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SYNOPSIS

Campylobacter fetus accounts for 1% of Campylobacter
spp. infections, but prevalence of bacteremia and risk for
death are high. To determine clinical features of C. fetus
infections and risks for death, we conducted a retrospec-
tive observational study of all adult inpatients with a con-
firmed C. fetus infection in Nord Franche-Comté Hospi-
tal, Trevenans, France, during January 2000—December
2021. Among 991 patients with isolated Campylobacter
spp. strains, we identified 39 (4%) with culture-positive
C. fetus infections, of which 33 had complete records
and underwent further analysis; 21 had documented
bacteremia and 12 did not. Secondary localizations were
reported for 7 (33%) patients with C. fetus bacteremia,
of which 5 exhibited a predilection for vascular infections
(including 3 with mycotic aneurysm). Another 7 (33%)
patients with C. fetus bacteremia died within 30 days.
Significant risk factors associated with death within 30
days were dyspnea, quick sequential organ failure as-
sessment score >2 at admission, and septic shock.

Campylobacter is a genus of microaerophilic, fas-
tidious, gram-negative, occasionally partially
anaerobic, non-spore forming, motile bacteria with
a characteristic spiral or corkscrew-like appear-
ance (I1). Such morphology enables the bacteria to
colonize the mucosal surfaces of the gastrointesti-
nal tract in humans and other animal species (2). In
France, C. fetus is the most commonly isolated Cam-
pylobacter species, after C. jejuni and C. coli, found in
fecal samples during diarrheal episodes in humans
(3), and the leading species recovered from invasive
infections, such as bacteremia and secondary local-
izations; both C. jejuni and C. coli have been identi-
fied in 43% of cases (4).

Earlier reports have revealed the incidence,
clinical characteristics, and outcomes of bactere-
mia caused by C. fetus (4,5). Disease severity and
risk for death from C. fetus systemic infection are of
concern for clinicians; fatality rate is ~15% (4,5). C.
fetus is also known to have a predilection for vas-
cular endothelium, causing mycotic aneurysms,
thrombophlebitis, endocarditis (including infec-
tions of prosthetic heart valves), and multivisceral
complications (4-11). A bactericidal antimicrobial
drug treatment based on use of a B-lactam (such
as amoxicillin/clavulanic acid or a carbapenem)
should be favored (4).

Using data for January 2000-December 2021, we
conducted a retrospective observational and descrip-
tive study in Nord Franche-Comté Hospital, located
in eastern France. Our primary objective was to de-
scribe clinical and paraclinical features (including
antimicrobial susceptibility) in patients with C. fetus
infections by comparing patients with and without

2190

bacteremia. Our secondary objective was to evaluate
the risk factors for 30-day mortality in patients with
bacteremia caused by C. fetus.

Patient consent was obtained by sending patients
a letter informing them of the use of their medical
data for research purposes and receiving no objection
by 30 days later. Because of the retrospective nature
of the study, with no patient involvement and use of
already available data, the local Ethics Committee of
Nord-Franche-Comte Hospital determined that pa-
tient consent was sufficient. The confidentiality of
participant data has been respected in accordance
with the Declaration of Helsinki.

Methods

Study Population and Design

Nord Franche-Comté Hospital has a capacity of 1,216
beds across all sites. The Nord-Franche-Comté Hos-
pital practice has =100,000 visits to its emergency
rooms and =3,600 deliveries per year (12,13). Our
study included all adults (>18 years of age) with a C.
fetus infection, defined by identification of C. fetus in
a microbiological sample (blood, fecal, or other site
culture) of hospitalized patients over a 21-year period
(January 1, 2000-December 31, 2021).

Data Collection

We collected clinical data regarding demographic
and baseline characteristics and underlying condi-
tions from patients” medical records. We also extract-
ed laboratory and imaging findings, outcomes, and
results of antimicrobial susceptibility to amoxicillin,
amoxicillin/clavulanic acid, imipenem, gentamicin,
azithromycin, doxycycline, and fluoroquinolones
(ofloxacin and ciprofloxacin).

Definitions
We defined secondary localizations as a positive result
on biopsy, graft, blood culture samples (or a combina-
tion of those) or evocative images on computed tomog-
raphy or ®F-fluorodeoxyglucose-positron emission to-
mography/computed tomography (*F-FDG PET/CT).
Endocarditis, also considered as a secondary localiza-
tion, was defined by a positive valvular biopsy sample,
blood culture, or both, associated with evocative imag-
es on echocardiography, *F-FDG PET/CT, according
to the European Society of Cardiology 2015 modified
criteria for diagnosing infective endocarditis (14).
According to the Third International Consensus
Definitions for Sepsis and Septic Shock (Sepsis-3) (15),
adult patients with suspected infection can be rapidly
identified as being more likely to have poor outcomes
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typical of sepsis if they have >2 of the following clini-
cal criteria that together constitute a new bedside
clinical score termed quick sequential (sepsis-related)
organ failure assessment: respiratory rate of >22 min-
utes, altered mentation, or systolic blood pressure of
<100 mm Hg,.

Microbiological Diagnosis

Until November 2016, strains were identified to the
species level by biochemical tests associated with
culture conditions and antimicrobial susceptibility
and then by matrix-assisted laser desorption/time-
of-flight ionization mass spectrometry methods
(Microflex; Bruker Daltonics, https:/ /www.bruker.
com). Antimicrobial susceptibility was determined
by using the disk-diffusion method; we reinterpret-
ed susceptibility for this study according to guide-
lines of the Comité de I’ Antibiogramme de la Société
Francaise de Microbiologie (CA-SFM)/European
Committee on Antimicrobial Susceptibility Testing
(EUCAST) 2021 version 1. CA-SFM/EUCAST is a
version of EUCAST translated into French and ad-
justed for practices in France (16). We considered an-
timicrobial treatment to be appropriate if the strain
was susceptible to >1 of the drugs prescribed, ac-
cording to the CA-SFM/EUCAST recommendations
(17). C. fetus is naturally resistant to third-generation
cephalosporins, ticarcillin, and piperacillin, so we
considered those drugs to be inappropriate. Some
strains were tested by automated broth microdilu-
tion system (Vitek-2; bioMérieux, https://www.
biomerieux.com), and results could not be reinter-
preted according to current recommendations.

Data Analysis

Unless otherwise indicated, we expressed discrete
variables as numbers and percentages and continu-
ous variables as mean/average, SD, and 95% CI. We
performed comparisons among patients with and
without C. fetus bacteremia by using a y? or Fisher
exact test for qualitative variables and a Student ¢ or
Wilcoxon test for quantitative data. Risk factors for
death are expressed as odds ratios (ORs), and sta-
tistical analysis was performed by using univariate
logistic regression. We used a significance level of
p>0.05 and performed all analyses by using R ver-
sion 4.2.1 (The R Project for Statistical Computing,
https:/ /www.r-project.org). We defined a signifi-
cant trend as p<0.06.

Results
We considered conventional methods to be the stan-
dard combined with matrix-assisted laser desorption/

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023
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time-of-flight ionization mass spectrometry identifi-
cation, which enabled us to identify 991 Campylobacter
species. The main species found was C. jejuni (823
[83%]), followed by C. coli (70 [7%]). The third most
frequently found species was C. fetus (39 [4%]) and
the fourth was C. upsaliensis (12 [1%]). Campylobacter
species were not identified in 47 (5%) isolates.

During the study period, we identified 39 pa-
tients with culture-positive C. fetus infections; of
those, 33 had complete records and underwent fur-
ther analysis, 21 with documented bacteremia and 12
without (Figure 1). Among bacteremic patients, fecal
cultures were negative for 20 (95.3%). For only 1 pa-
tient were simultaneous peripheral blood and stool
cultures positive, isolating C. fetus, and that patient
was included in the bacteremia group. With regard to
patients without documented bacteremia, most (11 of
12) isolates were from fecal samples; gastroenteritis
was reported for 10 (83%) patients, of which 9 had
liquid diarrhea. Peripheral blood cultures were per-
formed for 8 (66%) of 12 patients without document-
ed C. fetus bacteremia and were negative.

Demographic and Epidemiologic Data

The mean prevalence of C. fetus infection was 1.5
cases/year. During the study, the highest incidence
rate was noted in 2011 (6 [18%] cases) (Figure 2).
The mean age of the study population was 73 (SD
18) years, and male patients (54%) were predomi-
nant. Patients with C. fetus bacteremia were older
than patients without bacteremia, but the differ-
ence was not significant (77 [SD 16] vs. 66 [SD 19]
years; p = 0.12). Inmunosuppression was more fre-
quent in patients with C. fetus bacteremia, and the
trend was significant (52% [11/21] vs. 16% [2/12];
p = 0.06); malignancy/cancers were the leading
cause (7/21 [33%]). Among the 21 patients with
bacteremia, the main underlying conditions were
cardiovascular disease (15 [71%]), diabetes mel-
litus (7 [33%]), renal failure (6 [29%]), and pros-
thetic heart valves (4 [19%]); no significant differ-
ence compared with patients without documented
C. fetus bacteremia was noted. Not represented by
our study population were pregnancy, contact with
livestock, poultry consumption, and similar cases
in the household (Table 1).

Clinical Features, Laboratory Data, and Imaging Findings
The predominant clinical sign was fever; no sig-
nificant difference was found between the 2 groups
(62% [13/21] vs. 73% [8/11]; p = 0.7). Gastrointes-
tinal signs/symptoms were more common among
patients with no bacteriemia (abdominal pain, 58%

2191



SYNOPSIS

Figure 1. Flowchart of patient enrollment in study of Campylobacter fetus invasive infections and risks for death, Nord Franche-Comté

Hospital, France, 2000-2021.

vs. 19%; p = 0.052; diarrhea, 75% vs. 24%; p = 0.009);
the difference was significant. At admission, aver-
age leukocyte count was higher for patients with C.
fetus bacteremia (13,550 [SD 7.57] cells/mm?®) than
without bacteremia (9,950 [SD 3.31] cells/ mm?®); the
difference was not significant (p = 0.076). C-reactive
protein level was equivalent in both groups (116 [SD
93] mg/L vs. 120 [£52] mg/L; p = 0.9). Transthoracic
echocardiography (TTE) and "F-FDG PET/CT were
performed for 3 bacteremic patients. TTE indicated
1 case of prosthetic valve endocarditis and revealed
typical oscillating vegetation. "*F-FDG PET/CT con-
firmed the diagnosis of mycotic aneurysm in 3 other
patients (Table 1).

2192

Secondary Localizations

Secondary localizations were exclusively observed in
one third of patients with C. fetus bacteremia (7/21
[33%]; p = 0.03). A predilection for vascular infections
was noted for 5 patients (3 with mycotic aneurysm,
2 with percutaneous implantable port-related infec-
tion/thrombophlebitis), and 1 had endocarditis, and
1 had septic arthritis (Table 2).

Therapeutic Management and Outcomes

Among 29 patients receiving antimicrobial therapy, the
most commonly used drug was amoxicillin/ clavulanic
acid (12 [41%]). The most common choice for treating
C. fetus bacteremia was dual-regimen therapy (8/20

Figure 2. Distribution over time
of bacteremia in 33 patients with
Campylobacter fetus infection,
Nord Franche-Comté Hospital,
France, 2000-2021.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023
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Table 1. Baseline characteristics, clinical features, and laboratory, and imaging findings for patients with Campylobacter fetus
infections, Nord Franche-Comté Hospital, Trévenans, France, 2000-2021*

Patients without Patients with
documented C. fetus documented C. fetus
Characteristics All patients, n = 33 bacteremia, n = 121 bacteremia, n = 21 p value
Baseline
Sex 0.7
M 18/33 (54) 6/12 (50) 12/21 (57)
F 15/33 (45) 6/12 (50) 9/21 (43)
Age, y (SD) 73 (£18) 66 (+19) 77 (£16) 0.12
Underlying comorbidities 27/33 (82) 8/12 (67) 19/21 (90) 0.2
Immunosuppression 13/33 (39) 2/12 (16) 11/21 (52) 0.06
Malignancy/cancers 8/33 (24) 1/12 (8.3) 7121 (33) 0.2
Transplantation 0/33 0/12 0/21
Cirrhosis 1/33 (3.0) 0/12 1/21 (4.8) >0.9
HIV infection 0/33 0/12 0/21
Connective tissue diseaset 3/33 (9.0) 1/12 (8.3) 2/21 (9.5) >0.9
Other§ 1/33 (3.0) 0/12 (8.3) 1/21 (29) >0.9
Prosthetic heart valves 8/33 (24) 4/12 (33) 4/21 (19) 0.4
Renal failure 7133 (21) 1/12 (8.3) 6/21 (29) 0.2
Diabetes mellitus 12/33 (36) 5/12 (42) 7121 (33) 0.7
Cardiovascular diseasef 20/33 (61) 5/12 (42) 15/21 (71) 0.14
Recent abdominal surgery 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Pregnancy 0/33 0/12 0/21
Contact with livestock/cattle 0/31 0/11 0/20
Poultry consumption 0/31 0/11 0/20
Recent travel# 1/31 (3.2) 1711 (9.1) 0/20 0.4
Similar cases in household/entourage 0/31 0/11 0/20
Recent abdominal trauma injury 4/31 (13) 2/11 (18) 2/20 (10) 0.6
Transmission or contamination, food or pet 2/31 (6.5) 0/11 2/20 (10) 0.5
Clinical features
Fever 21/32 (66) 8/11 (73) 13/21 (62) 0.7
Headache 1/32 (3.1) 0/11 1/21 (4.8) >0.9
Asthenia/anorexia 16/33 (48) 4/12 (33) 12/21 (57) 0.3
Abdominal pain 11/33 (33) 7/12 (58) 4/21 (19) 0.052
Confusion 8/31 (26) 2/10 (20) 6/21 (29) >0.9
Dyspnea, respiratory rate >22 cycles/min 8/31 (26) 1/10 (10) 7121 (33) 0.2
Hypotension, systolic pressure <100 mm Hg 7/31 (23) 1/10 (10) 6/21 (29) 0.4
qSOFA score 0.4
0 20/31 (65) 8/10 (80) 12/21 (57)
1 3/31 (10) 1/10 (10) 2/21 (10)
2 6/31 (19) 0/10 6/21 (29)
3 2/31 (6.5) 1/10 (10) 1/21 (4.8)
Sepsis: qSOFA 22 8/31 (26) 1/10 (10) 7121 (33) 0.22
Diarrhea, n = 33
Total 16/33 (48) 10/12 (83) 6/21 (29) 0.004
Liquid 14/33 (42) 9/12 (75) 5/21 (24) 0.009
Bloody 2/33 (6.1) 1/12 (8.3) 1/21 (4.8) >0.9
Laboratory and imaging findings
Leukocyte count, cells/mm? (SD); reference 12,387 (6,665) 9,949 (3,307) 13,548 (7,571) 0.076
range 4,000-10,000 cells/mm?
CRP, mg/L (SD), reference range <5 mg/L 118 (79) 120 (52) 116 (93) 0.9
Peripheral blood culture
No. (SD) NA NA 2.52 (1.63) NA
Negativation, d (SD) NA NA 2.89 (3.14) NA
Transthoracic echocardiography** 4/32 (12) 1/11 (9.1) 3/21 (14) >0.9
8F-FDG PET/CT 3/32 (9.4) 0/11 (0) 3/21 (14) 0.5

*Values are no./total (%) except as indicated. Boldface indicates p<0.05 or a significant trend defined by p<0.06. Blank cells for p values indicate no p
value was calculated. ®F-FDG PET/CT, ®F-fluorodeoxyglucose-positron emission tomography/computed tomography; CRP, C-reactive protein; qSOFA,
quick sequential organ failure assessment; NA, not applicable.

tCampylobacter fetus was isolated from 11 fecal cultures and from 1 bile fluid culture; only 1 patient had simultaneous positive peripheral blood and fecal
cultures in which C. fetus was isolated with the same antimicrobial testing susceptibility pattern.

TAIl patients with connective tissue diseases (bacteremia; n = 2) had multiple sclerosis.

8Defined by hematologic diseases, long-term steroid therapy, or immunomodulatory treatment.

fDefined by cardiac failure, arrhythmia, coronary heart disease, stroke, peripheral arterial obstructive disease and thromboembolic disease.

#28-y-old patient sought care for bloody diarrhea without fever 8 d after a travel in Spain.

**The 3 patients who underwent transthoracic echocardiography were different patients than those who underwent *F-FDG PET/CT. No patient had both
endocarditis and mycotic aneurysm.
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Table 2. Secondary localizations, therapeutic management, and outcomes of patients with Campylobacter fetus infections among
patients with and without bacteremia, Nord Franche-Comté Hospital, Trévenans, France, 2000—2021*

Patients with no Patients with

All patients, C. fetus bacteremia, C. fetus
Characteristics n =33 n=12 bacteremia, n=21 p value
Secondary localizationst
Site infection
Total 7/33 (21) 0/12 7/21 (33) 0.03
Mycotic aneurysm 3/33 (9.0) 0/12 3/21 (14.3) 0.28
Endocarditis 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Infection associated with a medical device 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Thrombophlebitis 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Bone or joint infection 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Skin or soft tissue/abscesses 0/33 (0) 0/12 0/21 (0) NA
Meningitis 0/33 (0) 0/12 0/21 (0) NA
Antimicrobial therapy 0.6
Amoxicillin 0/29 (0) 0/9 0/20 (0)
Amoxicillin—clavulanic acid 12/29 2/9 10/20 (50)
Imipenem 2/29 (6.9) 0/9 2/20 (10)
Gentamicin 3/29 (10) 0/9) 3/20 (15)
Azithromycin 1/29 (3.4) 1/9 (11) 0/20 (0)
Ciprofloxacin 3/29 (10) 2/9 (22) 1/20 (5.0)
Other 11/29 (38) 3/9 (33) 8/20 (40)
No. antimicrobial drugs/patient 0.065
0 4/29 (17) 2/9 (22) 2/20 (10)
1 11/29 (38) 5/9 (56) 6/20 (30)
2 10/29 (34) 2/9 (22) 8/20 (40)
3 4/29 (14) 0/9 4/20 (20)
Dual-therapy regimens
Amoxicillin/clavulanic acid + gentamicin 3/10 (30) 0/2 3/8 (38)
Amoxicillin/clavulanic acid + azithromycin 1/10 (10) 0/2 1/8 (12)
Amoxicillin/clavulanic acid + ciprofloxacin 2/10 (20) 0/2 2/8 (25)
Amoxicillin/clavulanic acid + doxycycline 3/10 (30) 2/2 (100) 1/8 (12)
Imipenem + gentamicin 1/10 (10) 0/2 1/8 (12)
Treatment duration, d (SD) 8 (8) 5(5) 9(8) 0.2
Outcomes and mortality rates
Long-term complications, n = 33
Total 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Aneurysmal rupture/aortic dissection 1/33 (3.0) 0/12 1/21 (4.8) >0.9
Acute coronary syndrome 0/33 (0) 0/12 0/21 (0) NA
Irritable bowel syndrome 0/33 (0) 0/12 0/21 (0) NA
GBS (polyradiculoneuritis) 0/33 (0) 0/12 0/21 (0) NA
Surgeryf 5/31 (16.1) 1/10 4/21 (19) 0.6
Relapse§ 2/33 (6) 0/12 2/21 (9.5) 0.5
Transfer to intensive care 4/33 (12) 0/12 4/21 (19) 0.3
Septic shock 4/33 (12) 0/11 4/21 (19) 0.3
Infection-related mortality 6/29 (21) 1/8 (12) 5/21 (24) 0.6
30-day mortality rate 10/33 (30) 3/12 (25) 7/21 (33) 0.9

*Values are no./total (%) except as indicated. Boldface indicates p<0.05 or a significant trend defined by p<0.06. Blank cells for p values indicate no p

value was calculated. GBS, Guillain-Barré syndrome; NA, not applicable.

TMycotic aneurysm (n = 3) with infectious native aortic aneurysm (n = 2); prosthetic aortic valve and a positive culture of the aneurysm after surgery (n =
1); prosthetic valve endocarditis (n = 1) with typical oscillating vegetation (15 mm) confirmed by transthoracic echocardiography; abdominal aorta
thrombophlebitis (n = 1); hematogenous medical device infection with a percutaneous implantable port-related infection (n = 1); osteoarticular (n = 1) with
glenohumeral shoulder arthritis and a positive culture of the articular fluid after surgery, suggesting a contiguous infection.

