age
was similar to prepandemic levels, whereas that for
older persons might have been higher than during
the 2022-23 season. Although our scenarios did not
anticipate this complexity, the observed trends are
roughly consistent with the projections. The scenario
assuming a prepandemic transmission rate and low
vaccination uptake projected a total of 95,000 (95%
CI 52,000-157,000) RSV hospitalizations, peaking
on December 12 (95% CI December 5-25) with 1,500
(95% CI 800-2,100) daily admissions. In reality, US
RSV hospital admissions peaked on December 30 at
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1,911 and totaled 178,000 (Figure, panel C).

We aggregated the individual pathogen sce-
nario projections to estimate overall tripledemic
hospitalizations, assuming no epidemiologic inter-
actions among them (Appendix). The subsequently
observed trends fell well within the projected Cls
(Figure, panel D) and were closest to the scenario
assuming low transmission rates and low vacci-
nation uptake for all 3 viruses. Although the sce-
nario assumptions were imperfect, particularly for
COVID-19, the projected cumulative hospitaliza-
tions of 1,029,000 (95% CI 688,000-1,518,000) and
early December peak of 9,800 (95% CI 4,700-15,246)
daily admissions are consistent with the observed
1,007,000 total hospitalizations and late December
peak of 10,082 (Appendix). Even when the assump-
tions prove wrong, simulating a range of carefully
constructed scenarios can help anticipate the tim-
ing and severity of epidemics, assess the probable
effect of interventions, and guide healthcare capac-
ity planning.
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All data for reproducing the analysis are publicly
available at https:/ / github.com/bikaiming93/
tripledemic. All code for reproducing the analysis are
publicly available at https:/ / github.com/bikaiming93/
tripledemic.
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Hans Schadow (1862-1924), print of original oil on canvas portrait of Rudolf Virchow (1896).
The lllustrated London News (London, UK; October 8, 1898). Private collection, Atlanta, Georgia, USA.

Photography by Will Breedlove.

Themes of Holism and Reductionism in
the Quest for the Cause of Tuberculosis

Terence Chorba

In 1882, at a time when many prominent physi-
cians, including Rudolf Virchow (1821-1902),
had yet to accept the germ theory of disease, 2 con-
trasting but complementary schools of thought on
the etiology of tuberculosis (TB) were dominant.
The first was “holistic,” focused principally on
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the host (susceptibility of the exposed individual)
and the environment (extrinsic factors that affect
the opportunity for exposure and development
of disease); its leading proponent was Virchow, a
Germ an physician whose seminal work in cellu-
lar pathology, social medicine, and public health
contributed substantially to the development of
modern medicine. The second was “reductionis-
tic,” focused on identifying the agent (the organism
or event that resulted in disease or disability) and
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on deconstructing the complex process of infection
into its component parts; its leading proponent was
Robert Koch (1843-1910), whose crowning achieve-
ment —the discovery of the organism—is celebrat-
ed annually worldwide in March and is the impe-
tus for dedicating each March issue of this journal
to tuberculosis.

Virchow popularized the biological principle
that every cell originates from a predecessor cell
(omnis cellula e cellula in Latin, a theory originally
proposed by physiologist Theodor Schwann and
botanist Matthias Schleiden) and held that all dis-
ease involves changes in normal cells (i.e., all pa-
thology is cellular pathology). Among Virchow’s
many achievements as “the father of modern pa-
thology” were the first descriptions of many medi-
cal phenomena including leukemia, embolism, and
thrombosis. Virchow was also a strong proponent
of social medicine, advancing insightful arguments
that disease was often caused and exacerbated by
social and economic conditions, rather than just
biological factors. His belief in the social determi-
nants of health led him to identify nutrition, pov-
erty, and sanitation as influential factors in public
health and to advocate for improvements in living
and working conditions.

On the evening of March 24, 1882, at the Berlin
Institute of Physiology, Robert Koch presented his
conclusive work demonstrating that infection with
a characteristic bacillus (Mycobacterium tuberculosis)
was the cause of TB. Koch’s conclusion was based
on strict criteria or postulates now considered es-
sential for establishing scientific consensus that a
given microorganism causes a disease: 1) the or-
ganism can be shown to be consistently present in
diseased tissue; 2) the organism can be isolated and
grown in pure culture; and 3) the organism can be
shown experimentally to induce the disease in ani-
mal models. The Nobel Prize-winning physician
and chemist Paul Ehrlich (1854-1915), who had
been an early assistant of Koch and a TB survivor
himself, later said of that evening’s meeting that
it had been “the most important experience of my
scientific life.”