FFour patients with bacteremia caused by C. fetus underwent surgery: mycotic aneurysm (n = 2), endocarditis (n = 1), and septic arthritis (n = 1).

§Two patients exhibited a relapse with fever after 26 and 50 d; the second patient died of septic shock during the second episode. The first patient
received ciprofloxacin orally for 5 d, and the second patient received IV vancomycin for 7 d.

TAmong the 7 bacteremic patients who died, 2 died in the context of evolutive/expanding malignancy (independently of the bacteremia).

[40%]). Amoxicillin/clavulanic acid was prescribed
for 7 (88%) of 8 patients with bacteremia treated with
dual-regimen therapy. We found no significant dif-
ference in mean duration of treatment between the 2
groups (9 [SD 8] vs. 5 [SD 5] days; p = 0.2). Five pa-
tients underwent surgery, including 4 with bacteremia
(2 for mycotic aneurysm, 1 for prosthetic valve endo-
carditis, and 1 for septic arthritis). Four patients were

transferred to an intensive care unit for septic shock.
Two patients experienced a relapse with fever as the
main clinical sign after 26 and 50 days; 1 patient died
of septic shock during the second episode.

Antimicrobial Susceptibility Testing
Among patients with C. fetus bacteremia, the rate of
resistance was 10% (2/20) to both amoxicillin and
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Table 3. Antimicrobial resistance of Campylobacter fetus strains isolated from patients with and without bacteremia, Nord Franche-

Comté Hospital, Trévenans, France, 2000-2021*

All patients, no. (%),

Patients with
C. fetus bacteremia,

Patients with no C. fetus
bacteremia, no. (%),

Antimicrobial tested n=233 n=12 no. (%), n =21 p value
Amoxicillint 3/28 (10.7) 1/8 (12) 2/20 (10) 0.3
Amoxicillin—clavulanic acid 0/28 0/8 0/20

Imipenem 0/28 0/8 0/20

Gentamicin 0/27 0/8 0/19

Azithromycin 2/29 (6.9) 0/9 2/20 (10) >0.9
Fluoroquinolones: ofloxacin and ciprofloxacint 8/27 (30) 2/9 (22) 6/18 (33) 0.7
Doxycycline 7/29 (24) 1/9 (11) 6/20 (30) 0.4

*Values are no. resistant/no. tested (%) except as indicated. Blank cells for p values indicate no p value was calculated.
TSusceptibility to amoxicillin was intermediate (susceptible with high doses) for 2 strains.

FSusceptibility to ofloxacin and ciprofloxacin was the same for all strains.

azithromycin and 33% (6/18) to fluoroquinolones. No
resistance to amoxicillin/clavulanic acid, imipenem,
and gentamicin was noted (Table 3).

Mortality Rate

The global 30-day mortality rate was estimated at 30%
(10/33); no significant difference between the 2 groups
was noted (33% [7/21] vs. 25% [3/12]; p = 0.9) (Figure
3). Seven (33%) patients with C. fetus bacteremia died
within 30 days. Among them, 2 patients died of evolu-
tive/expanding neoplasia, independent of the C. fetus
bacteremia. Significant risk factors associated with the
30-day mortality rate were dyspnea (OR 15.0, 95% CI
1.9-186.4; p = 0.017), quick sequential organ failure as-
sessment score at admission >2 (OR 4.9, 95% CI 1.6-
21.9; p = 0.012), and septic shock (OR not applicable; p
= 0.006). Protective factors were initial prescription of
amoxicillin-clavulanic acid (OR 0.09; 95% CI 0-0.75; p
= 0.05) and use of dual antimicrobial therapy (OR not
applicable; p = 0.001) (Table 4).

Discussion

The most commonly detected cause of Campylobacter
bacteremia is C. fetus (5,6). However, cohorts or large
case series exclusively involving patients with C. fetus
bacteremia remain scarce. C. fetus is usually isolated
from blood samples and is less frequently associated
with enteritis (18,19). The Campylobacteremia Study
(4), a retrospective multicentric study of Campylo-
bacter spp. bacteremia in France, also showed that one
of the regions with the highest rate of Campylobacter
spp. infection is the Franche-Comté region.

Our study comprised 33 patients with C. fetus infec-
tion; the 21 patients with bacteremia were older than the
patients without bacteremia, in keeping with data in the
literature and previous reports. According to the medi-
cal literature of patients with Campylobacter bacteremia
in one of the largest retrospective cohorts (n = 592), pa-
tients were elderly (median age 68 years) and most had
underlying conditions, mainly immunosuppression
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(4). In our cohort, immunosuppression was more fre-
quent among patients with bacteremia caused by C. fe-
tus than among with patients with no bacteremia; the
trend was significant (p = 0.06). The leading cause was
malignancy or cancer (33%) (1,20). Two patients with
documented C. fetus bacteremia had systemic sclero-
sis, which seems to be a predisposing condition among
connective tissue diseases (1,21). Pacanowski et al. (5)
showed that, compared with patients with bacteremia
caused by other Campylobacter species, patients with C.
fetus bacteremia were older and had underlying comor-
bidities (e.g., cardiovascular diseases, diabetes mellitus).
That finding is consistent with our results and those of
other reports (20,22).

Among patients with C. fetus bacteremia, one
third exhibited secondary localizations with a predi-
lection for vascular infections. A recent multicenter
study in France (252 patients with C. fetus bactere-
mia) found that 11.5% patients had vascular local-
ization and 4.4% had endocarditis (6). In our study
population, we found more vascular localizations but
less endocarditis. However, secondary endovascular
localizations were not systematically searched and
might have been underdiagnosed.

Figure 3. Kaplan-Meier survival curve for 33 patients with
Campylobacter fetus infection, with and without bacteremia, Nord
Franche-Comté Hospital, France, 2000—2021. Dashed lines
indicate 95% Cls.
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Table 4. Risk factors for death within 30 d after Campylobacter fetus bacteremia, Nord Franche-Comté Hospital, Trévenans, France,

2000-2021*
Variable Total, n =21 Survival, n =14 Death, n=7 p valuet OR (95% ClI)
Dyspnea, respiratory rate >22 cycles/min 7/21 (33) 2/14 (14) 5/7 (71) 0.017 15.0 (1.9-186.4)
qSOFA score 0.017 NA
0 12/21 (57) 11/14 (79) 1/7 (14)
1 2/21 (10) 114 (7.1) 1/7 (14)
2 6/21 (24) 2/14 (14) 4/7 (57)
3 1/21 (4.8) 0/14 1/7 (14)
gSOFA score 0.012 4.9 (1.6-21.9)
Sepsis: gSOFA score >2 7/21 (33) 2/14 (14) 57 (71) 0.021 13.7 (1.7-171.4)
Septic shock 4/21 (19) 0/14 4/7 (57) 0.006 NA
Transfer to intensive care 4/21 (19) 0/14 4/7 (57) 0.006 NA
Treated with amoxicillin/clavulanic acid 10/21 (48) 9/14 (64) 1/7 (14) 0.05 0.09 (0.0-0.75)
Antimicrobial drugs/patient 0.001 NA
0 3/21 (14) 0/14 3/7 (43)
1 6/21 (29) 5/14 (36) 1/7 (14)
2 8/21 (38) 8/14 (57) 017
3 4/21 (19) 114 (7.1) 3/7 (43)
Antimicrobial drugs/patient, median 1.6 1.7 1.4 0.519 0.7 (0.2-1.9)
Infection-related mortality 5/21 (24) 0/14 5/7 (71) 0.001 NA

*Values are no./total (%) except as indicated. Blank cells for p values indicate no p value was calculated. gSOFA, quick sequential organ failure

assessment; NA, not applicable; OR, odds ratio.
Tp<0.05 indicates significance.

In our study, TTE and "“F-FDG PET/CT were
each performed for only 14% of patients with bacte-
remia, which is a major limitation. We suggest per-
forming those radiologic examinations early for pa-
tients with C. fetus bacteremia (6,23). Late radiologic
examination may partially explain the high mortal-
ity rate among patients with aneurysm rupture or
endocarditis.

One of the major problems associated with C. fetus
infection is empiric treatment. Infection with those fas-
tidious bacteria is uncommon, and recommendations
for treatment of bacteremia are lacking. The standard
choice for empiric treatment of Campylobacter spp.
enteritis remains fluoroquinolones and macrolides
(18). However, in our cohort, 33% of bloodstream
isolates were resistant to fluoroquinolones, and 10%
were resistant to azithromycin. No strain was resis-
tant to amoxicillin/clavulanic acid, aminoglycoside,
or imipenem. The initial empiric treatment should be
dual antimicrobial therapy (including amoxicillin/
clavulanic acid or imipenem with an aminoglyco-
side) (6,22,24). In our cohort, all dual-therapy regi-
mens consisted of amoxicillin/clavulanic acid (7/8
[88%]) or imipenem (1/8 [12%]) with a second agent.
We conclude that initial prescription of amoxicillin/
clavulanic acid and use of dual antimicrobial therapy
were protective factors. Failure to administer appro-
priate antimicrobial therapy is strongly associated
with fatal outcomes (4,5).

Other independent risk factors for death were
immunosuppression, cancers, and surgery (5,6). In
our cohort, risk factors for death within 30 days after
C. fetus bacteremia were dyspnea, quick sequential

2196

organ failure assessment score at admission >2, and
septic shock. We found no significant difference
between survivors and nonsurvivors with regard
to antimicrobial therapy duration (p = 0.8), which
could be explained by the longstanding clinician
behavior of avoiding short antimicrobial regimens,
even for patients who have positive fecal cultures
without bacteremia.

In our cohort, the mortality rate was high (33% of
patients with C. fetus bacteremia). It should be noted
that among those 7 patients, 2 died in the context of
evolutive/expanding malignancy and 1 died in the
context of recurrent bacteremia with septic shock. In
addition, 3 of 7 bacteremic patients who died were
receiving 3 antimicrobial drugs, which suggests that
in some cases, the number of antimicrobial drugs may
have been a marker of illness severity.

Among the limitations of our study were the ret-
rospective method used and the limited number of
patients. A prospective study might confirm and sup-
port our results. As we previously mentioned, sec-
ondary localizations are probably underdiagnosed
because of lack of knowledge of this disease and
therefore nonperformance of investigations.

In summary, we found that C. fetus bacteremia
mainly affects patients who are elderly, are immu-
nocompromised, or have underlying conditions.
Infections are associated with high mortality rates,
especially if no dual antimicrobial therapy includ-
ing amoxicillin/ clavulanic acid is prescribed. For pa-
tients with bacteremia caused by C. fetus, screening
for secondary localizations may be warranted by per-
forming TTE and “F-FDG PET/CT.
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Congenital Mpox Syndrome
(Clade 1) in Stillborn Fetus
after Placental Infection and
Intrauterine Transmission,
Democratic Republic of
the Congo, 2008

David A. Schwartz,! Placide Mbala-Kingebeni, Kerry Patterson, John W. Huggins, Phillip R. Pittman?

We report the autopsy pathology findings of a 21-week
stillborn fetus with congenital mpox syndrome that oc-
curred in the Democratic Republic of the Congo in 2008.
The fetus acquired mpox from the mother after intrauter-
ine transplacental monkeypox virus transmission. We
confirmed monkeypox virus infection in the mother, fetus,
and placenta by using a monkeypox virus—specific quan-
titative PCR. Subtyping of the virus was not performed,
but the mother and fetus were almost certainly infected
with the clade | variant that was endemic in the Demo-
cratic Republic of the Congo at the time. Risk for intra-
uterine infection appears to differ between virus clades,
but clinicians should be aware of potential for intrauterine
monkeypox virus transmission among pregnant persons
during ongoing and future mpox outbreaks.

onkeypox virus, which causes mpox, is the most

medically concerning member of the genus Or-
thopoxvirus. Monkeypox virus is related to the variola
virus, the etiologic agent of smallpox before its eradi-
cation. Mpox has caused illness and death in endemic
countries of Central and West Africa, where it infects
thousands of persons annually. In 2022, a global out-
break of mpox occurred that has resulted in >87,000
infections, most of which have occurred in nonen-
demic countries (1). We describe a case of stillbirth
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caused by congenital mpox after transplacental trans-
mission that occurred in the Democratic Republic of
the Congo (DRC) in 2008. Although some aspects of
this case have been previously reported (2-4), the on-
set of the 2022-2023 global mpox outbreak prompted
reevaluation of the case for additional placental and
perinatal pathology information.

Methods

To examine the clinical and epidemiologic aspects of
monkeypox virus, the Institut National de Recherche
Biomédicale (Kinshasa, DRC) and the US Army Med-
ical Research Institute of Infectious Diseases jointly
designed and conducted a prospective study at the
Kole Hospital in Kole, located in the Sankuru District
of Kasai-Oriental Province in DRC (2). The Kole Hos-
pital is the sole health facility in the region where per-
sons infected with mpox are hospitalized and treated.
The region is rural and consists of areas of savanna
and tropical rainforest with interspersed traditional
agricultural fields. The inhabitants are members of
a subtribe of the Nkutu (or Okutshu) ethnic group
and are mostly hunters and subsistence farmers who
are depend on wildlife, predominantly monkeys
and rodents, for their main source of protein. The in-
habitants reside in small villages of <100 persons in
clearings and have a communal lifestyle composed
of extended family groups of <15 persons living in
simple wattle and daub houses. Because participants
for the study were not actively recruited, some mpox
cases might have occurred in the region but not been
included in the study, and other cases might not have

1These senior authors contributed equally to this article.
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been detected because the relative isolation of the re-
gion limits access to medical care and hospitalization.

As part of the original study, in 2008, a 22-year-
old G3P2 pregnant person was seen at 19 weeks’ ges-
tation. She was well-nourished and had a positive
malaria status but had no allergies or obstetric-related
underlying conditions. At enrollment, the mother had
moderate mpox with a maculopapular rash and lesion
count of 113, accompanied by fever and submandibu-
lar lymphadenopathy, but no genital lesions. Mpox
infection was confirmed by quantitative PCR (qPCR).
She had become febrile at 18 weeks’ gestation and
had mpox viremia confirmed by virus-specific qPCR.
Two weeks after enrollment, she noted absence of fe-
tal movement, which was confirmed both clinically
and by 2 sequential obstetrical ultrasounds, leading
to diagnosis of intrauterine fetal death.

Maternal viremia rose rapidly from 10> to 10° vi-
ral copies/mL over a 3-day period after cessation of
fetal movement. Transcutaneous amniocentesis was
positive for mpox virus. Labor was induced by using
oxytocin. After membrane rupture, a 21-week gesta-
tion stillborn female fetus was delivered vaginally.
Umbilical vein blood was positive for mpox virus
by qPCR. Oral and written autopsy consent was ob-
tained in the native language from the mother, per
the study protocol, which included photography and
use of all body specimens, including tissue samples,
for further study and publication. After the delivery,
the mother was monitored in the hospital; although
depressed, she recovered from the mpox infection
and was discharged to home in good health. She was
well when she returned for her 75-day postpartum
follow-up visit.

Fetal Autopsy
The fetal autopsy was performed in a surgical operat-
ing suite at the Hopital General du Référence in Kin-
shasa. The lighting was suboptimal for photography,
and equipment for measuring organ weights and
taking dictation was not available. Photographs of
the fetus were taken by using a digital Stylus 790 SW
camera (Olympus, https:/ /explore.omsystem.com).
The female fetus was macerated and had an esti-
mated weight of 300-350 g. Body measurements were
crown-heel length 27 cm, crown-rump length 16 cm,
arm span 20 cm, head circumference 17-18 cm, and
abdominal circumference 30 cm. The outer canthal
distance and interpupillary distance were normal.
No evidence of either symmetric or asymmetric fe-
tal growth restriction was noted. The fetus displayed
nonimmune hydrops fetalis, an abnormal accumula-
tion of fluid in >2 body areas. The eyelids were closed
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and appeared swollen and edematous. The skin of
the scalp and face showed multiple distinctive pale
pink to white maculopapular lesions (pox) involving
the right nostril, upper mid-lip, forehead, right cheek,
and temporoparietal regions of the scalp. The lesions
on the head were not as well developed as lesions
on other parts of the body. Many maculopapular le-
sions, varying from 0.3-0.5 cm in size, were noted on
the skin of the extremities, including the soles of the
feet and palms of the hands bilaterally, back, chest,
shoulders, abdomen, and buttocks (Figure 1). Many
of the lesions were bright red surrounded by white
halos, and some had superficial ulcerations. Results
of internal organ examination were unremarkable ex-
cept for the liver, which demonstrated hepatomegaly
and measured 8 x 6 x 4 cm (Figure 2, panel A). No
pox lesions were noted on any surfaces of the inter-
nal organs of the chest or abdomen. Ascites was pres-
ent and was sampled for viral analysis. The placenta
was examined at the time of autopsy, was of normal
shape, and weighed ~250 g. The maternal surface was
abnormal, showing multiple punctate hemorrhages
varying from 0.4-0.8 cm in diameter (Figure 2, panel
B). The amniotic surfaces of the umbilical cord, extra-
placental membranes, and placental disc had no pox-
like lesions.

Microscopic Findings

Because fetal organs had extensive postmortem autol-
ysis, the only slides available for histological exami-
nation were from the fetal skin, liver, and placenta.
We stained those formalin-fixed specimens by using
immunohistochemistry with vaccinia virus antibod-
ies. Because vaccinia virus is also an orthopoxvirus
agent, its antibodies have strong cross-reactivity to
monkeypox virus. Strong immunohistochemical pos-
itivity for poxvirus was detected in the skin, liver, and
placental tissues. In particular, the placenta was re-
evaluated by a perinatal pathologist during the global
2022-2023 mpox outbreak. It demonstrated extensive
and diffuse positive staining of villous stromal cells
that were consistent with Hofbauer cells, the native
population of villous macrophages (Figure 3). Those
cells were increased in number within the chorionic
villi, a finding termed Hofbauer cell hyperplasia.
We searched for Guarnieri bodies, intracytoplasmic
inclusions consisting of aggregates of orthopoxvirus
virions often seen in infected epithelial cells, but none
were definitively identified.

Viral Analysis

Results of quantitative PCR testing for monkeypox
virus were positive from multiple samples: fetal
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Figure 1. Cutaneous lesions on

a stillborn fetus with congenital
mpox after placental monkeypox
infection and intrauterine
transmission, Democratic
Republic of the Congo, 2008.

A) Buttocks; B) right upper arm; C)
right shoulder and back; D) palm
of left hand (arrow); E) plantar
surface of left foot (arrow).

organs, skin lesions, sterile peritoneal fluid, umbilical
cord blood, and placenta. Tissue obtained from the
fetus at autopsy had 1.7 x 107 genome copies/mL, the
placenta had 2.4 x 107 genome copies/mL, and fetal
blood obtained from the umbilical cord vein blood
had 2.5 x 107 genome copies/mL. During autopsy,
sterile peritoneal fluid was obtained from the fetus
and found to contain 1.6 x 10° genome copies/mL of
monkeypox virus. Although subtyping of the virus
was not performed, the mother and fetus were almost
certainly infected with the clade I mpox variant that
was endemic in DRC at the time.

Discussion

Most of our knowledge of the effects of mpox in preg-
nancy is derived from investigations reported as part
of the Kole Human Monkeypox Infection Study in the
Sankuru Province of DRC during March 2007-July
2011 (2,3). Among a cohort of 222 symptomatic mpox
patients (36% female, 64% male) who were seen at the
General Hospital of Kole in DRC, 4 were pregnant
persons with mpox infection. One pregnancy resulted
in birth of an uninfected healthy infant, 2 pregnan-
cies resulted in first trimester miscarriage, and the
fourth pregnancy (described in this report) resulted

2200

in intrauterine fetal death at 21 weeks” gestation. Un-
fortunately, no information is available on the other 2
stillborn fetuses, except that both mothers had active
mpox disease.

A case of suspected congenital mpox occurred in
DRC in the 1980s, in which a pregnant woman devel-
oped a rash, was confirmed to have mpox, and subse-
quently delivered a live-born 24-week gestation neo-
nate, who at the time of delivery exhibited a generalized
rash that was consistent with mpox (5). In Nigeria, fetal
losses associated with maternal mpox infection during
2017-2018 were reported at 16- and 21-weeks’ gesta-
tion, but no fetal studies were performed (6,7).

The microscopic findings in the placenta of our
case were remarkable, consisting of diffuse and in-
tense immunohistochemical positivity for orthopox-
virus antigen in villous stromal cells that were consis-
tent with Hofbauer cells and virus-positive staining
in the skin and liver. No definitive Guarnieri bodies
were identified. Unlike in cases of smallpox, in which
those intracytoplasmic aggregates of viral material
often were identified, much less is known regarding
their occurrence in monkeypox-infected tissues, but
similar structures have been identified in infected cu-
taneous lesions (8§).
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Figure 2. Evidence of congenital
mpox syndrome from a stillborn
fetus after placental monkeypox
infection and intrauterine
transmission, Democratic
Republic of the Congo, 2008.

A) Marked hepatomegaly
demonstrating liver twice normal
size for gestational age, ascites,
and hydrops. B) The maternal
surface of the placenta had
numerous discrete punctate
hemorrhages.

This report adds additional details to the previ-
ously published autopsy pathology findings on a
stillborn fetus with confirmed congenital mpox syn-
drome (2,4). This case report adds new information
on confirmed fetal intrauterine mpox infection and
serves as an example of the characteristic macroscop-
ic presentation of congenital mpox. The occurrence of
cutaneous pox lesions diffusely extant on all parts of
the body is similar that those seen in cases of congeni-
tal smallpox infection before its eradication (4). The
finding of poxvirus antigen staining within the chori-
onic villi of the placenta in this stillborn fetus is indic-
ative of intrauterine transplacental transmission and
is similar to that seen in placentas from viral TORCH
(an acronym for toxoplasmosis, other agents, rubel-
la, cytomegalovirus, and herpes simplex) infections,
including cytomegalovirus, Zika virus, and SARS-
CoV-2 (9-11). As with those viral diseases, the chori-
onic villi of the placenta in our case were found to be
infected, providing a potential pathway for crossing
the maternal-fetal interface. The death of the fetus in
this case was the result of infection with monkeypox
virus clade I (formerly the Congo Basin clade). Risk
for adverse perinatal outcomes appears to differ de-
pending on virus clades. According to published lit-
erature, clade I virus has a 75% perinatal fatality rate
(2). In contrast, at least 58 cases (likely more) of preg-
nant women infected with mpox occurred during the
2022-2023 global mpox outbreak, but no confirmed
cases of fetal infection or intrauterine transmission
were reported (4,12,13).

Phylogenetic analysis identified the 2022-2023
mpox outbreak strain to be an offshoot of the clade II
(West African) virus and that it had sufficient novel
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mutations to be classified as a new subclade, clade
IIb (14). The absence of perinatal disease from clade
IIb corresponds to the <0.1% overall case-fatality rate
among nonpregnant persons (13,15). Clade IIb has
produced less severe disease than have the mpox
clade I or Ila variants (13), but the large predomi-
nance of men who have sex with men that were in-
fected during the 2022-2023 outbreak might also play
a role. The difference in perinatal death between the
various mpox clades might be analogous to the differ-
ences in the frequency of miscarriage and stillbirth as-
sociated with differing variants of SARS-CoV-2 dur-
ing the COVID-19 pandemic (16).

Figure 3. Immunohistochemistry of placenta from a stillborn fetus
after placental monkeypox infection and intrauterine transmission,
Democratic Republic of the Congo, 2008. Microscopic findings
show diffuse and intense positive staining for orthopoxvirus antigen
in Hofbauer cells in the chorionic villi. Immunohistochemistry with
antibody to vaccinia virus counterstained with hematoxylin and
eosin. Original magnification x10.
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In conclusion, we report a case of fetal death after
placental infection and intrauterine transmission of
monkeypox virus clade I in the Democratic Republic
of the Congo in 2008. Risk for intrauterine infection
appears to differ between virus clades. Nonetheless,
clinicians should be aware of potential for placental
infection and intrauterine transmission of monkey-
pox virus among pregnant persons during ongoing
and future mpox outbreaks.

Opinions, interpretations, conclusions, and
recommendations are those of the authors and are not nec-
essarily endorsed by the US Army or US Department

of Defense.
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Group A Streptococcus (GAS) primary peritonitis is a
rare cause of pediatric acute abdomen (sudden onset
of severe abdominal pain); only 26 pediatric cases have
been reported in the English language literature since
1980. We discuss 20 additional cases of pediatric pri-
mary peritonitis caused by GAS among patients at Star-
ship Children’s Hospital, Auckland, New Zealand, during
2010-2022. We compare identified cases of GAS pri-
mary peritonitis to cases described in the existing pediat-
ric literature. As rates of rates of invasive GAS increase
globally, clinicians should be aware of this cause of unex-
plained pediatric acute abdomen.

Streptococcus pyogenes, or group A Streptococcus
(GAS), causes a wide spectrum of disease rang-
ing from superficial skin infection and pharyngitis to
invasive infections, such as sepsis, empyema, necro-
tizing fasciitis, meningitis, osteomyelitis, and septic
arthritis (1). GAS is responsible for the toxin-medi-
ated complications of scarlet fever and streptococcal
toxic shock syndrome, as well as the postinfectious
sequelae rheumatic fever and poststreptococcal
glomerulonephritis (2).

Primary peritonitis is defined as a bacterial infec-
tion within the peritoneal cavity in the absence of as-
cites or an intraabdominal source of infection, such
as appendicitis (3,4). Primary peritonitis is an uncom-
mon manifestation of invasive GAS (iGAS) disease;
a 2016 report found it accounted for 4.6% of children
with iGAS in Finland (5). Pediatric primary peritoni-
tis itself is rare, reportedly accounting for 1%-3% of
children experiencing acute abdomen (sudden onset
of severe abdominal pain), and is most commonly
caused by S. pneumoniae, gram-negative organisms,
and staphylococcal species (3).

In late 2022, the United Kingdom, United States,
Australia, and several countries in Europe reported
unexpectedly high rates of iGAS and scarlet fever,
particularly in children <10 years of age (6-10). Rates
of iGAS in the United Kingdom during this period
are reported to be higher than in the years before the
COVID-19 pandemic (2017-2019) and substantially
higher than those reported during 2020-2021 (11).
With increased GAS circulation, media coverage, and
heightened community awareness, clinicians globally
should be aware of the vast spectrum of invasive dis-
ease caused by GAS, including primary peritonitis.

In New Zealand, iGAS disease is not notifiable
to Public Health authorities (12). Surveillance relies
on individual laboratories sending clinically rel-
evant iGAS isolates to the Institute of Environmen-
tal Science and Research (ESR) for typing (13). The
most recent ESR report (2016) describes an iGAS in-
cidence of 9.0/100,000 population in New Zealand;
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rates were inequitably high among New Zealand
Maori (23.5/100,000 population) and Pacific peo-
ples (73.9/100,000 population) compared with rates
among persons of European or other ethnicities
(4.3/100,000 population) (13). Incidence of iGAS is
highest in children <1 year of age (13). Although
ESR laboratory surveillance provides some informa-
tion on the burden of iGAS in New Zealand, its pas-
sive nature suggests that reported rates are likely to
be an underestimate.

Consistent with the high burden of iGAS dis-
ease in children in New Zealand, clinicians at Star-
ship Children’s Hospital in Auckland have observed
that GAS is a major cause of primary peritonitis in
the pediatric population. We evaluated the incidence,
clinical features, and management of children admit-
ted to this tertiary pediatric center with GAS primary
peritonitis during January 1, 2010-June 30, 2022, to
provide a better understanding of the clinical features
of GAS primary peritonitis in a contemporary setting
with a high burden of iGAS disease. In addition, we
reviewed and compared identified cases with reports
in the English language literature.

Methods

We performed a retrospective observational study
of children admitted to Starship Children’s Hospital
with GAS primary peritonitis during January 1, 2010-
June 30, 2022. Starship Children’s Hospital is a tertia-
ry hospital with a surgical department that primarily
serves Auckland and northern New Zealand. It con-
tains the country’s only pediatric intensive care unit
(PICU), and complex cases from across New Zealand
are frequently transferred to the facility for surgical
management.

We included children <15 years of age who had
primary peritonitis, defined as bacterial infection
within the peritoneal cavity in the absence of asci-
tes or an intraabdominal source of infection either
confirmed on abdominal imaging (typically free in-
traabdominal fluid and peritoneal enhancement with
small bowel dilation and bowel wall thickening) (14)
or operative findings (free fluid in the abdomen with-
out intraabdominal or gynecological pathology) (3);
and from whom GAS had been isolated from culture
or molecular methods from blood culture, peritoneal
fluid, peritoneal tissue, or intraoperative peritoneal
swab samples (3,4). We excluded children with peri-
tonitis secondary to preexisting ascites or an indwell-
ing peritoneal dialysis catheter or device; children in
whom an intraabdominal source of infection, such as
a perforated viscus, acute appendicitis, or gyneco-
logical pathology, had been identified; or in whom
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another bacterial cause of primary peritonitis had
been identified, by culture or molecular method, from
any of blood culture, peritoneal fluid, peritoneal tis-
sue, or intraoperative peritoneal swab sample.

A.T. reviewed electronic notes, imaging, opera-
tive findings, and microbiology of all possible cases to
determine whether persons met the study criteria. A
multidisciplinary team of the remaining authors then
discussed possible cases; the team consisted of pedi-
atric surgeons, pediatric infectious disease specialists,
and a clinical microbiologist.

We reviewed 4 data sources for case ascertain-
ment. The first source was Pediatric Infectious Dis-
eases (ID) daily handover lists from the Starship Pedi-
atric ID service inpatient consultation service, which
are Microsoft Word documents stored in a password-
protected folder on the Starship hospital server. They
are manually updated each day by the Starship Pedi-
atric ID team with a summary of all active referrals,
including patient diagnosis and relevant microbiol-
ogy. We searched all handover lists during the study
period were electronically searched for the terms
“peritonitis,” “group A Streptococcus,” “GAS” and/
or “Streptococcus pyogenes.” Second, we searched for
codes from the International Classification of Diseas-
es, 10th Revision (ICD-10), from discharge summa-
ries of patients at Starship Children’s Hospital dur-
ing the study period for primary diagnosis peritonitis
or acute peritonitis (codes K65.-, P78.0, P78.1, N73.3,
N73.4,N73.5,K35.2,K35.3, K57.0-, K57.2-, K57 .4-, K57.
8-), with or without secondary group A streptococcus
(codes B95.0, A40.0). Third, we requested national
reference laboratory data from the New Zealand ESR
for children <15 years of age with iGAS isolates sent
from LabPLUS (Starship Hospital laboratory service)
for emm typing. All laboratories in New Zealand are
asked to send clinically relevant iGAS isolates to ESR
for typing. Clinically relevant iGAS isolates are de-
fined as GAS from a normally sterile body site (e.g.,
blood, cerebrospinal fluid, pleural fluid, peritoneal
fluid, synovial fluid) consistent with the US Centers
for Disease Control and Prevention definition of
iGAS (13). Last, we reviewed LabPLUS microbiology
data for children with GAS culture-positive or molec-
ular test-positive peritoneal or abdominal aspirates,
tissue, or peritoneal swab samples and GAS-positive
blood cultures.

We subsequently conducted a review of the
English literature from 1980 onward using PubMed
and the search terms “streptococcus pyogenes”
[MeSH] OR “group A streptococc*” OR “strepto-
coccal infection* OR “invasive GAS” OR “invasive
group A streptococc*” AND primary peritonitis
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[MeSH]. We identified additional cases by review-
ing references and citations of articles identified
from the initial PubMed search. We excluded cas-
es in which a primary etiology of peritonitis (e.g.,
peritoneal dialysis, gynecological or abdominal pa-
thology) had been identified.

This study received Auckland Health Research
Ethics Committee approval (AH24823). We per-
formed data collection and descriptive analyses using
Microsoft Excel.

Results

We identified 253 possible cases at the hospital dur-
ing the study period. Of those, 20 cases met the
study inclusion criteria for GAS primary peritoni-
tis (Appendix Table, http://wwwnc.cdc.gov/EID/
article/29/11/23-0211-Appl.pdf). Only 2/20 (10%)
were identified from all 4 data sources and 5/20 (20%)
were notified to ESR by LabPLUS. We compared pa-
tient demographics and clinical features to features
described in previous case reports (Table).

Ethnicity was recorded as New Zealand Maori for
3/20 (15%) children and Pacific peoples for 8/20 (40%)
children. Comorbidities were present in 3 children: 1
child was born at 29 weeks’ gestation with hypoxic
ischemic encephalopathy, 1 had suspected immuno-
deficiency, and 1 child had a periodic fever syndrome.

Median symptom duration before admission
was 3.5 days (range 1-8 days). We reviewed clini-
cal notes to identify possible skin or pharyngeal
sources. A possible skin source was identified in
5/20 (25%) children; sources were a foot wound
with cellulitis, a leg wound with cellulitis, vaginal
erythema and discharge, groin cellulitis, and scro-
tal erythema with discharge. Skin swab samples
were culture-positive for GAS in 4/5 children with
possible skin sources. One child was documented
as having pharyngitis the week before admission,
although no throat swab sample was collected. Al-
though the presence of skin or pharyngeal infection
in household contacts was infrequently document-
ed, 1 child’s father had confirmed GAS pharyngitis
the week before the child’s hospitalization.

Of the 22 cases identified as primary peritonitis
on ICD-10 codes, 13/22 had positive microbiology.
GAS was cultured from 11/22 (50%). One case each
of S. pneumoniae and S. anginosus primary peritonitis
was identified.

A total of 19/20 cases of GAS primary peritoni-
tis were culture-positive for GAS from blood or in-
traoperative peritoneal samples. In 3/19 cases, GAS
was cultured from blood or peritoneal samples at the
original hospital before the patient was transferred to
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Table. Comparison of characteristics of cases of pediatric GAS primary peritonitis at Starship Children’s Hospital, New Zealand, 2010—

2022, to previously described cases*

Cases from literature review, 1980-
2022, n = 26 [3,4,14-30]

Pediatric GAS primary peritonitis

Cases from Starship Hospital, Jan 1,
2010-Jun 30, 2022, n = 20

Median age (range)

7y (2wk=16y)

2y (3wk=13Yy)

Sex
F 16/19 (84) 11/20 (55)
M 3/19 (16) 9/20 (45)
Preceding throat or skin infection
Pharyngitis 4/18 (22) 1/20 (5)
Skin 3/18 (17) 5/20 (25)
STSS 7/18 (39) 6/20 (30)
Microbiology
Peritoneal fluid or tissue 25/26 (96) 17/20 (85)
Blood culture 5/26 (19) 9/20 (45)
Other 1/26t 4/20 (20)*
Molecular method (16S) 3/25 (12) 0/20
Culture 22/25 (88) 19/20 (95)
Surgery ,
Laparoscopy or laparotomy 21/25 (84%)8 19/20 (95)
VATS only NA 1/20 (5)
Median antibiotic duration (range), d 14 (10-61) 21 (14-42)
Clindamycin treatment 4/14 (29) 4/20 (20)
IVIG treatment 3/14 (21) 1/20 (5)
Median length of hospital stay (range), d 10 (4-47) 13 (5-31)
Deaths 0/19 0/20
emm types 31 (n=1) 88 (n=1),65/69 (n=1), 114 (n = 2),
118 (n=1)8
M-type M3 (n=1),M81(n=1),M2 (n=1) NA

*Values are no. (%) except as indicated. IVIG, intravenous immunoglobulin; NA, not available; STSS, streptococcal toxic shock syndrome; VATS, video-

assisted thoracoscopic surgery.
tFrom pleural aspirate.

FFrom skin swab samples; 3/4 GAS-positive skin swabs also had a positive blood or intraoperative peritoneal culture.

85/20 isolates were sent for emm typing.

Starship Hospital. In 7/20 cases, both blood culture
and peritoneal culture were GAS-positive (on tissue,
aspirate, or intraoperative swab sample). Two of 20
cases were blood culture-positive and peritoneal cul-
ture-negative. Half (10/20) were peritoneal culture-
positive and blood culture-negative. No patients
were identified by molecular methods.

We included 1 patient despite negative blood
and peritoneal cultures because intraoperative and
imaging findings were consistent with primary peri-
tonitis and because GAS was cultured from a swab
sample of vaginal discharge taken at admission. That
patient had 2 intraoperative peritoneal swab samples
(obtained after antimicrobial treatment) that were
culture-negative but demonstrated gram-positive
cocci. No molecular method could be performed on
the swabs. It was the multidisciplinary team’s con-
sensus opinion that this patient should be included as
a probable case of GAS primary peritonitis.

One quarter (5/20) of iGAS isolates from this se-
ries were sent to ESR from LabPlus for typing and
surveillance. In total, primary peritonitis represented
4.6% (5/108) of pediatric iGAS isolates sent to ESR
from LabPLUS during the study period.

US Centers for Disease Control and Prevention
criteria for streptococcal toxic shock syndrome (STSS)
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were met in 6/20 cases (30%), and 10/20 (50%) pa-
tients were admitted to the PICU; 5/10 (50%) patients
required ventilation and 6/10 (60%) required inotro-
pes (9). A total of 4/20 (20%) patients were given ad-
junctive clindamycin, and 1/20 received intravenous
immunoglobulin. Of those who received clindamy-
cin, 2 patients had STSS, 1 had presumed {-lactam-
induced neutropenia, and 1 had clindamycin added
to their existing treatment for evolving empyema.
The average duration of total antibiotic treatment in
our series was 21 days (range 14-42 days), and the av-
erage hospital stay was 13 days (range 5-31 days). No
deaths occurred within 90 days of hospital admission.
One patient was readmitted to the hospital because of
intolerance of oral antibiotics.

Discussion

GAS primary peritonitis is a rare but noteworthy cause
of pediatric acute abdomen; only 26 pediatric cases
have been reported in the English literature since 1980
(Table) (3,5,14-30). We describe a large single-center
pediatric cohort of 20 cases in patients admitted to
Starship Children’s Hospital, New Zealand, during
2010-2022. This study contributes to existing knowl-
edge of the clinical manifestations, treatment, and
trajectory of children with GAS primary peritonitis.
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In the context of increasing rates of iGAS globally, our
case series should increase awareness among clini-
cians of this manifestation of iGAS disease.

In our series, GAS was the most common patho-
gen isolated from children with an ICD-10 discharge
code of primary or acute peritonitis. This finding con-
trasts with previous reports that found more common
pediatric primary peritonitis causes were S. pneu-
moniae, staphylococci, and gram-negative organisms
(3). Although this retrospective, observational study
did not aim to assess the causative pathogens of all
primary peritonitis cases, key pathogens could have
changed over time; this possibility should be the fo-
cus of further study. Our findings could be explained
by the high burden of iGAS in New Zealand children,
particularly among Maori and Pacific peoples, who
were overrepresented in our case series (accounting
for 55% of cases).

Postulated causes of GAS primary peritonitis
include hematogenous spread from the skin or re-
spiratory tract, ascending infection from the female
genital tract, and gastrointestinal translocation (4,30).
Although GAS is known to colonize the throat, skin,
and female genital tract, it is not typically present
in intestinal flora (30). Among previously reported
pediatric cases, a possible skin or throat source was
found in 50% of cases (14). In our cohort, a skin or
throat source was identified in a similar proportion
of cases (30%). Because of the retrospective nature of
our study, clinical records were not always complete.
Future studies would benefit from standardized, pro-
spective collection of cases detailing recent pharyn-
geal, skin, or genitourinary infections (1,3).

Previous reports have suggested that girls are
disproportionally affected by GAS primary peritoni-
tis because of ascending genitourinary infection; in
84% (16/19) of previous pediatric case reports where
sex was given, the child was a girl (30). This effect
was not seen in our cohort, where the median age
was younger than that previously reported and 55%
of case-patients were girls, suggesting that this route
might be less common in younger children (30).

As in previous reports, symptoms of children in
our cohort were abdominal pain, nausea, vomiting,
and diarrhea. Several cases were initially diagnosed
as viral gastroenteritis before deteriorating into peri-
tonism and sepsis (3,14). Of the children in our co-
hort, 30% met STSS criteria, which is comparable with
previous case reports that found an overall STSS inci-
dence of 39% (5,14,15).