Koch had much ground to cover in his brief
presentation of that reductionist science (i.e., prov-
ing TB to be a specific disease with a specific in-
fectious etiology). Although Virchow was in at-
tendance, he remained silent. As a proponent of
the societal and environmental causes of disease,
Virchow had characterized TB as a social dis-
ease strongly linked to poverty and had disputed
Koch’s germ theory. His holistic recognition of
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the social determinants of health constituted the
basis for advocacy of comprehensive health re-
forms (i.e., improved housing, sanitation, water
supply, and working conditions). In the years im-
mediately following Koch’s discovery, there was
great interest in seeking nonexclusionary remedies
that addressed both the holistic and reduction-
ist views for TB prevention and control. Holistic
efforts attempted to avert the societal burden of
transmission of the bacillus through public health
campaigns to raise awareness of risk factors and
to improve living and working conditions. Re-
ductionist efforts were aimed at attenuating the
bacillus through use of serum, mostly from in-
fected animals and humans. Both Koch and Vir-
chow achieved great public stature in their life-
times for their contributions to medical science and
public health.

In 1896, Hans Schadow (1862-1924), an accom-
plished portrait painter born in Berlin, Germany,
created a detailed oil-on-canvas portrait of Rudolf
Virchow contemplating a human skull; the portrait
was commissioned by The Illustrated London News, a
magazine published weekly during 1842-1971 and
then less frequently before ceasing publication alto-
gether in 2003. The magazine itself was revolution-
ary, as the first fully illustrated weekly newspaper,
and took the occasion of Virchow’s delivering a
medical lecture in London to reproduce Schadow’s
painting as a print on its front page in 1898, fea-
tured again on the cover of this month’s journal.

In modern-day TB elimination efforts, effec-
tive prevention and control programs have sev-
eral priority strategies that include identifying and
completing treatment of TB disease; finding and
screening persons who have been recent contacts
of TB patients; and screening, testing, and treating
populations at greater risk of having latent TB in-
fection and of developing TB disease. Components
of Koch’s reductionist approach are fundamental
to the identification of persons with TB disease;
although a minority of incident TB cases have no
bacilli detectable in sputum or in other body flu-
ids, TB disease is usually confirmed by a positive
culture or nucleic acid amplification test result for
M. tuberculosis. However, components of Virchow’s
holistic approach are essential for identifying, test-
ing, and treating populations at greater risk and
for whom testing and treatment are most defen-
sible in a resource-limited environment (e.g., per-
sons from high-burden countries; those who lived
or worked with persons with TB disease; or those
with immune compromise resulting from diabetes,
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smoking, alcohol use disorder, cancer, or HIV in-
fection). Both perspectives have intrinsic relevance
to the strategies of health departments in TB elimi-
nation efforts.
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Article Title

Efficacy and Safety of 4-Month Rifapentine-Based
Tuberculosis Treatments in Persons with Diabetes

CME Questions

1. What were the results of the full patient cohort of the 3. Which of the following statements regarding the rate

Tuberculosis Trials Consortium Study 31/ AIDS Clinical
Trials Group 79 A5349 (S31/A5349) in comparing the
rifapentine-moxifloxacin 4-month regimen vs the
6-month control regimen?

A. The rifapentine-moxifloxacin regimen was superior to
the control regimen

B. The control regimen was superior to the rifapentine-
moxifloxacin regimen

C. The rifapentine-moxifloxacin regimen was similar to
the control regimen

D. Only the 4-drug rifapentine regimen was effective in
treating tuberculosis

2. Which of the following treatment groups had

the highest numerical rate of tuberculosis-related
unfavorable outcomes in the current study focused on
participants with diabetes?

Control regimen

Rifapentine-moxifloxacin regimen

Rifapentine regimen

5-drug regimen including rifapentine, isoniazid,
ethambutol, pyrazinamide, and moxifloxacin

cow

of culture conversion to negative in the current study
is most accurate?

A. Culture conversion was most rapid with the control
regimen

B. Culture conversion was most rapid with the
rifapentine-moxifloxacin regimen

C. Culture conversion was most rapid with the rifapentine
regimen

D. The rate of culture conversion was similar in the 3
treatment groups

4. Which of the following severe adverse events was
more common in the rifapentine-moxifloxacin group
vs the other 2 treatment groups in the current study?

Hypertension

Poor glycemic control
Transaminitis
Neuropathy

oow»
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