Although adult clinical practice guidelines advise
nonoperative management, particularly in persons
with underlying ascites, previous case reports found
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that most (83%) pediatric patients undergo surgery
to rule out secondary peritonitis (14,30). This practice
was also demonstrated in our series; 95% of patients
underwent laparoscopy or laparotomy. Surgical
management might aid source control, particularly in
patients with STSS where reduction of bacterial load
plays a major role (4,14,31). Operative management
has also been hypothesized to decrease the duration
of illness: a 2020 case report describes a child who
was managed nonoperatively and in whom a multi-
loculated abscess developed that required multiple
drains and 61 days of antibiotics (30).

The median total duration of antibiotic treat-
ment in our cohort was 21 days (range 14-42 days),
which is 1 week longer than the median duration
of 14 days (range 10-61) seen in previous case re-
ports. The additional benefit of clindamycin or in-
travenous immunoglobulin in the management of
GAS primary peritonitis remains unclear; however,
those adjunct treatments might have a role in pa-
tients with STSS.

Observational case reports alone make it difficult
to comment on the importance of operative manage-
ment or the optimal duration of antibiotic treatment
for GAS primary peritonitis; however, despite sub-
stantial rates of severe illness in our series (10 cases
[50%] required PICU admission), no deaths occurred,
and only 1 patient required readmission to the hospi-
tal. Furthermore, no deaths have been reported in any
pediatric case report of GAS primary peritonitis since
the 1980s (14). As such, shorter durations of antibi-
otics may be reasonable for patients with less severe
clinical manifestation, particularly when early surgi-
cal source control is achieved.

Although this report describes iGAS infection in
a population with an identified high burden of GAS
infection, as reports emerge from Europe, the United
Kingdom, and the United States describing an in-
crease in iGAS and scarlet fever, pediatricians should
be aware of this cause of acute abdomen (6). Identify-
ing iGAS promptly enables antibiotic treatment to be
rationalized to penicillin and might enable STSS to be
recognized earlier. The international rise in iGAS cas-
es might also provide an opportunity to evaluate the
best treatment approach for GAS primary peritonitis
and how best to manage close contacts. In New Zea-
land, no guidelines exist around routine assessment
of household contacts of persons with iGAS. The risk
for secondary iGAS disease in household contacts is
estimated to be 2,000 times higher than the general
population risk, substantially higher than that re-
ported for meningococcal disease (500-800 times),
which is a notifiable condition in New Zealand (32).
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Therefore, identifying highly transmissible iGAS
should prompt timely review, collection of throat
swab specimens, and consideration of chemopro-
phylaxis for high-risk household contacts through
existing public health communicable disease control
services for meningococcal disease and other high-
priority close contact infectious diseases (32).

During the study period, GAS primary peritoni-
tis accounted for 4.2% of pediatric iGAS isolates sent
to the national reference laboratory from Starship
Children’s Hospital for emm-typing and surveillance.
Although this is comparable with a 2016 national sur-
veillance study of pediatric iGAS disease in Finland,
which reported a primary peritonitis incidence of 4.6%
(7/151) (5), in our series only 5/20 patients with GAS
primary peritonitis had their isolates sent for emm-
typing and surveillance. Starship Hospital is a tertiary
referral center, and 3/19 iGAS isolates were cultured at
other hospitals in New Zealand. Those isolates could
have been sent to ESR by those hospital laboratories,
but our observation that only a small number of cul-
ture-positive samples at our hospital were sent to ESR
suggests that passive surveillance is likely to underes-
timate the true burden of iGAS in New Zealand. This
case series highlights the difficulties of case ascertain-
ment, disease surveillance, and the ability to monitor
circulating emm-types when a disease is not monitored
through prospective national surveillance. In a time of
increasing global rates of iGAS disease, the results of
this study strengthen calls for enhanced, prospective,
national iGAS surveillance (1,6,12,32). Although this
cohort is small, strengths include robust case ascertain-
ment from multiple data sources and comprehensive
classification of cases through detailed review by a
multidisciplinary team of clinicians.

In conclusion, GAS primary peritonitis is an un-
common cause of iGAS disease in children but can
cause severe illness. This contemporary case series
describes 20 children over a 12.5-year period, 30% of
whom met the criteria for STSS and 50% of whom re-
quired PICU admission. Our findings reflect the sub-
stantial burden of GAS disease in New Zealand. In a
time of increasing iGAS rates globally, GAS primary
peritonitis should be considered in children experi-
encing unexplained acute abdomen.
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Detection of Novel US
Neisseria meningitidis Urethritis
Clade Subtypes in Japan

Hideyuki Takahashi, Masatomo Morita, Mitsuru Yasuda, Yuki Ohama,
Yoshitomo Kobori, Munekado Kojima, Ken Shimuta, Yukihiro Akeda, Makoto Ohnishi

Neisseria meningitidis causes invasive meningococcal
diseases and has also been identified as a causative
agent of sexually transmitted infections, including ure-
thritis. Unencapsulated sequence type 11 meningo-
cocci containing the gonococcal aniA-norB locus and
belonging to the United States N. meningitidis urethri-
tis clade (US_NmUC) are causative agents of urethral
infections in the United States, predominantly among
men who have sex with men. We identified 2 subtypes
of unencapsulated sequence type 11 meningococci in
Japan that were phylogenetically close to US_NmUC,
designated as the Japan N. meningitidis urethritis clade
(J_NmUC). The subtypes were characterized by PCR,
serologic testing, and whole-genome sequencing. Our
study suggests that an ancestor of US_NmUC and J_
NmUS urethritis-associated meningococci is disseminat-
ed worldwide. Global monitoring of urethritis-associated
N. meningitidis isolates should be performed to further
characterize microbiologic and epidemiologic character-
istics of urethritis clade meningococci.

Neisseria meningitidis causes invasive meningo-
coccal diseases (IMDs), such as meningitis and
septicemia. N. meningitidis is classified into 12 de-
fined serogroups; however, most IMDs are associ-
ated with the serogroups A, B, C, W, X, and Y (1).
Serogrouping is critical for IMD control because me-
ningococcal vaccines have serogroup-specific effects
(2). Whole-genome sequencing (WGS)-based typ-
ing, such as high-resolution core genome multilocus
sequence typing (MLST), is the most powerful meth-
od for analyzing meningococcal isolates. However,
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standard MLST, which identifies sequence types
(STs) of isolates according to the unique allelic
profiles of 7 housekeeping genes, is still applied to
meningococcal epidemiology studies because the
most invasive isolates belong to a limited number
of clonal complexes (CCs). For example, ST11 and
the locus variants comprising CC11 meningococci
are well-known hypervirulent N. meningitidis strains
that have caused many pandemics (3), including
IMD outbreaks that predominately occurred among
men who have sex with men (MSM) (4-9).

N. gonorrhoeae is also a human pathogen capable
of infecting the urethra, cervix, rectum, and orophar-
ynx. Most gonococcal infections manifest clinically
as urethritis in men or cervicitis in women, both of
which are sexually transmitted infections (STI). Me-
ningococcus and gonococcus are generally regarded
as distinct taxa that cause specific diseases; however,
recent findings suggest a greater overlap than was
originally reported. N. gonorrhoeae is rarely identified
as a causative agent of systemic infection; N. menin-
gitidis has been reported to cause STIs, such as ure-
thritis. An outbreak of meningococcal urethritis pre-
dominantly among MSM was reported in multiple
cities in the United States (10). Causative agents were
identified as CC11 N. meningitidis isolates with sev-
eral unique features and classified as US N. meningiti-
dis urethritis clade (US_NmUC) (11-14). The capsular
polysaccharide (cps) locus in US_NmUC meningo-
cocci is disrupted by insertion sequence (IS) 1301 that
replaced ccsA, cssB, and ¢ssC genes and part of the csc
gene causing loss of encapsulation (12). That genetic
mutation also caused the loss of wild-type lipooligo-
saccharide sialylation, which appeared to increase
mucosal surface adherence (15). Moreover, the fac-
tor H binding protein (fHbp), which binds to human
factor H and inhibits the alternative complement ac-
tivation pathway in the human immune system (16),
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was highly expressed in US_NmUC N. meningitidis
isolates and might promote evasion from immune re-
sponses in the human urogenital tract (12). The most
unique feature of US_NmUC meningococci is their
acquisition of the N. gonorrhoeae denitrification appa-
ratus that comprises gonococcal alleles encoding ni-
trate reductase AniA and nitric oxide reductase NorB
and the intergenic promoter region, which confers
survival in the urogenital tract (12,17).

Most US_NmUC isolates have been recovered
from patients with urethritis in the United States.
However, 2 US_NmUC meningococci isolates were
identified in 2019 in rectal swab samples from MSM
in the United Kingdom (18), and 19 US_NmUC me-
ningococci were isolated in Vietnam in 2019 and 2020
(19). US_ZNmUC meningococci have not yet been re-
ported in other countries. We report the genomic and
phenotypic features of 3 unencapsulated ST11 ure-
thritis-associated N. meningitidis strains isolated in
Japan that were phylogenetically close to US_NmUC
but classified as novel urethritis meningococcus
clade subtypes.

Methods

N. meningitidis Isolates

Although IMDs are legally notifiable diseases in
Japan, STIs caused by N. meningitidis are not. In
Japan, meningococcal isolates from patients with
STIs are typically collected as part of the country-
wide gonococcal surveillance program (headed by
M.Y.). Urethral swab samples from male patients
suspected of having urethritis and cervical swab
samples from female patients suspected of having
cervicitis were sent to Sapporo Medical University
from =100 clinics across Japan. We isolated strains
by selective growth on Thayer-Martin medium
and analyzed those isolates by using Biotyper ma-
trix-assisted/laser desorption time-of-flight mass
spectrometry (Beckman Coulter, https://www.
beckmancoulter.com) and commercially available
mass spectrometry profiles to identify species. We
collected >1,000 gonococcal isolates annually and
isolated ~10 N. meningitidis strains under the gono-
coccal surveillance program, in which no misiden-
tification of N. meningitidis as N. gonorrhoeae has oc-
curred. We characterized 3 N. meningitidis isolates
at the National Institute of Infectious Diseases by
using serologic and genetic analyses.

Typing and Antimicrobial Drug Susceptibility Tests
We performed serogrouping by using PCR (20) and
slide agglutination tests with meningococcal rabbit
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antiserum (Remel, http:/ /www.remel.com, or Difco/
Becton Dickinson, https:/ /www.bd.com) and a com-
mercial latex agglutination kit (Pastorex Meningitis
assay; Bio-Rad Laboratories, https://www.bio-rad.
com). We conducted MLST by using the standard
method (21). We performed antimicrobial drug sus-
ceptibility tests by using E-tests (bioMérieux, https://
www.biomerieux.com) and Mueller-Hinton agar
with 5% sheep blood (Becton Dickinson), which we
interpreted according to the Clinical and Laboratory
Standards Institute criteria for agar dilution, as previ-
ously described (22).

WGS, Genome Assembly, and Phylogenetic Analysis
We extracted genomic DNA by using the MagMAX
DNA Multi-Sample Ultra 2.0 Kit, which we then
purified by using the KingFisher Duo Prime Purifi-
cation System and measured concentrations by us-
ing a Qubit dsDNA HS assay kit (all from Thermo
Fisher Scientific, https://www.thermofisher.com).
We prepared genomic libraries for short read se-
quencing by using the QIAseq FX DNA Library
Kit (QIAGEN, https://www.qiagen.com) and se-
quenced 300-bp paired-end reads on a MiSeq in-
strument (Illumina, https://www.illumina.com).
For long-read sequencing on a MinlON sequencer
(Oxford Nanopore Technologies, https://nano-
poretech.com), we prepared genomic libraries by
using a Rapid Barcoding Kit (Oxford Nanopore
Technologies) and sequenced them by using an
R9.4.1 flow cell. We basecalled raw data by using
Guppy 6.5.7 (23) and removed adaptors before as-
sembly by using Porechop 0.2.3 (https://github.
com/rrwick/Porechop). We generated draft ge-
nome sequences for both long and short reads by
using Unicycler version 0.5.0 in conservative mode
(24) and performed annotations of complete ge-
nomes and genome assemblies by using the DDB]
Fast Annotation and Submission Tool (https://
dfast.ddbj.nig.ac.jp) (25). We used draft genome as-
semblies for PorA and FetA typing and determin-
ing the Meningococcal Deduced Vaccine Antigen
Reactivity Index through PubMLST (https:/ /www.
pubmlst.org). We performed phylogenetic analyses
of N. meningitidis from urethritis patients by using
26 publicly available genomes and constructed core
gene alignments by using Roary version 3.12.0 and
the -s and -e-mafft options (26), which were subject
to SNP-sites version 2.5.1 (27) to extract single-nu-
cleotide variants. We constructed the phylogenetic
tree by using IQ-TREE version 2.0.3 (http://www.
igtree.org) with 1,000 ultrafast bootstrap replicates
and visualized the tree by using iTOL (28).
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Repositories

We deposited the short reads sequence data for
NIID835, NIID836, and NIID838 in the DDBJ Se-
quence Read Archive (https://www.ddbj.nig.
ac.jp) under accession nos. DRR494404 (NIID835),
DRR494405 (NIID836), and DRR494406 (NIID838)
and in the PubMLST database under nos. 135430
(NIID835), 135431 (NIID836), and 135432 (NIID838).
The annotated complete genome assemblies of
NIID835, NIID836, and NIID838 strains are also
available in the GenBank, EMBL (https://www.
ebi.ac.uk), and DDBJ] databases under accession
nos. AP028680 (NIID835), AP028681 and AP028682
(NIID836), and AP028683 (NIID838).

Results

The 3 J_NmUC N. meningitidis strains (NIID835,
NIID836, and NIID838) were isolated from 3 men
with urethritis that developed 4-5 days after con-
tact with commercial sex workers for oral sexu-
al services (Appendix 1 Table, https://wwwnc.
cdc.gov/EID/article/29/11/23-1082-Appl.xlsx).
Although N. meningitidis strains from patients
with urethritis in Japan are typically classified as
ST11026, which is also isolated from healthy carri-
ers (29), or ST23, which is also isolated from IMD
patients and healthy carriers (30), we identified all
3 J_NmUC N. meningitidis strains as ST11 (Appen-
dix 1 Table). To further characterize the 3 ]_NmUC
N. meningitidis isolates as urethritis clade meningo-
cocci, we performed WGS, phylogenetic, and sero-
logic analyses.
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aniA-norB Locus

We conducted phylogenetic analysis of the 3.5-kb
aniA-norB gene sequence (Appendix 2 Figure 1,
https:/ /wwwnc.cdc.gov/EID/article/29/11/23-
1082-App2.pdf) for 3 ]_NmUC N. meningitidis iso-
lates from Japan, 2 N. meningitidis US_NmUC iso-
lates, N. gonorrhoeae FA1090 (GenBank accession no.
NC_002946.2), N. meningitidis MC58 (31), and 6 N.
meningitidis serogroup C isolates from IMD patients
in United States that were genetically very close to
US_NmUC (32) (Figure 1). Moreover, we included
3 ST23 N. meningitidis isolates (NMO001, NMO003, and
NIID574) from Japan harboring the gonococcal aniA-
norB locus (30), designated as ]_NmUC-II (Figure 1).
The aniA-norB locus in the 3 ST11 J_NmUC isolates
was 100% identical to that in US_NmUC meningo-
cocci (12,17), indicating the aniA-norB locus in the 3 J_
NmUC strains was of gonococcal origin. In the 3 ST11
J_NmUC and 3 ]_NmUC-II isolates, the aniA-norB lo-
cus was located between gpxA and NMB1624 genes
(Appendix 2 Figure 1), which was identical to that in
US_NmUC N. meningitidis strains (12). Collectively,
those results indicated that the 3 ST11 ]_NmUC iso-
lates acquired the gonococcal aniA-norB locus, similar
to US_NmUC meningococci.

Serogrouping and cps Locus Analysis

Although we initially identified the 3 ST11 ]_NmUC
N. meningitidis strains as serogroup C meningococci
(MenC) by PCR (20), the strains were agglutination
negative when we tested with serogroup C-specifican-
tiserum. To clarify this discrepancy, we characterized

Figure 1. Phylogenetic analysis of
the 3.5-kb aniA-norB gene locus
of Neisseria spp. isolates in study
detecting novel US N. meningitidis
urethritis clade subtypes in

Japan. Tree was constructed by
using the unweighted pair group
method with arithmetic mean and
1,000 bootstrap replicates. The
gonococcal aniA-norB locus was
derived from N. gonorrhoeae
FA1090 (GenBank accession

no. NC_002946.2); all others

are from N. meningitidis isolates.
Scale bar indicates nucleotide
substitutions per site. IMD, invasive
meningococcal disease; Nm, N.
meningitidis, ST, sequence type;
STI, sexually transmitted infection.
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Figure 2. Organization of genes within the cps locus of Neisseria meningitidis isolates in study of detection of novel US N. meningitidis
urethritis clade subtypes in Japan. N. meningitidis isolates from Japan (NI1ID835, NIID836, NIID838) and United States (US_NmUC) were
compared with N. meningitidis strain FAM18 (GenBank accession no. AM421808). Open red arrows indicate the cssA, cssB, cssC, csc,
and cssE genes in region A responsible for capsule synthesis and open blue arrows the ctrD, ctrC, ctrB, and ctrA genes (in that order)

in region C responsible for capsule transport. Insertion sequence 1S1301 is indicated. Open reading frames identical to NMC0044 (solid
red), NMCO0049 (gray), NMCO0068 (yellow), NMCO0071 (green), NMCO0073 (pink), and NMC0075 (blue) in FAM18 are shown for each
isolate. Partial deletion is indicated for the csc gene (csc’). The cps locus for US_NmUC had 2 configurations created by a ~20-kb genome
inversion between 2 1S1301 sequences (designated as A and B). Gene alignments in the region between the 2 1IS1301 sequences have
been omitted and are indicated by the dashed line. Although ctrD, ctrC, ctrB, and ctrA genes were shown to be proximal to dnaJ (12),
contigs containing the dnaJ-rfbC, rfbA, and rfbB genes and the ctrD, ctrC, ctrB, and ctrA genes (shown on the left side of A and B), as well
as 2 1S1301 and pykA genes (shown on the right side of A and B), were not connected by our analysis because of the absence of US_
NmUC long-read sequences. Therefore, unidentified connections of the 2 contigs are indicated by a dotted line.

the cps gene locus (Figure 2). In NIID835 and
NIID838 isolates, cssA, cssB, and cssC genes, and part
of the csc gene (region A) were deleted and replaced
with 151301, but the ctrABCD gene cluster (region C)
was also deleted. In contrast to 2 copies of IS1301 in
US_NmUC isolates (12), only 1 copy of IS1301 was
found in the cps locus of NIID835 and NIID838 iso-
lates. In the NIID836 J_NmUC isolate, deletions of
cssA, cssB, cssC, csc genes were identical to those in
NIID835 and NIID838, but the ctrABCD gene cluster
remained, containing the pylA, gltS, lipA, and lipB
genes, which are typically proximal to the csc and
cssE genes. Furthermore, 2 copies of the rfbC, rfbA,
and rfbB gene cluster were identified in the NIID836
J_NmUC isolate; only 1 copy was found in NIID835
and NIID838 isolates. Although the cps locus in the
3 J_NmUC meningococcal strains were not identical
to that in US_NmUC meningococci, the ] NmUC
meningococci were genotypically nongroupable.
All of the genetic features within the cps and aniA-
norB loci confirmed that the 3 nongroupable ST11
J_NmUC meningococci were classified into the ure-
thritis clade.
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fHbp Locus

In US_NmUC meningococci, fHbp was speculated
to be highly expressed because the fHbp promoter se-
quence belonged to high fHbp-expressing promoter
clade I (33). In the 3 ST11 J_NmUC N. meningitidis
isolates, the fHbp promoter sequence, fHbp peptide,
and fHbp allele were identical to those in US_NmUC
meningococci strains (Appendix 2 Figure 2), suggest-
ing fHbp might also be highly expressed in ]_NmUC
meningococci (12).

Phylogenetic Analysis by Using WGS

To gain insights into the origin of ]_ NmUC menin-
gococci, we performed phylogenetic analysis by us-
ing WGS to compare 9 ST11 IMD isolates from Japan
(29), 1 ST1 isolate (NmJP12-1) (30), and 7 IMD MenC
isolates from the United States that were genetically
close to US_NmUC (32) (Figure 3). ST23 ]_ NmUC-I],
ST11 serogroup W meningococci SKO01 (NmJP12-1),
8 IMD MenC, and 5 STI MenC (30) isolates were ge-
netically separate from ]_NmUC and US_NmUC me-
ningococci; 7 US IMD MenC that were close to US_
NmUC (32) were also genetically close to ] NmUC.
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Figure 3. Phylogenetic analysis of Neisseria meningitidis from different countries in study of detection of novel US N. meningitidis
urethritis clade subtypes in Japan. Strains isolated from patients with IMD (red font) or STI (blue font), serogroup (NG or C), and
country of origin are indicated. US_NmUC, J_NmUC, and J_NmUC-II N. meningitidis isolates have detailed profiles (Appendix 1 Table,
https://wwwnc.cdc.gov/ElD/article/29/11/23-1082-App1.xIsx). We included 1 sequence type 11 N. meningitidis strain isolated in Japan
from a patient with an STI (SK028) and 4 serogroup C meningococci (MenC) that were phylogenetically close to SK028 (PE5, PESG,
PE7, and LNP26948) (29). Moreover, we included 7 MenC phylogenetically close to US_NmUC (IMD strains in the United States)
(31), 2 sequence type 11 MenC isolated from IMD patients during 2003—-2020 in Japan (NIID647 and NIID716) (28), and 6 MenC
phylogenetically close to the 2 MenC from Japan (28). Scale bar indicates nucleotide substitutions per site. C, serogroup C; IMD,
invasive meningococcal disease; NG, nongroupable; STI, sexually transmitted infection.

However, ]_NmUC strains were the phylogenetically
closest to US_NmUC, eliminating the possibility that
J_NmUC was originally derived from MenC strains
in Japan.

Susceptibility to Antimicrobial Drugs

Antimicrobial resistance in N. meningitidis is consid-
ered to be acquired by transmission of genetic ma-
terial from N. gomnorrhoeae, such as the gonococcal
aniA-norB locus (14). However, US_NmUC menin-
gococci isolated in the United States were susceptible
to the third-generation cephalosporin ceftriaxone,
ciprofloxacin, and rifampin, whereas ~75%-85% of
US_NmUC meningococci were nonsusceptible (in-
termediate susceptibility) to penicillin G (34,35). The
3 J_ZNmUC meningococci were susceptible to most
antimicrobial drugs tested, except the NIID836 strain
had intermediate susceptibility to penicillin G, simi-
lar to US_NmUC meningococci (34,35). Those results
suggest that genetic material related to antimicrobi-
al resistance genes might not be transmitted into J_
NmUC N. meningitidis isolates. Of note, the NIID835
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strain was susceptible to penicillin G and ceftriaxone
despite having the penA327 allele, which typically re-
duces susceptibility to penicillin G and third-genera-
tion cephalosporins (36).

Discussion

Meningococcus and gonococcus generally colonize
distinct niches in humans causing systemic (menin-
gococcus) and sexually transmitted (gonococcus) dis-
ease; few cases exist that identify N. meningitidis as a
causative agent for STI (14). Meningococcal urethritis
is symptomatically indistinguishable from gonococ-
cal urethritis; one of the main problems in clinical and
public health is that meningococcal urethritis cannot
be diagnosed by the existing nucleic acid amplifica-
tion test, a standard method for STI diagnosis (14,34).
Urethritis clade meningococci, such as US_NmUC
and ]_NmUC, have been isolated only from urethritis
patients (10), rectal swab samples of asymptomatic
MSM (18), and 1 neonatal patient with conjunctivitis
(37); virulence was considered equal to gonococci.
However, urethritis clade meningococci were also

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023



speculated to colonize the upper respiratory tracts of
sexual partners of persons who eventually manifest-
ed urethritis. No published studies exist regarding
carriage of urethritis clade meningococci in the upper
respiratory tract; thus, the public health threat of ure-
thritis clade meningococci is unclear, and emergence
of this clade should be continuously monitored.

Although deletion of the cps locus or genes with-
in this locus, which results in loss of encapsulation,
is a main features of urethritis clade meningococci
(12,14), the pattern of deletion within the cps locus
was different between J]_NmUC and US_NmUC iso-
lates, despite the identical junctions between the csc
gene and IS1301 sequences. Because meningococcal
loss of encapsulation enhances adherence to human
cells (15,38-44), loss of the capsule might promote N.
meningitidis-induced urethritis. However, some cases
of meningococcal urethritis might be caused by en-
capsulated N. meningitidis isolates (30). Therefore, the
relationship between loss of encapsulation by dele-
tions within the cps locus in N. meningitidis and me-
ningococcal urethritis should be further examined.

Acquisition of the gonococcal aniA-norB locus
(12) was another main feature of urethritis clade me-
ningococci (Figure 1). In some N. meningitidis strains,
such as M-17541 (Appendix 2 Figure 1), the menin-
gococcal aniA gene was disrupted by an insertion or
missense mutation (45,46). Moreover, if the menin-
gococcal aniA gene was intact, expression was lower
than that of gonococcal aniA genes (45). However, the
gonococcal aniA-norB locus was not detected in some
N. meningitidis isolates from patients with meningo-
coccal urethritis (30), suggesting that acquisition of
the gonococcal aniA-norB locus was advantageous
(12,13,17) but not essential to cause urethritis.

A phylogenetic analysis using WGS data sup-
ports the hypothesis that US_NmUC and J]_NmUC
might be derived from the same ancestor (Figure 3).
US_NmUC appears to have originated during 2006-
2012 in the United States (32), and the ancestral strain
might have been imported into Japan during the same
period. However, MenC, serogroup W, and CC11
meningococci have rarely been detected in Japan for
>40 years, even in IMD patients (29,47,48). Although
CC11 meningococci have never been identified as a
causative agent for meningococcal urethritis in Ja-
pan (29), ]_NmUC meningococci, as well as the ST11
ancestral strain, might be dormant in the urethra or
pharynx of persons in Japan. Therefore, further anal-
yses of meningococcal isolates from healthy carriers
and patients with urethritis will provide insights into
dissemination of the N. meningitidis urethritis clade
among the human population in Japan.
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In conclusion, few studies have attempted to es-
timate the prevalence of meningococcal infections,
including the urethritis clade. ] NmUC meningo-
cocci identified in this study are new subtypes of
US_NmUC, and microbiologic characteristics, such
as virulence and transmissibility, remain unclear.
Continuous monitoring and analyses of ] NmUC
meningococci will elucidate more precise features,
including transmissibility and pathogenicity. More-
over, detection of ] NmUC in Japan suggests poten-
tial dissemination of several types of urethritis clade
meningococci (US_NmUC and ]_NmUC) worldwide.
Global monitoring of urethritis-associated N. menin-
gitidis isolates should be required to reveal further
microbiologic and epidemiologic aspects of urethritis
clade meningococci and to improve laboratory diag-
nostic testing for urethritis.
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Melioidosis, caused by the environmental gram-negative
bacterium Burkholderia pseudomallei, usually develops in
adults with predisposing conditions and in Australia more
commonly occurs during the monsoonal wet season. We
report an outbreak of 7 cases of melioidosis in immunocom-
petent children in Australia. All the children had participated
in a single-day sporting event during the dry season in a
tropical region of Australia, and all had limited cutaneous

Melioidosis, caused by the environmental gram-
negative bacterium Burkholderia pseudomallei, is
endemic in northern Australia (1). The most common
clinical manifestation of the infection is pneumonia,
with or without bacteremia, but almost any organ can
be involved, including the liver, spleen, prostate, skin,
bones, joints, and central nervous system (2). B. pseudo-
mallei is an opportunistic pathogen that usually affects
adults, *90% of whom have underlying conditions
that predispose them to developing the disease (1,3).
Melioidosis is uncommon in children. In a large
prospective series from northern Australia, children
represented only 4% of cases (1). The infection is usu-
ally subclinical in children, and a case series from
Thailand estimated that only 1 in 4,600 antibody-

disease. All case-patients had an adverse reaction to oral
trimethoprim/sulfamethoxazole treatment, necessitating its
discontinuation. We describe the clinical features, environ-
mental sampling, genomic epidemiologic investigation, and
public health response to the outbreak. Management of this
outbreak shows the potential benefits of making melioido-
sis a notifiable disease. The approach used could also be
used as a framework for similar outbreaks in the future.

producing exposures resulted in symptomatic dis-
ease (4). When clinical disease occurs, children with
melioidosis usually have limited cutaneous disease;
however, invasive disease, including bacteremia and
meningoencephalitis, also can occur, particularly in
children with underlying conditions (5-8).

B. pseudomallei is saprophytic and is in soil of
endemic tropical and subtropical areas. During the
dry season, the organism is found at soil depths
of >30 cm, but during the wet season, monsoonal
rains cause the rising water table to bring bacteria
to the surface where they proliferate (9), increasing
the risk for human exposure to the organism. That
bacterial cycle also explains the strong seasonality
of the disease (10-12).
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Melioidosis among Children after Sporting Event

Figure 1. Timeline of clinical manifestations and treatment of melioidosis among 7 children after sporting event, Australia. Limited
cutaneous melioidosis developed in children after crawling through a mud pit on an obstacle course in a tropical region of Queensland.
All children experienced an adverse drug reaction to trimethoprim/sulfamethoxazole, the preferred oral antimicrobial agent. All case-
patients had good clinical outcomes, suggesting that a shorter duration of antimicrobial drugs might be appropriate for limited cutaneous

melioidosis in some children.

Melioidosis is usually acquired through per-
cutaneous inoculation, inhalation of contaminated
dust, or ingestion of contaminated water (1,13).
Although inoculation events are often not evident,
many infected persons report recent recreational
activities, such as gardening, or occupational ex-
posure to soil or surface water (1). In Far North
Queensland, a tropical area of Australia, the inci-
dence of melioidosis in the region’s main city has
increased 10-fold in the past 22 years (14). The rea-
sons for the increase are not completely understood
but could be related to the local construction of ma-
jor infrastructure and the expansion of the urban-
rural fringe (14).

Cases of melioidosis acquired through sporting
activities are exceptionally rare, even in endemic ar-
eas where soil sampling confirms the presence of B.
pseudomallei on sports fields, likely because sports par-
ticipants lack predisposing conditions for melioidosis
(15). Although sporadic melioidosis cases have been
linked to sporting events, no outbreaks have been ge-
nomically linked to the site of the sporting event. We
report the clinical characteristics, case management,

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023

and patient outcomes, as well as genomic evalua-
tion and the public health response, for a melioidosis
outbreak among children after a sporting event in a
tropical region of Australia.

Methods

Sporting Event

On 1 day in November 2022, children in a primary
school in Queensland participated in a sporting event.
The event occurred at the end of the region’s dry sea-
son, when cases of melioidosis are uncommon, and
minimal rain had fallen in the preceding months (16).
The sporting event involved an obstacle course on
the school grounds that included crawling through a
mud pit.

Nineteen days after the event, an 8-year-old fe-
male child (case 1) was seen by her general practi-
tioner for a 2-cm pustular lesion on her left arm. She
received oral cefalexin for 5 days, but the lesion per-
sisted, and further lesions appeared on her left leg,
right leg, and back. B. pseudomallei was isolated from
a swab of one of the lesions.
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Figure 2. Site of exposure in an
outbreak of limited cutaneous
melioidosis among children after
a sporting event, Australia. A)
Mud pit site when not in use for
the sporting event; members of
a wallaby troupe surround the
site. B) Mud pit site when not in
use for the sporting event; water
pooling is evident.

Public Health Response

Melioidosis is a notifiable disease in Queensland,
which expedited the public health response. Pathol-
ogy providers directly alerted the local public health
team after culture confirmation, enabling the prompt
alert of the school, the children’s parents, and health-
care providers. Those notifications encouraged par-
ents of affected children to seek healthcare, particu-
larly for nonhealing skin lesions.

A total of 7 melioidosis cases were detected among
children who participated in the obstacle course event
(Figure 1). Besides the case-patients, 265 other stu-
dents also participated in the event, which included a
mud pit. The pit had been formed 10 years previously
and was dug each year to a depth of x50 cm and filled
with water. After each year’s event, the soil was re-
turned to the pit. When not in use, the pit site had be-
come a shallow depression that allowed water to pool
(Figure 2). The rest of the obstacle course was located

2220

on undisturbed sports fields. For the November 2022
event, the pit had been filled with chlorinated tap wa-
ter. All 7 case-patients had crawled through the pit
multiple times during the event (Figure 3).

All 7 infected children were immunocompetent.
All had limited cutaneous disease (Figure 4), and 4
were aware of a pre-existing lesion, usually insect
bites, before participating in the event. None reported
sustaining an injury during the event.

Wallabies, marsupials in the Macropodidae fam-
ily, had been observed on the school grounds. The wal-
laby troupe had increased to 200 members during the
previous 5 years and were often seen near the site of
the mud pit (Figure 2, panel A). Wallabies previously
have been hypothesized to spread melioidosis through
fecal shedding (17). None of the case-patients reported
any notable interaction with the wallabies. Construc-
tion has previously been hypothesized to increase the
risk of melioidosis, likely by the inhalation route (14),
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and 6 of the 7 case-patients regularly walked past road-
works taking place at the edge of the school grounds
on their journey to school.

Antimicrobial Drug Treatments

The clinical management of melioidosis usually con-
sists of 2 phases: an intensive phase consisting of
intravenous meropenem or ceftazidime for a mini-
mum of 14 days, then an eradication phase of oral
trimethoprim/sulfamethoxazole (TMP/SMX) for a
minimum of 12 weeks (18). Case-patient 1 received
intravenous ceftazidime for 14 days, then TMP/
SMX. However, 9 days after commencing TMP/
SMX, a widespread, erythematous, pruritic rash
developed (Figure 5, panel A). Her antibiotics were
ceased, and her rash improved after 5 days. Case 2
also had an adverse reaction to TMP/SMX (Figure 5,
panel B). The remaining cases also had adverse re-
actions to TMP/SMX, necessitating cessation of the
drug and prompting an investigation of the adverse
drug event (Figure 1).

In all, 5 children received oral therapy only, and 1
received only 2 days of intravenous therapy (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/29/11/23-0951-
Appl.pdf). Because of the adverse reactions to TMP-
SMX, amoxicillin/ clavulanate (AMOX/CLAV) was the
predominant antibiotic used in 4 cases (Table 1).

Adverse Drug Event Investigation

When a skin reaction developed in the second patient,
the Therapeutic Goods Administration was notified
by the hospital pharmacist involved in the care of the
patient. Liquid chromatography quadrupole time-of-
flight mass spectrometry of 1 patient’s urine sample
detected TMP/SMX but no unexpected additional
compounds. TMP/SMX tablets from separate batch-
es, all of which had been given to the case-patients,
were sent to the Therapeutic Goods Administration
for further investigation, but only controlled impuri-
ties within the control limit specified in the pharma-
copeia monograph were identified.

Environmental Sampling and Analysis

We hypothesized that the mud pit was the source of
the outbreak and performed environmental sampling
13 weeks after the obstacle course event. Sampling oc-
curred during the region’s wet season. We used inter-
national recommendations for sampling, but labora-
tory capacity limited the number of samples that we
could process (9). In total, we obtained 18 environmen-
tal samples from various areas of the obstacle course
event: 14 soil samples, 2 bore water samples from
the source used to irrigate the field, and 2 separate
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collections of wallaby scat weighing 100 g each (Table
2; Figure 6).

We performed culture of soil and wallaby scat, as
previously described (8). In brief, we placed 10 g of
soil or scat into 10 mL Ashdown’s selective broth (Ox-
oid-Thermo Fisher Scientific, https://www.thermo-
fisher.com). For bore water, we filtered 1 L through a
0.45 pm filter (Pall Life Sciences, https:/ /www.pall.
com), then transferred to 10 mL Ashdown’s selective
broth. We vigorously vortexed the broth, then incu-
bated at 37°C for 48 hours and subcultured to Ash-
down’s solid medium plates (Edwards Microbiology,
https:/ /www.edwards.com). We reviewed plates for
B. pseudomallei morphotypes and screened up to 5
suspect colonies by using Biotyper (Bruker Corpora-
tion, https:/ /www.bruker.com) matrix-assisted laser
desorption/time-of-flight (MALDI-TOF) mass spec-
trometry to capture potential strain variation.

Of the 18 environmental samples, we isolated B.
pseudomallei from 12 (67%), which included 49 indi-
vidual isolates. We screened those 49 isolates and 29

Figure 3. Images of participants immediately after a sporting
event that resulted in an outbreak of limited cutaneous
melioidosis, Australia. The sporting event was held in a tropical
region of Queensland and involved crawling through a mud

pit on an obstacle course. Children are extensively covered in
mud immediately after participating in the event. Neither of the
pictured children contracted melioidosis. However, Burkholderia
pseudomallei was isolated in soil samples from the mud pit and
genomically linked to B. pseudomallei isolated from cutaneous
lesions on 7 children who participated in the event and had
melioidosis diagnoses.
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returned a result of B. thailandensis using the MAL-
DI Biotyper Library (Bruker), an in vitro diagnostic
(IVD) database, which cannot distinguish between B.
thailandensis and B. pseudomallei. We further analyzed
all IVD spectral profiles using a curated B. pseudom-
allei library and confirmed that all 29 B. thailandensis
isolates were actually B. pseudomallei. The other 20 iso-
lates returned no identification using the IVD library,
but we subsequently confirmed those as B. pseudomal-
lei by using the curated library. The 49 colonies dis-
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Figure 4. Clinical images of cutaneous
melioidosis among children after sporting event,
Australia. A) Cutaneous pustular lesion on the
left arm of case 1; lesion initially appeared at
19 days postexposure (dpi). B) Cutaneous
ulcerative lesion on the right leg of case-
patient 2; lesion initially appeared at 14 dpi. C)
Cutaneous lesion near the umbilicus of case-
patient 3; lesion initially appeared at 18 dpi.

D) Cutaneous lesion on the left arm of case-
patient 4; lesion initially appeared at 31 dpi.

E) Cutaneous lesion on the right arm of case-
patient 5; lesion initially appeared at 12 dpi.

played minimal colony variation, and we selected 32
colonies for further testing.

Genomic Investigation

We performed whole-genome sequencing on all 7
clinical isolates and 32 environmental isolates. We
extracted and prepared DNA from the isolates for
sequencing, as previously described (20). In brief,
we prepared DNA by using the Nextera XT Kit (II-
lumina, https://www.illumina.com) and sequenced

Figure 5. Clinical images of
adverse reactions secondary to
trimethoprim/sulfamethoxazole
among children treated for
cutaneous melioidosis after a
sporting event, Australia. A)
Widespread, erythematous,
pruritic rash in case-patient

1 that began 9 days after
commencing trimethoprim-
sulfamethoxazole. B) Lip
swelling and a widespread
erythematous rash in case-
patient 2 that began 16 days
after commencing trimethoprim/
sulfamethoxazole.
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Table 1. Clinical features, antimicrobial drug treatment, and outcomes of limited cutaneous melioidosis among children after sporting

event, Australia*

Location of Intensive  Eradication Primary

Case Age, cutaneous No. Disseminated phase phase antimicrobial

no. y/sex lesion(s) swabst Immunocompetent foci excluded: duration  duration§ drug# Qutcome
1 8/F Left arm, right 1 Y Y 14 d 9d Ceftazidime Recovered

leg, low back

2 8/F Rightleg, left leg 2 Y Y 2d 12 wk AMOX/CLAV Recovered
3 10/F Abdomen 1 Y Y NA 8 wk Doxycycline Recovered
4 7IM Left arm 1 Y Y NA 17d AMOX/CLAV Recovered
5 7IM Right arm 2 Y Y NA 12 wk AMOX/CLAV Recovered
6 7/F Right arm 1 Y Y NA 9 wk Doxycycline Recovered
7 9/F Right hip 1 Y Y NA 12 wk AMOX/CLAV Recovered

*AMOX/CLAV, amoxicillin/clavulanate. NA, not applicable.

TNumber of swab samples collected before Burkholderia pseudomallei was cultured.

1Defined by no B. pseudomallei growth in blood cultures, and no evidence of infection on chest radiograph and abdominal ultrasound.
8Defined as total duration of antimicrobial drug course, excluding treatment interruptions.

#Antimicrobial drug used for longest time.

on the NextSeq 500 using the NextSeq 500 Mid Out-
put Version 2 Kit (Illumina) at 300 cycles, according
to the manufacturer’s instructions. We used Trim-
momatic version 0.36 to trim sequences (21), and
quality checked sequences by using FastQC version
0.11.5 (Babraham Bioinformatics, https://www.bio-
informatics.babraham.ac.uk) and MultiQC version
1.1 (https://multiqc.info) (22). We used SPAdes as-

sembler version 3.12.0 (23) to perform de novo assem-
bly of sequences into contigs. We performed multi-
locus sequence type (MLST) and core genome MLST
(cgMLST) analysis by using Ridom SeqSphere+ ver-
sion 8.4 (Ridum Bioinformatics, https:/ /www.ridom.
de) and publicly available schemes at PubMLST (24).
We uploaded sequence data to GenBank (BioProject
accession no. PRJEB61871).

Table 2. Environmental sample selections and sampling methods in an investigation of melioidosis among children after sporting

event, Australia

Sample No.
site Rationale for site selection Sampling method samples
Mud pit Epidemiologic review suggested the mud pit used during the Soil samples were collected at a minimum 8
event was the most plausible source of infection of 2.5 m apart and in a grid format
Because this was the likely point of acquisition, the greatest Two additional samples taken in the center
number of samples were taken here of the mud pit
Earth Determine whether earth works brought into the site Area was condensed rock and soil, which was 1
works introduced B. pseudomallei a barrier to reaching 30 cm depth. Soil was also
well drained
Identify whether runoff from this site affected other parts of Sample was collected at a random spot in
the school, sports field, or mud pit area the earth works area due to limited
laboratory capacity
Identify whether this area had similar contamination as other
areas
Drainage  Identify whether runoff or sediment from earthworks or school Samples were collected at random spots in 3
area grounds contained B. pseudomallei sample area due to limited laboratory capacity
adjacentto Determine if the stormwater diversion drains were introducing  Sample location was identified because areas
earth B. pseudomallei to the school site where runoff and sediment from the earthworks
works site and school might collect and settle
Side Area appeared to hold water runoff from earthworks site and Samples were collected at random spots in 2
sports field sports field sample area due to limited testing ability
stormwate Detection of B. pseudomallei might have supported theory Sample location was identified as an area
r run off that B. pseudomallei was introduced to the school site where water runoff from earthworks site and
through earthworks sports field collected and pooled
Wallaby Evidence that wallabies can carry B. pseudomallei that might Surface sampling of wallaby feces in areas 2
scat have been spread across the site through their feces (17) witnessed to have a high population of
wallabies grazing during sampling visit
Scat collected from multiple droppings to meet
the 100 g sample requirement
Scat collected from ground
Bore water Evidence that bore water has been found to contain B. Two water samples taken, a first flush sample 2
pump pseudomallei (19) and then a sample after the bore had run for a
2-min period.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023

Samples required a minimum of 1 L
collected into sterile containers
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Figure 6. Location of sporting
event that resulted in an outbreak
of limited cutaneous melioidosis,
Australia. The sporting event
involved crawling through a

mud pit on an obstacle course.
Inset shows detail of the mud

pit area. Colored dots indicate
environmental sampling sites
and Burkholderia pseudomallei
STs detected from samples.
Among participants, 7 children
who crawled through the mud

pit had clinical manifestations

of melioidosis. Burkholderia
pseudomallei isolated in soil
samples from the mud pit were
later genomically linked to
isolates from cutaneous lesions
on 7 children. ST, sequence type.

Among the clinical isolates, we found 3 different
sequence types (STs): ST2027 in 5 cases, ST2028 in 1
case, and ST2054 in 1 case. Environmental isolates
showed much more diversity; we found 9 different
STs, 3 of which matched STs of the clinical isolates
(Table 3; Figure 7). Genomic analysis of cgMLST
showed isolates of all 3 STs from the mud pit and the
children had 0-2 cgMLST allele difference, a level of
genetic similarity consistent with the mud pit being
the source of the exposure (25).

We used BLAST (https://blast.ncbi.nlm.nih.
gov) analysis to investigate the fhaB3 gene, a viru-
lence factor involved in host cell attachment and
associated with bacteremia, against full-length

fhaB3 genes from the B. pseudomallei K96243 genome
(GenBank accession no. NZ_CP009537) (26). Of the
clinical cases, we found ST2028 isolates had the full-
length fhaB3 gene, but other STs had a truncated
version of fhaB3 that reduced the peptide length
from 3,103 to 739 amino acids in ST2027 and to 3,008
amino acids in ST2054 (Figure 7). We are uncertain
of the potential functionality of these truncated ver-
sions but suspect they might not have the same func-
tionality as the full-length version.

Discussion
Thisoutbreak of melioidosisoriginatingfromasport-
ing event is striking for several reasons. Although

Table 3. Microbiological and genomic results from environmental testing of Burkholderia pseudomallei from investigation of melioidosis

outbreak among children after sporting event, Australia

No. No. samples No. B.

samples growing B.  pseudomallei Sequence type
Sample site collected pseudomallei isolates 2027* 2028* 2054* 994 2052 2053 2049 2050 1952
Mud pit 8 7 20 12 5 2 1
Earth works, including 4 2 5 1 1 2 1
drainage
Sports field 2 2 6 1 2 2 1
Wallaby scat 2 0 0
Bore water 2 1 1 1

*Sequence type genetically matching a clinical case.
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Figure 7. Core multilocus
sequence typing of Burkholderia
pseudomallei isolated in an
outbreak of melioidosis among
children after a sporting event,
Australia. The phylogenetic
neighbor-joining tree shows

the relationships between
environmental and clinical
isolates; isolate sources are
noted. The tree was constructed
by using SeqSphere version
9.0.8 (Ridom, https://www.ridom.
de) on the thaB3 gene and iTOL
(https://itol.embl.de) was used to
add the annotations. Identified
B. pseudomallei STs are noted.
Scale bar indicates nucleotide
substitutions per site. ST,
sequence type.

the outbreak occurred in an endemic area, the at-
tack rate was 2.6%, much higher than the 0.02%
rate of symptomatic disease reported in seroposi-
tive children in Thailand (4). The difference could
partly be explained by the higher rates of sero-
positivity generally seen in children in Thailand,
which potentially results from increased exposure
to B. pseudomallei from ingestion of unchlorinated
tap water in early life (27,28). In the outbreak we
describe, existing abrasions and minor skin trauma
sustained during the obstacle course might have
enabled inoculation in the mud pit. Our environ-
mental testing was not able to quantify B. pseudom-
allei in the mud pit samples, but a larger inoculum,
which can contribute to the development of dis-
ease, might be partly responsible for the increased
number of cases (29). The full and truncated fhaB3
gene or other undefined virulence factors also
might have contributed to the higher attack rate, al-
though absence the fhaB3 gene has previously been
correlated with cutaneous disease (26). In addition,
limited cutaneous melioidosis in immunocompe-

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 11, November 2023

tent children occasionally will heal spontaneously
(6). Public health messaging and greater awareness
in this outbreak might have improved the detection
of cases in persons who otherwise would not have
sought medical attention.

The exposure event occurred at the end of the
region’s dry season, when cases of melioidosis are
uncommon, highlighting that human modification
of the environment can increase exposure to B. pseu-
domallei (30,31). MLST matching of the children’s B.
pseudomallei isolates to those found in the mud pit
confirmed that the pit was the source of the outbreak.
Contaminated unchlorinated bore water supplies
have been implicated in other melioidosis outbreaks
(19). In this outbreak, bore water was used regularly
on the school’s sports fields, but it had not been used
to fill the mud pit. However, sampling of the bore wa-
ter did identify an MLST that matched 1 child and
2 samples from the pit, suggesting that both the pit
and the bore might have become contaminated by
organisms from the surrounding soil. For this sport-
ing event, the pit had been filled with chlorinated tap
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water, but we were unable to ascertain if a different
water source was used in previous years. In addition,
because of resource limitations, we were unable to
collect extensive environmental samples, including
from irrigation equipment that might have been used
to fill the pit.

In 2 of the children, an initial swab sample test-
ed negative. Culture of B. pseudomallei remains the
standard for diagnosing melioidosis, and those cases
highlight that even in well-equipped laboratories,
multiple or repeat swab samples from skin lesions
might be needed to confirm the diagnosis (32). When
melioidosis is clinically suspected or a history of soil
or water exposure exists, clinicians should advise the
laboratory so that appropriate selective and differen-
tial media can be used.

Although the same pit had been used in the obsta-
cle course for 9 years before this outbreak, participa-
tion in the event had not previously been associated to
any confirmed melioidosis cases. However, repeated
use and subsequent ground sinkage and water pool-
ing could have resulted in greater soil water content,
creating an optimal environment for B. pseudomallei
growth (33). No B. pseudomallei was detected in the 2
wallaby scat samples, making the presence of a large
troupe of wallabies an unlikely explanation for the
outbreak. However, testing of further samples would
be required to fully exclude wallabies as the source of
B. pseudomallei (17).

The clinical management of melioidosis usually
consists of an intensive phase of intravenous me-
ropenem or ceftazidime for a minimum of 14 days,
then an eradication phase of oral TMP/SMX for a
minimum of 12 weeks (18). However, an eradication
phase-only regimen using oral TMP/SMX has been
proposed for limited cutaneous disease in children
without risk factors for invasive disease and with-
out disseminated foci (6). In our series, 5 children
received oral therapy only, and 1 received only 2
days of intravenous therapy. Also, because of the
adverse reactions to TMP/SMX, AMOX/CLAV
was the predominant antibiotic used in 4 cases. In
adults, AMOX/CLAV is associated with higher re-
lapse rates than TMP/SMX-based regimens (34),
but AMOX/CLAV has been successfully used as
eradication therapy in some children (28). However,
the recommended dosing of 20 mg/kg amoxicillin
and 5 mg/kg clavulanate 3 times a day could influ-
ence tolerability and adherence (35). In 2 cases, dox-
ycycline was the predominant antimicrobial drug
therapy, and both children recovered. Doxycycline
has previously been avoided in children <8 years of
age because of concerns about dental staining, but
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durations <21 days are considered safe in any age
group. Rarely, longer courses of doxycycline can be
required in children when no suitable alternative is
available (36). However, adverse events, such as ero-
sive esophagitis and photosensitivity, particularly in
tropical climates, require consideration. In our cases,
a doxycycline dose of 2 mg/kg twice daily was ad-
ministered and was well tolerated by the children.

The clinical course of the children in this out-
break supports recommendations that oral antibi-
otics alone are appropriate for children with lim-
ited cutaneous melioidosis (6). Although TMP/
SMX remains first-line therapy, alternative agents
can be substituted if TMP/SMX is not tolerated. A
3-month course is recommended for limited cuta-
neous disease, but recovery is possible with shorter
durations (6,28). In this outbreak, 4 cases received
substantially less than 3 months of oral therapy,
suggesting that, in immunocompetent children
without signs of dissemination, a shorter duration
could be sufficient (37).

Melioidosis is extant throughout tropical regions
of the world, and outbreaks could occur in areas not
yet considered endemic for the disease. However,
acquiring melioidosis from participation in sport-
ing activities remains exceptionally uncommon, and
the risk to children playing in mud or surface wa-
ter in melioidosis endemic areas is infinitesimally
small. Furthermore, that none of the 7 cases in this
outbreak developed into invasive disease and that
all case-patients had a good clinical outcome is reas-
suring. Nonetheless, these cases highlight some of
the challenges in the diagnosis and management of
melioidosis, and the adverse reactions to TMP/SMX
illustrate the potential risks associated with this an-
timicrobial agent (18). These cases also suggest that a
shorter duration of antibiotics for limited cutaneous
melioidosis might be appropriate for some children,
and the use of doxycycline, a drug often avoided in
children, could be useful in children with melioido-
sis if TMP/SMX is not tolerated. As a result of this
outbreak, Far North Queensland guidelines have
been updated to include advice about the risk to par-
ticipants of events that include exposure to deeper
layers of soil, and consideration of risk assessment
for such activities.

In conclusion, the management of this outbreak
highlights the virtue of making melioidosis a notifi-
able disease. The approach used for the public health
response, environmental sampling, and genomic in-
vestigation of a melioidosis outbreak provided here
could be used as a framework for similar outbreaks
in the future.
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Scrapie

Scrapie is a fatal neurodegenerative disease of sheep and goats that was
the first of a group of spongiform encephalopathies to be reported
(1732 in England) and the first whose transmissibility was demonstrated
by Cuille and Chelle in 1936. The name resulted because most affected
sheep develop pruritis and compulsively scratch their hides against fixed
objects. Like other transmissible spongiform encephalopathies, scrapie
is associated with an alteration in conformation of a normal neural cell
glycoprotein, the prion protein. The scrapie agent was first described as a
prion (and the term coined) by Stanley Prusiner in 1982, work for which
he received the Nobel Prize in 1997.
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Outbreak of Pandoraea
commovens Infections among
Non—Cystic Fibrosis Intensive Care
Patients, Germany, 2019-2021

Tassilo Kruis, Peter Menzel, Rolf Schwarzer, Solveigh Wiesener,
Felix Schoenrath, Frank Klefisch, Miriam Stegemann, Frieder Pfafflin

Pandoraea spp. are gram-negative, nonfermenting rods
mainly known to infect patients with cystic fibrosis (CF).
Outbreaks have been reported from several CF cen-
ters. We report a Pandoraea spp. outbreak comprising
24 non-CF patients at a large university hospital and a
neighboring heart center in Germany during July 2019—
December 2021. Common features in the patients were
critical illness, invasive ventilation, antimicrobial pretreat-
ment, and preceding surgery. Complicated and relaps-
ing clinical courses were observed in cases with intraab-
dominal infections but not those with lower respiratory
tract infections. Genomic analysis of 15 isolates identi-
fied Pandoraea commovens as the genetically most sim-
ilar species and confirmed the clonality of the outbreak
strain, designated P. commovens strain LB-19-202-79.
The strain exhibited resistance to most antimicrobial
drugs except ampicillin/sulbactam, imipenem, and trim-
ethoprim/sulfamethoxazole. Our findings suggest Pan-
doraea spp. can spread among non-CF patients and
underscore that clinicians and microbiologists should be
vigilant in detecting and assessing unusual pathogens.

he widespread use of matrix-associated laser de-

sorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry, 16s rRNA sequencing, and whole-
genome sequencing (WGS) have improved diagnostic
accuracy. However, in using those methods, microbi-
ologists and clinicians can be confronted with uncom-
mon gram-negative, nonfermenting bacteria. Those
microorganisms originate from the environment,
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and their pathogenic potential is often unclear. When
they are cultured from a clinical specimen, determin-
ing whether such a finding represents a true patho-
gen or a contaminant can be difficult.

One example is the genus Pandoraea, which was
described in 2000 when researchers reclassified sev-
eral Burkholderia- or Ralstonia-like organisms cultured
from specimens of patients with cystic fibrosis (CF)
(1). Pandoraea spp. are found in soil and water habi-
tats, where the bacteria contribute to soil formation
and cycling of elements necessary for plant growth.
By 2022, at least 29 species had been identified with-
in the genus, 19 of which were detected in clinical
samples, most often from CF patients (2). Those spe-
cies are P. anapnoica, P. anhela, P. aquatica, P. apista, P.
bronchicola, P. capi, P. captiosa, P. cepalis, P. commouv-
ens, P. communis, P. faecigallinarum, P. iniqua, P. mor-
bifera, P. nosoerga, P. norimbergensis, P. pneumonica, P.
pnomenusa, P. pulmonicola, and P. sputorum (2).

Pandoraea spp. can trigger inflammatory respons-
es and interleukin 6 and 8 elevation in cultures of lung
epithelial cells and bacteria from some isolates are ca-
pable of crossing lung epithelial cell monolayers (3,4).
In an in vivo model for killing Galleria mellonella lar-
vae, virulence of some Pandoraea strains was compa-
rable to that of Burkholderia cenocepacia (3,4). Various
other virulence and resistance factors found in other
pathogens also can be found in Pandoraea spp. (5,6).

Knowledge on the clinical significance of Pandoraea
spp. is based on case reports and case series. Pandoraea
spp. can chronically colonize lungs of CF patients and
evolve over time by sequential mutations, leading to an
adaptation to the CF host niche (7-10). Worsening lung
function in CF patients has been linked to Pandoraea
spp. colonization, but because CF patients often carry
multiple other relevant pathogens, causality between
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Pandoraea spp. colonization and clinical deterioration
is not always clear (9,11,12). The potential of Pandoraea
spp. to cause acute illnesses has been exemplified by
bloodstream and other life-threatening infections in CF
patients and patients who received solid organ trans-
plantation (7,13-15).

Single cases of Pandoraea spp. infections in pa-
tient populations other than those with CF or solid
organ transplantation have been documented. Cases
have occurred among persons without apparent im-
munodeficiency, causing illnesses such as nosocomial
pneumonia, including infections associated with CO-
VID-19, as well as localized hemodialysis catheter in-
fections, prosthetic valve endocarditis, and skull base
osteomyelitis (16-22). Nosocomial acquisition and
antimicrobial pretreatment seem to be common fea-
tures among affected patients (16-22).

Pandoraea outbreaks have been documented in
CF centers in Denmark and France, each comprising
6 patients (9,12). One in-depth analysis described a
large P. apista cluster affecting 18 CF patients serviced
at the pediatric and adult CF centers in a city in Scot-
land and 1 other patient from south England (6). We
report a Pandoraea spp. outbreak during July 2019-
December 2021 at a large university hospital and the
directly neighboring heart center in Berlin, Germany,
involving 24 non-CF patients colonized or infected
with a novel P. commovens strain.

Methods

Patient Data

We retrospectively extracted patient data from hospi-
tal records. Data included length of hospital stay, time
to isolate Pandoraea spp., antimicrobial drug treatment,
intensive care unit (ICU) admission, renal dialysis,
solid organ transplantation, underlying conditions ex-
emplified by the Charlson Comorbidity Index (CCI)
scores, and patient outcome. We classified patients as
either colonized or infected according to the judgment
of 2 infectious disease consultants. Detection of Pan-
doraea spp. from otherwise sterile sites, such as blood,
or from intraabdominal specimens was considered as
infection. Culture from nonsterile sites (e.g., respirato-
ry samples) was considered colonization if further as-
sessment of antibiotic prescriptions, physicians” notes,
laboratory values, and radiology and pathology find-
ings did not reveal evidence of infection. For the diag-
nosis of pneumonia, >1 of the following criteria had to
be met: new or progressive infiltrate, new or worsen-
ing respiratory signs and symptoms, or rising inflam-
matory markers and assessment of pneumonia by
the treating physician. For difficult cases, 2 clinicians
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discussed and then agreed on a classification for
each case (Appendix, https://wwwnc.cdc.gov/EID/
article/29/11/23-0493-App1.pdf).

Microbiology

All microbiological investigations were performed by
Labor Berlin-Charité Vivantes GmbH in accordance
with German Quality Standards for the Microbiologi-
cal Diagnosis of Infectious Diseases (https://www.
dghm.org). To detect aerobic bacteria, we plated clini-
cal specimens on conventional solid media, then incu-
bated in ambient air and 5% CO, enriched atmosphere
at 37°C. We read plates after 24 h and 48 h incubation.
We tested suspicious gram-negative microorganisms
on oxidase and catalase activity and identified micro-
organisms by using the VITEK 2 System (bioMérieux,
https:/ /www .biomerieux.com), VITEK MALDI-TOF
mass spectrometry (bioMérieux), or both. Per our clini-
cal routine, we performed antimicrobial susceptibility
testing of Pandoraea spp. by using the VITEK 2 AST
GN-233 card, GN-248 card, or both. In addition, we
subjected several isolates to further genomic analyses.
For those isolates, we performed broth microdilution
by using MICRONAUTS-S test plates (MERLIN Diag-
nostika GmbH, https://www.merlin-diagnostika.de),
and tested the following antimicrobial agents: piper-
acillin, piperacillin/tazobactam, temocillin, ceftazi-
dime, cefepime, ceftolozane/tazobactam, ceftazidime/
avibactam, meropenem, imipenem, ertapenem, aztreo-
nam, aztreonam/avibactam, ciprofloxacin, levofloxa-
cin, gentamicin, tobramycin, amikacin, trimethoprim/
sulfamethoxazole (TMP/SMX), fosfomycin, colistin,
minocycline, and tigecycline. We used MIC strips (Lio-
filchem, https://www liofilchem.com) to solve dis-
crepancies or to test antimicrobial agents that failed or
were not included in VITEK 2 or MICRONAUT-S pan-
els. Were interpreted results according to non-species-
related pharmacokinetic/ pharmacodynamic (PK/PD)
breakpoints published by the European Committee on
Antimicrobial Susceptibility Testing (23).

We also conducted environmental investigations
for a point source of P. commovens. For environmental
investigations, we probed respiratory tubes, nebuliz-
ers, suction catheters, washing gloves, toothbrushes,
nutrition solutions, inhalation solutions, oral medi-
cations such as painkillers in solution, eye and nasal
ointments, and eye drops.

Genomic Sequencing and Analysis

For exact species identification and determination
of clonality, we subjected 15 clinical outbreak iso-
lates to WGS, by using either the Nextera Flex (Il-
lumina, https://www.illumina.com) or QIASeq FX
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(QIAGEN, https://www.qiagen.com) library prepa-
ration kits, according to the manufacturers’ protocols.
In brief, we extracted and enzymatically fragmented
10-100 ng of DNA by using DNeasy PowerSoil Pro
Kit (QIAGEN). We added indexed adapters and am-
plified libraries in limited-cycle PCRs. After clean-up,
we quantified, normalized, and pooled sequence-
ready libraries before sequencing by using 2x 250
cycles paired-end sequencing on a MiSeq (Illumina).

To close the genome, we performed nanopore se-
quencing on genomic DNA from isolate LB-19-202-
79 from our outbreak on GridION (Oxford Nanopore
Technologies, https://nanoporetech.com) using an
R9.4 flow cell (Oxford Nanopore). We prepared the
sequencing library by using the SQK-LSK109 Ligation
Sequencing Kit (Oxford Nanopore), according to the
manufacturer’s protocol. We performed basecalling
by using Guppy version 5.0.11 (Oxford Nanopore) on
the SUP accuracy setting in GridION.

After adapter-trimming the Illumina sequenc-
ing reads by using fastp version 0.20.0 (24), we
performed de novo genome assemblies by using
SPAdes assembler version 3.15.5 (25). For the assem-
bly of nanopore sequencing reads, we tried several
protocols using ont-assembly-snake version 1.0 (P.
Menzel, unpub. data, https://doi.org/10.20944/
preprints202208.0191.v1) and eventually chose the
protocol that showed the least differences with P.
commovens strain LMG 31010 (National Center for
Biotechnology Information [NCBI] RefSeq accession
no. GCF_902459615.1). For that protocol, we used
Filtong (https://github.com/rrwick/Filtlong) to
quality-filter nanopore reads that passed the base-
calling quality filter to the top 500 megabases and as-
sembled reads using Flye version 2.9 (26). Then, we
polished the initial assembly with the ONT reads by
using Racon version 1.4.20 (27) and Medaka version
1.4.3 (https://github.com/nanoporetech/medaka)
and polished the [llumina reads by using Polypolish
version 0.5.0 (28). We rotated the final assembly to
start at the dnaA gene.

We screened the genome assembly of LB-19-202-
79 against all available Pandoraea spp. assemblies in
the NCBI RefSeq database (29) as of July 21, 2022, by
using mash-screen version 2.3 (30). We calculated av-
erage nucleotide identity (ANI) between genome as-
semblies by using FastANI version 1.33 (31). We used
andi version 0.12 (32) to calculate pairwise genetic
distances between the assembled genomes, from
which we constructed a phylogenetic tree compris-
ing the isolate assemblies and the closest Pandoraea
spp. by using the neighbor joining method of the ape
package version 5.6 (33).
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We uploaded the genome assembly to GenBank
for annotation by using the NCBI Prokaryotic Ge-
nome Annotation Pipeline (34). The uploaded assem-
bly was then automatically annotated by the Bacterial
and Viral Bioinformatics Resource Center (BV-BRC)
pipeline (https://www.bv-brc.org).

Ethics, Consent, and Permissions

The study was approved by the internal review board
of Charité-Universititmedizin Berlin (registry no.
EA4/145/21). The need for informed consent was
waived because the study was retrospective.

Results

During July 2019-December 2021, we registered pheno-
typically identical Pandoraea spp. isolates in specimens
from 24 patients, which is 8 times the number of all
Pandoraea spp. detected at our laboratory in the 3 pre-
vious years (2016-2018). The cases clustered at Charité
Campus Virchow Klinikum (CVK) and Deutsches
Herzzentrum Berlin (DHZB), 2 neighboring institu-
tions that are on the same grounds; staff and patients
regularly move between the 2 institutions. Thirteen
patients were treated at DHZB and 9 were treated at
CVK. One other patient was treated at Charité Campus
Benjamin Franklin and 1 at Unfallkrankenhaus Berlin,
a major trauma center; both of those institutions are
in different districts of the city. A total of 7 ICUs, 3 at
DHZB and 4 at Charité CVK, and 3 regular wards were
affected by the outbreak. Cases were first observed at
Charité CVK, then the outbreak shifted after a patient
was transferred to 2 ICUs at DHZB. Since late August
2019, nearly all isolates have been recovered on those
2 ICUs (Figure 1). Environmental investigations per-
formed at those ICUs in September 2019 did not reveal
any point source.

Patient Information and Outcomes
Among the 24 patients whose cultures grew Pandoraea
spp., the median age was 67 (range 45-81) years; 50%
were male and 50% female. Clinical data were avail-
able on 23 patients. Median time from admission to
Pandoraea spp. detection was 22 days; 22 (96%) of the
23 patients were treated in ICUs. Patients had numer-
ous underlying conditions, and the median CCI was 6
(range 0-13). All patients had received antimicrobial
drug treatment during their hospital stays before Pan-
doraea spp. detection, 65% had undergone surgery,
and 65% received mechanical ventilation (Table 1).
We considered 12 patients colonized and 10 pa-
tients infected. For 2 cases, we were unable to make a
classification. All 10 of the infected patients were on
mechanical ventilation, compared with only 4 (33%)
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colonized patients. Among infected patients, 8 had
lower respiratory tract infections and 2 had intraab-
dominal infections. In 5 infected patients, Pandoraea
spp. was part of a polymicrobial culture, and in the
other 5 infected patients, no other pathogens were
detected. Pandoraea spp. infections were treated with
imipenem in 8 patients and meropenem in 2 patients.
TMP/SMX was administered as stepdown therapy
in 1 patient after initial treatment with imipenem. All
respiratory tract infections resolved, whereas the 2
patients with intraabdominal infections had compli-
cated clinical courses that involved several surgical
interventions and protracted administration of vari-
ous antimicrobial agents in both cases (Appendix).
Among the 10 infected patients, 4 died dur-
ing hospitalization. None of those deaths were
judged to be directly related to the Pandoraea spp.
infections (Table 2, https://wwwnc.cdc.gov/EID/
article/29/11/23-0493-T2.htm).

Microbiology Results
During July 2019-December 2021, Pandoraea spp. was
cultured from 43 clinical specimens, including throat

swabs, respiratory secretions, bile, ascites, intraab-
dominal specimens, and wound swabs. Numerous
blood cultures were collected from 19 of the 24 pa-
tients. However, Pandoraea spp. was only detected in
1 blood culture from a patient with a complicated in-
traabdominal infection. Pandoraea spp. isolates grew
readily after overnight culture on commercial solid
media, such as Columbia blood or MacConkey agars.
Single colonies appeared pale to grayish, displayed
weak oxidase activity, and were catalase negative.
Neither a mucoid phenotype nor small colony vari-
ants were observed.

Using the VITEK 2 GN ID card, identification was
possible only to the genus level. In 4 of 17 tested iso-
lates, a reliable discrimination between Pandoraea spp.
and Bordetella hinzii could not be made by VITEK 2.
In the remaining 13 isolates, we identified Pandoraea
spp. with probabilities ranging from 95% to 99%. All
36 isolates tested by VITEK MALDI-TOF mass spec-
trometry were identified as P. sputorum with a score
of 99.9. We were able to perform WGS to differenti-
ate P. commovens from P. sputorum on isolates from
patients 7, 9-11, and 14-24, as described in the next

Figure 1. Timeline of an outbreak of Pandoraea commovens among non—cystic fibrosis intensive care patients, Germany, 2019-2021.
The cases clustered at Charité Campus Virchow Klinikum (university hospital) and Deutsches Herzzentrum Berlin (heart center), 2
neighboring institutions that are on the same grounds and staff and patients regularly move between the 2 institutions. Wards 1-7 are
located at the same grounds; wards 8 and 10 are located in facilities elsewhere in Berlin (indicated by grey background). X symbols
indicate calendar weeks with detection of P. commovens.; horizontal bars in timelines indicate length of stay. ICU, intensive care unit;
ND not done; Pt., patient; WGS ID, whole-genome sequencing identification number corresponding to the numbering in phylogenetic

tree (Figure 2).
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section. Because of the local and temporal relation-
ship, identical colony morphology and antimicrobial
susceptibilities, we assumed that the correct species
identification was P. commovens in all patients report-
ed in this outbreak and that P. sputorum was a mis-
identification resulting from limitations in the VITEK
mass spectrometry database.

We performed susceptibility testing on 35 isolates.
For susceptibility testing methods, agreement between
VITEK 2 and MICRONAUT-S broth microdilution
plates was good for most tested antimicrobial agents.
According to EUCAST PK/PD breakpoints, MICs ob-
tained for ampicillin/sulbactam and imipenem were
consistently found to be susceptible at standard dos-
ing levels. MICs for TMP/SMX were <20 mg/L in all
tested isolates. Cephalosporins including ceftazidime/
avibactam, ceftolozane/tazobactam, and cefiderocol
tested resistant, as did fluoroquinolones, aminoglyco-
sides, tetracyclines, and colistin (Table 3).

Discrepancies between VITEK 2 and microdilu-
tion were apparent for piperacillin and piperacillin/
tazobactam; higher MICs were detected using VITEK
2 (range 16 to >128 mg/L for both) than with micro-
dilution (range <4 to 32 mg/L for piperacillin and <1
to 2 mg/L for piperacillin-tazobactam). MICs for me-
ropenem and ertapenem were also higher in VITEK
2 (range 4-8 mg/L and 1 to >8 mg/L, respectively)
than in microdilution (range 1-4 mg/L and <0.5 to 1
mg/ L, respectively).

Genomic Characterization and Phylogeny

We screened the genome assemblies from 15 isolates
from our outbreak against genomes in RefSeq. We
found the genome assembly GCF_902459615.1 of P.
commovens strain LMG 31010 to be the most similar,
then P. sputorum strain ATCCBAA64, and P. oxalativ-
orans strain DSM 23570. The average genome-wide
nucleotide identity between isolate LB-19-202-79 and
GCF_902459615.1 was 99.5% and identity between
LB-19-202-79 and P. sputorum GCF_900187205.1 was
94.1%. Thus, we designated our strain as P. commov-
ens strain LB-19-202-79. The phylogenetic tree derived
from the pairwise phylogenetic distances showed
that all our isolates are closely related to each other
and distinct from P. commovens strain LMG 31010 and
other Pandoraea spp. (Figure 2). We concluded that
the outbreak isolates were from a single origin.

The assembly of isolate LB-19-202-79 (NCBI Bio-
Sample no. SAMN30015177) from nanopore sequenc-
ing data yielded 1 circular chromosome of 5.9-mega-
base length (GC content 57%; GenBank accession no.
CP102780) and 1 plasmid of 80.7 kb length (GC con-
tent 63%, 2 copies; GenBank accession no. CP102779).

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023

P. commovens among Non—Cystic Fibrosis Patients

Table 1. Patient characteristics in an outbreak of Pandoraea
commovens among non—cystic fibrosis intensive care patients,
Germany, 2019-2021*

Characteristics Valuet IQR
Sex
M 12 (50) NA
F 12 (50) NA
Age, y 67 (45-81) 61-69
Length of stay, d 51 (0-131) 32-105
Discharged alive 17 (74) NA
Time to detect P. commovens, d 22 (0-131) 11-45
Intensive care unit admission 22 (96) NA
Invasive ventilation 15 (65) NA
Renal replacement therapy 7 (30) NA
Surgery 15 (65) NA

Antimicrobial drug therapy

During hospitalization 23 (100) NA

During previous 3 mo 14 (82) NA
Immunosuppressed 5 (22) NA
Charlson Comorbidity Index 6 (0-13) 3-6
Vascular disease or disorder

Myocardial infarction 4 (17) NA

Congestive heart failure 14 (61) NA

Peripheral vascular disease 3(13) NA

Cerebrovascular accident 3 (13) NA
Chronic lung disease 6 (26) NA
Peptic ulcer disease 1(4) NA
Moderate to severe liver disease 3 (13) NA
Moderate to severe CKD 9 (39) NA
Diabetes mellitus 5(22) NA

Diabetes mellitus with end-organ 4(17) NA
damage
Cancer

Solid tumor 2(9) NA

Leukemia 2(9) NA

Lymphoma 2(9) NA

*Data reflect 23 cases, except for sex, median age, and median length of
hospitalization (n = 24). CKD, chronic kidney disease.
tValues are no. (%) or median (range).

A search of the plasmid sequence against the
NCBI BLAST nucleotide database (https://blast.
ncbi.nlm.nih.gov) revealed several alignments
to the plasmid of Burkholderia aenigmatica strain
CMCC(B)23010 (GenBank accession no. CP091649.1),
totaling ~22 kb and =99.9% sequence identity. That
strain is a member of the Burkholderia cepacia com-
plex and was originally isolated from water purified
for pharmaceuticals. Apart from that, we only found
alignments to transposase genes in Klebsiella pneu-
moniae plasmids.

The annotation of the LB-19-202-79 chromosome
yielded 2 B-lactamase family proteins thatarealsofound
inthe P. commovens strain LMG 31010 genome assembly
and have >99% amino acid identity. The p-lactamase
withlocus tag NTU39_20675 was identified as an oxacil-
linase (OXA) 62 family carbapenem-hydrolyzing class
D enzyme and now is denoted as allele blaOXA-1149
in the NCBI Reference Gene Catalog. The p-lactamase
with locus tag NTU39_00730 was identified as a class
C B-lactamase. We analyzed the complete resistome
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Table 3. Antimicrobial susceptibilities of Pandoraea commovens
isolates in an outbreak among non-cystic fibrosis intensive care
patients, Germany, 2019-2021
Antimicrobial drugs

Breakpoints, mg/L

tested MIC, mg/L  Susceptible Resistant
Ampicillin >32 <2 >8
Ampicillin/sulbactam <2 <2 >8
Piperacillin 810 >128 <8 >16
Piperacillin/tazobactam <1to>128 <8 >16
Temocillin >128 IE IE
Cefotaxime 8-16 <1 >2
Ceftazidime >64 <4 >8
Cefepime >64 <4 >8
Ceftolozane/tazobactam 16 to >256 <4 >4
Ceftazidime/avibactam 16 to >256 <4 >8
Cefiderocol >256 <2 >2
Meropenem 1-8 <2 >8
Imipenem <0.25t01 <2 >4
Imipenem/relebactam <1 <2 >2
Ertapenem <0.5to >8 <0.5 >0.5
Aztreonam 321t0>128 <4 >8
Aztreonam/avibactam >128 NA NA
Ciprofloxacin >4 <0.25 >0.5
Moxifloxacin >8 <0.25 >0.25
Gentamicin 8to >16 <0.5 >0.5
Tobramycin >16 <0.5 >0.5
Amikacin >64 1 >1
TMP/SXT <20 IE IE
Fosfomycin 128 to >256 IE IE
Colistin >16 IE IE
Minocycline 1-4 IE IE
Tigecycline 1 <0.5 >0.5
Doxycycline >16 IE IE

*MIC results are from susceptibility testing of 35 Pandoraea spp. isolates.
The table comprises results of different test methods VITEK 2 (bioMérieux,
https://www.biomerieux.com), MICRONAUT-S broth microdilution
(MERLIN Diagnostika GmbH, https://www.merlin-diagnostika.de), and MIC
strips (Liofilchem, https://www.liofilchem.com). IE, insufficient evidence, no
breakpoints available; NA, not applicable; TMP/SXT,
trimethoprim/sulfamethoxazole.

tAccording to pharmacokinetic/pharmacodynamic (non—species related
breakpoints from European Committee on Antimicrobial Susceptibility
Testing Clinical Breakpoint Tables version 11.0, 2021
(http://www.eucast.org).

comprising all genes associated with antimicrobial
esistance as determined by the BV-BRC genome anno-
tation (Appendix Table). The complete genome anno-
tation is available at BV-BRC (accession no. 2508289.5;
https:/ /www.bv-brc.org/view/Genome/2508289.5).

Discussion

We describe a large Pandoraea spp. outbreak compris-
ing 24 non-CF patients. In contrast to earlier outbreaks
that took place uniformly among CF patients (6,9,12),
none of the patients in this outbreak had CF. However,
all but 1 patient were treated in an ICU immediately be-
fore or during the time when P. commovens was isolated.
All patients had received antimicrobial drugs before P.
commovens isolation, and all likely acquired the patho-
gen in the hospital. Most of the patients had undergone
surgery or were on mechanical ventilation, and their
overall CCI was high (median 6, range 0-13). Those
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observations align with earlier case reports on Pan-
doraea spp. infections among non-CF patients (16-21).

As described by others (35), we experienced dif-
ficulties in correctly identifying the species of the out-
break strain. In several cases, P. commovens was mis-
identified as B. hinzii by biochemical means. Because
P. commovens was not identified as a separate species
before November 2019 (2), VITEK MALDI-TOF mass
spectrometry analysis misidentified the outbreak
strain as P. sputorum.

Pandoraea spp. can harbor multiple antimicrobial
resistance and biodegradation genes, enabling the
pathogen to persist in the hospital environment (6).
Our resistome analyses and the course of this out-
break that lasted for 2.5 years suggest that P. commov-
ens LB-19-202-79 is equipped with such an armament.

Pandoraea spp. exhibit resistance to most antimi-
crobial agents, including penicillins, cephalosporins,
fluoroquinolones, aminoglycosides, and colistin, but
frequently are susceptible to imipenem and TMP/SMX
(14,36,37). Resistance is mediated by different efflux
pumps and (-lactamases with a carbapenem-resistant
phenotype observed in isolates carrying OXA-62 or
a homologue to OXA-153, both carbapenem-hydro-
lyzing oxacillinases. OXA-62 hydrolyzes meropenem
more efficiently than imipenem, but expanded-spec-
trum cephalosporins are only poor substrates (5,6,38).
Among the B-lactamase family proteins detected in
our strain, one was identified as an OXA-62 family
carbapenem-hydrolyzing class D [-lactamase, now
denoted as OXA-1149. However, all our P. commovens
isolates were susceptible to imipenem but showed el-
evated MICs (1-8 mg/L) for meropenem, correspond-
ing to susceptible to increased exposure according to
EUCAST PK/PD non-species related breakpoints. The
high-level resistance of P. commouvens to all cephalospo-
rins might at least in part be mediated by the expres-
sion of a class C B-lactamase (39). Although all 8 pa-
tients with respiratory tract infections recovered with a
single course of antimicrobial drugs, the 2 patients with
P. commovens intraabdominal infections had relapsing
courses of disease. Pandoraea spp. are environmental
bacteria and can thrive in wet settings, such as an ab-
dominal area undergoing multiple surgeries. Under
such circumstances, armed with a class D carbapen-
emase, P. commovens LB-19-202-79 might withstand
even prolonged targeted antimicrobial treatment, as
noted in patient 7 (Appendix).

The assessment of the clinical significance of de-
tection of P. commovens in the patients in this outbreak
was not always straightforward, especially in cases
where Pandoraea spp. was cultured from respirato-
ry secretions. Some cases could easily be classified
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as colonization, such as when only throat swab sam-
ples were positive and patients had no other signs
and symptoms of infection. However, P. commovens
was part of polymicrobial cultures in some patients,
and its role in those cases was difficult to estimate.
P. commovens was the only relevant pathogen that
could be detected in 5 of 8 patients with nosocomial
pneumonia; however, it was only detected in low
to intermediate quantities. Those cases were classi-
fied as infections because patients had nosocomial
pneumonia, which cleared after administration of
targeted antimicrobial drug treatment for P. com-
movens. The pathogenicity of P. commovens in the 2
patients with complicated intraabdominal infections
seemed evident. P. commovens was the predominant
pathogen and was repeatedly isolated from different
materials, even from blood culture in 1 case.

The first limitation of this study is that we were
not able to sequence all Pandoraea spp. isolates from the
outbreak. Some uncertainty remains about whether all
isolates belonged to the outbreak strain P. commouvens
LB-19-202-79. However, given the identical phenotyp-
ic features and the temporal and spatial relationship,
we assume the same strain was responsible for all

P. commovens among Non—Cystic Fibrosis Patients

cases. Second, we were not able to find an environmen-
tal source. Third, detection of Pandoraea spp. could not
easily be classified as colonization or infection in sev-
eral patients; however, that is a well-known dilemma
when low-virulent pathogens are cultured from non-
sterile sites, such as the respiratory tract.

In conclusion, our sequence analysis highlights
the advantage of bacterial WGS for exact species
identification and typing of outbreak isolates. On
the basis of these findings, we conclude that Pan-
doraea spp. are not only capable of spreading among
CF patients, as described before, but also to non-CF
patients. The bacteria can also cause outbreaks on
ICUs, in particular affecting patients with a history
of intensive antimicrobial pretreatment, multiple
abdominal surgeries, and mechanical ventilation.
This outbreak report underscores the critical role
of vigilance among both clinicians and microbiolo-
gists when unusual pathogens occur and the need
for access to modern molecular sequencing tech-
niques in hospital laboratories.

All sequencing data are available from the NCBI under
BioProject no. PRINA849608.

Figure 2. Phylogenetic tree of isolates from an outbreak of Pandoraea commovens among non—cystic fibrosis intensive care patients,
Germany, 2019-2021. Genome assemblies from 15 isolates (labeled LB) compared with Pandoraea spp. genomes in the National Center
for Biotechnology Information RefSeq database (https://www.ncbi.nim.nih.gov) found the genome assembly GCF_902459615.1 of P.
commovens strain LMG 31010 was the most similar. The tree was created by using neighbor joining the calculated pairwise phylogenetic
distances between genome assemblies and available database sequences. Scale bar indicates nucleotide substitutions per site.
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Micro-Global Positioning Systems
for ldentifying Nightly Opportunities
for Marburg Virus Spillover to
Humans by Egyptian Rousette Bats

Brian R. Amman, Amy J. Schuh, Gloria Akurut, Kilama Kamugisha, Dianah Namanya,
Tara K. Sealy, James C. Graziano, Eric Enyel, Emily A. Wright, Stephen Balinandi,
Julius J. Lutwama, Rebekah C. Kading, Patrick Atimnedi, Jonathan S. Towner

Marburg virus disease, caused by Marburg and Ravn
orthomarburgviruses, emerges sporadically in sub-Saharan
Africa and is often fatal in humans. The natural reservoir is
the Egyptian rousette bat (ERB), which sheds virus in sa-
liva, urine, and feces. Frugivorous ERBs discard test-bitten
and partially eaten fruit, potentially leaving infectious virus
behind that could be consumed by other susceptible ani-
mals or humans. Historically, 8 of 17 known Marburg virus
disease outbreaks have been linked to human encroach-
ment on ERB habitats, but no linkage exists for the other
9 outbreaks, raising the question of how bats and humans
might intersect, leading to virus spillover. We used micro—
global positioning systems to identify nightly ERB forag-
ing locations. ERBs from a known Marburg virus—infected
population traveled long distances to feed in cultivated fruit
trees near homes. Our results show that ERB foraging be-
havior represents a Marburg virus spillover risk to humans
and plausibly explains the origins of some past outbreaks.

Marburg virus (MARV) and Ravn virus (RAVYV)
(family Filoviridae, genus and species Orthomar-
burguirus marburgense) are the causative agents of Mar-
burg virus disease (MVD). The prototypical filovirus
and close relative of Ebola virus, MARV was identified
in Germany and the former Yugoslavia in 1967 when
laboratory workers had MVD develop after handling
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infected African green monkeys (Cercopithecidae:
Chlorocebus tantalus) imported from Uganda (1,2). Since
then, 16 additional MVD outbreaks have been report-
ed, with case-fatality rates of 23%-90% (3). A reported
large MVD outbreak in Africa (>100 cases) occurred at
the Gorumbwa mine in eastern Democratic Republic
of the Congo during 1998-2000, followed nearly a de-
cade later by 2 small outbreaks, at the Kitaka mine in
southwest Uganda in 2007 (4,5) and Python Cave in
Queen Elizabeth National Park, ~32 km from Kitaka
mine, in 2008 (6).

Subsequent ecologic investigations identified the
Egyptian rousette bat (ERB; Rousettus aegyptiacus), a
cave-dwelling fruit bat, as the MARV natural reservoir
based on the repeated detection or isolation of MARV
and RAVYV directly from ERBs captured at those and
other locations (7-15). This conclusion is further sup-
ported by experimental infection studies showing that
ERBs are capable of shedding MARYV for up to 3 weeks,
the highest amounts in oral secretions and urine and to
a lesser extent in feces (16-18), and that sustained bat-
to-bat MARYV transmission is possible under laboratory
conditions in the absence of any other animals or arthro-
pods normally found in their natural habitat (18).

Many MVD outbreaks were associated with direct
human encroachment into ERB roosts and presumably
exposure to infectious ERB material such as urine or fe-
ces. However, more than half (9/17) of historic MARV
spillover events are epidemiologically unlinked to
ERB cave habitats or infected secondary hosts. Because
ERBs in Africa prefer to roost in unpopulated forested
areas, pinpointing the intersections between ERBs and
humans is difficult. Moreover, human infection with
MARYV occurs through broken skin or mucous mem-
branes such as the eyes, nose, or mouth, implying the
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need for direct or indirect contact with an infected bat or
infectious bodily fluids.

The question remains then, how do MVD outbreaks
that are geographically distant from and epidemiologi-
cally unlinked to caves or mines get started? One pos-
sibility is suggested by virus stability studies showing
that MARV remains viable for up to 5 days on surfaces
such as wool and glass (19) or up to 6 hours on the sur-
faces of banana and mango, favorite foods among wild
ERBs (20). This level of virus stability might provide suf-
ficient time for humans, nonhuman primates (NHPs),
or other potentially susceptible wildlife or domestic
animals to be infected by indirect contact with contami-
nated surfaces or by consumption of fruits soiled with
infectious ERB urine, feces, or saliva. ERBs routinely test
bite and discard unwanted fruit or spit out masticated
fruit pulp in the tree or on the ground (21,22), provid-
ing another means for releasing infectious virus into
the environment. This behavior of test biting fruit most
likely extends to all ERBs throughout their distribution
in sub-Saharan Africa, where multiple other MVD out-
breaks have occurred (Figure 1). We used micro-global
positioning systems (micro-GPS) to track nightly move-
ments of ERBs in Uganda to identify opportunities for
MARYV spillover to humans.

Methods

Ethics and Biosafety

All animal work was performed with approval of the
Centers for Disease Control and Prevention Institu-
tional Animal Care and Use Committee (protocol
no. 3063AMMBATX-A2) and with permissions from
the Uganda National Counsel for Science and Tech-
nology (NS 614) and the Uganda Wildlife Authority
(COD96/05) and through collaborations with Uganda
Wildlife Authority and Uganda Virus Research Insti-
tute. All personnel wore appropriate personal protective
equipment while performing all bat handling aspects of
this field study as described (23). Those materials and
procedures included disposable gowns or Tyvek cov-
eralls, double gloves (including bite-resistant gloves if
necessary), face shields, and respiratory protection.

Bat Capture and Processing

To determine if ERBs, originating from a known MARV-
infected population, routinely travel long distances to
forage in cultivated fruit crops near homes, we fitted 100
male bats from Python Cave in Maramagambo Forest,
part of Queen Elizabeth National Park in Uganda, with
micro-GPS units and tracked their nightly movements.
This process was performed over 2 separate capture ses-
sions, once in February 2022 and again in August 2022,

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 29, No. 11, November 2023

GPS for Identifying Marburg Virus Spillover

Figure 1. Distribution of Rousettus aegyptiacus bats in Africa
(dark gray shading), showing locations of known Marburg virus
disease spillover events into humans (red dots) and Egyptian
rousette bats (R. aegyptiacus) that previously tested positive for
Marburg or Ravn viruses (yellow dots). The bat distribution was
adapted from the International Union for Conservation of Nature
and Natural Resources Red List of Threatened and Endangered
Species distribution maps (https://www.iucnredlist.org), except
for the shaded area in Sierra Leone indicated by the yellow dot
and black arrow, which represents a range extension for Egyptian
rousette bats not shown on the Red List website (7).

marking 50 bats each time. We selectively captured the
bats by using handheld sweep nets. Only adult male
bats were used in this study, to avoid burdening preg-
nant female bats with the GPS units.

As part of an ongoing zoonotic virus surveillance
effort at Python Cave, an additional 50 bats were cap-
tured for destructive sampling. The bats were humanely
euthanized under anesthesia and necropsied following
procedures outlined in Amman et al. (23). Tissues har-
vested were cardiac blood, liver, spleen, heart, lung,
kidney, salivary gland, and axillary lymph node; tissues
were either flash frozen in liquid nitrogen for storage or
placed in of virucidal lysis buffer and homogenized (100
mg tissue in 1 mL MagMax Lysis Buffer; Life Technolo-
gies, https:/ /www.thermofisher.com) for RNA extrac-
tion and downstream PCR analysis. When handling bats
and performing necropsies, all personnel wore appro-
priate personal protective equipment that included dis-
posable gowns, double gloves )including bite-resistant
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gloves if necessary), and powered air-purifying respira-
tory protection.

Viral Detection

We extracted RNA from 125 pL of tissue homogenate
on the MagMAX Express-96 Deep Well Magnetic Par-
ticle Processor (Thermo Fisher Scientific, https:/ /www.
thermofisher.com) from homogenized tissues by using
the MagMAX Total RNA Isolation Kit (Thermo Fisher
Scientific). We then tested the extracted RNA by quan-
titative reverse transcription PCR (qQRT-PCR) targeting
the MARV protein 40 gene (VP40; see Amman et al. [7]
for primer and probe sequences) and the eukaryotic 185
rRNA gene (Eukaryotic 185 rRNA Endogenous Control
Kit; Thermo Fisher) by using the SuperScript Il Plati-
num One-Step qRT-PCR Kit (Thermo Fisher Scientific).

GPS Tracking and Data Analysis

We attached small (<7 g) micro-GPS units (Telemetry
Solutions, https://www.telemetrysolutions.com) to
an area of the bat’s dorsum just between the scapulae
(Figure 2) by using a veterinary adhesive (America’s
Acres Inc., https:/ /americasacres.com). We used male
bats weighing >100 g (mean 161.0 g, range 118.0-188.0
g) to keep the total percentage of unit weight to body-
weight ratio <10%. We kept bats fitted with GPS units
in a screenhouse for several minutes to ensure a good
GPS fit and unincumbered flight before release. The
GPS units were preprogramed to begin collecting data
at 5-minute intervals beginning at 7:00 pm and stop-
ping at 5:00 AM the next morning for the duration of the

Figure 2. Micro—global positioning system placement on an adult
male Egyptian rousette bat (Rousettus aegyptiacus). Micro—global
positioning system units (<7 g; Telemetry Solutions, https://www.
telemetrysolutions.com) were attached to the dorsum of male bats
weighing >100 g.

2240

battery life. We placed a base station capable of wire-
less data download (Telemetry Solutions) just inside the
entrance of Python Cave so that the entire cave interior
was within line-of-site. To preserve GPS battery life, we
used a repeater antenna outside the cave to transmit sat-
ellite signal to the GPS units on the bats inside the cave.

We collected the base station 5-7 days after the last
GPS unit was deployed and downloaded the data to
the Collar software (Telemetry Solutions) where it was
converted to KML (Keyhole Markup Language) file for-
mat and viewed on Google Earth Pro version 7.3.4.8642
(https:/ /www.google.com) to locate foraging sites and
generate minimum convex polygons. We calculated
average flight distance by using ArcGIS Pro 2.9.2 (En-
vironmental Systems Research Institute, Inc., https://
www.esri.com) to estimate movement by converting
multiple KML layers to shapefiles and using the Gen-
erate Near Table Tool (https://pro.arcgis.com) with
the Geodesic method selected for the Method param-
eter to calculate distances between the furthest 2 GPS
locations. We defined foraging sites as areas where the
GPs-fitted bats remained in the area, presumably feed-
ing, for >30 minutes. We examined GPS trajectories to
locate bat visits within 0-30 m from houses, cultivated
crops, or forest patches near farms or cultivated crops
outside the contiguous forest preserve.

Results

MARYV Circulation in ERBs

Analysis of samples acquired from the ongoing viral
zoonoses surveillance has shown that MARV continues
to circulate in the ERB population roosting in Python
Cave. Of the 50 bats captured for destructive sampling,
2 (4.0%) of 50 had detectable MARV RNA identified by
qRT-PCR.

GPS Tracking
Of the 100 ERBs fitted with GPS units, data from 70
bats were ultimately usable. Data from the other 30
units either were never received or were not usable be-
cause the data points were so few that no discernable
flight pattern could be determined. We suspect that
complete GPS failures were caused by the unit being
pulled off by the bat or its roost mates or by the bat not
returning to that roost, preventing the wireless down-
load of data to the base station. Other reasons might
include failure of the unit, including the battery; fail-
ure of the adhesive; or predation by one of the many
snakes living in the cave or some other predator, such
as birds of prey, in the surrounding area.

Plotting the bat GPS coordinates onto satellite im-
agery showed that over a maximum battery life span
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Figure 3. Google Earth Pro https://www.google.com/earth/versions) images of Egyptian rousette bat (Rousettus aegyptiacus) foraging activity,
southwest Uganda, February 2022. Both images show micro—global positioning system locations of Egyptian rousette bats from a population
of known Marburg virus—infected bats foraging in fruiting trees and cultivated crops near homes in southwest Uganda. Red dots indicate
individual global positioning system points taken at 5-minute intervals, connected by yellow lines indicating the track from one point to another.
A) Home with mango, avocado, papaya, and banana crops =12 km northeast of Python Cave visited by bat MV19. Total time spent at this site
was 5 hours and 35 minutes (10:35 PM—4:10 AM) overnight on February 12, 2022. Inset map shows study area in Uganda (yellow square). B)
Banana crop visited by bat MV18 200 m northwest of a farm, =49 km south-southwest of Python Cave. Total time spent at this site was 1 hour
and 30 minutes 02:00 AM—3:30 AM) on February 13, 2022, and again for 1 hour and 20 minutes (2:40 AM—4:00 AM) on February 14, 2022.

of 4 days (range 1.5-4 days), ERBs from Python Cave
had an average flight distance of 60.18 km (range
0.83-1,176.10 km) and visited 6 different homes and 34
independent cultivated crop localities in the surround-
ing agricultural communities. In some instances, bats
visited the same location on consecutive nights. In to-
tal, 68/70 bats with GPS data (97.14%) made at least 1
visit to a house, a cultivated crop, or a forest patch near
a farm or home in an agricultural area outside of the
forest preserve surrounding Python Cave.

We assessed the accuracy of the GPS data by per-
forming ground truthing, a method used to compare
data from field measurements to data collected remote-
ly, at 2 locations in August 2022 at sites where bats vis-
ited, presumably foraging, for extended periods on con-
secutive nights. At1 house, bat MV19 visited for 5 hours
and 35 minutes (10:35 pm-4:10 AM) overnight on Febru-
ary 12-13, 2022 (Figure 3, panel A). There, mango, papa-
ya, avocado, and bananas were directly observed grow-
ing in the yard and along the sides of the house (Figure
4, panel A). Furthermore, a young pig (Sus scrofa) was
observed rooting under the mango tree (Figure 4, panel
B, C). An interview with the homeowner confirmed that
the mango tree was fruiting in February 2022 when the
GPS-tagged bat foraged in the tree. At a second site, bat
MV18 spent 1 hour and 30 minutes (2:00 aM-3:30 Am) on
February 13, 2022, and then foraged again at the same
site for 1 hour and 20 minutes (2:40 amM-4:00 am) the fol-
lowing night (Figure 3, panel B). The crops visited at this
second site were predominantly bananas but also man-
gos. We have not published GPS coordinates for those
locations to protect the privacy of the property owners.
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Movement Area

To quantify the estimated minimum movement area
where the ERBs appeared to forage nightly, we created
a minimum convex polygon (MCP) (24-27) by using
the outermost peripheral sites (n = 9) where the GPS-
fitted bats foraged for >30 minutes (homes, crops, and
forest patches) for both February and August 2022. In
total, the area of bat foraging activity encompassed by
this MCP was 1,887 km?, of which 44.8% (846 km?) was
in agricultural or community areas outside the forest
(Figure 5). Even though the shortest distance from Py-
thon Cave and the forest preserve to an agricultural
area was just >0.5 km, the longest distance traveled by
a single bat in 1 night was 57 km, suggesting a theo-
retical foraging zone radiating >50 km in any direction
from an ERB roost. The GPS data also showed that sev-
eral ERBs came within 10 km of Kitaka mine, where,
in 2007, 2.8% of an ERB colony containing >100,000
animals, or 5,000 bats total, were found to be actively
infected with either MARV or RAVV (13).

Discussion

Analysis of the tissues from the bats euthanized as part
of ongoing zoonotic viral surveillance determined that
MARYV continued to circulate in Python Cave almost 15
years after 2 tourists were infected there, once in Decem-
ber 2007 and again in July 2008 (6,28). Moreover, the level
of active infection was consistent with that found among
adult bats during previous studies at Python Cave (8),
albeit with a much smaller sample size. The data report-
ed showed that ERBs at Python Cave, a forest-bound
roost of >40,000 bats (8), routinely travel distances
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up to 57 km to forage in peripheral agricultural areas
where they have easy access to human cultivated fruits
and wild fruiting trees opportunistically used by hu-
mans and domestic livestock. Given the known distri-
bution of ERBs in Africa, overlayed by locations of past
MVD outbreaks and MARV-positive ERBs (Figure 1),
the potential area in Africa at risk for virus spillover is
considerable but, on a fine scale, might be limited to for-
aging range of ERB roosts. This behavior presents a pre-
viously underappreciated geographic range and poten-
tial mechanism of MARV spillover that might explain
the origins of MVD outbreaks, such as those most re-
cently in Guinea in 2021, Ghana in 2022, and Equatorial
Guinea and Tanzania in 2023. In all instances, ERBs
were reported near the index case, but ensuing epide-
miologic investigations produced no links between the
primary cases and known ERB colonies.

At Python Cave, 6 of the 70 GPS-tagged ERBs for-
aged in fruiting trees near houses, sometimes on con-
secutive nights by the same bat; 1 house was later con-
firmed to have both mangoes and bananas growing
within a few meters of the structure. In that instance, the
ERB stayed at the location for >5.5 hours, vacating the
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area just 2 hours before sunrise, leaving a period of up to
4 hours after sunrise for humans to encounter infectious
virus shed in ERB excreta or oral secretions.

Therole of secondary animal hosts must also be con-
sidered, and at the time of ground truthing, a young pig
was observed rooting under the same mango tree the
ERB visited, not far from children playing in the yard.
Pigs are known to be susceptible to ebolavirus (Reston
and Ebola virus) infection (29,30), which suggest a po-
tential susceptibility to MARYV infection. Given that ex-
perimental infection studies of ERBs have shown that
>10*50% tissue culture infectious doses/mL of MARV
can be shed intermittently in oral secretions for up to 19
days after infection (16,18,31), this mechanism of bat-to-
human MARYV transmission is plausible, as well as po-
tential transmission events involving intermediate hosts
such as pigs or NHPs. Such competition for cultivated
fruit could draw ERBs and other animals together in
time and space when they otherwise might not interact.

MVD and Ebola disease outbreaks have been ini-
tiated through hunting or scavenging of infected sick,
dying, or recently dead animals or by unwitting impor-
tation of diseased NHPs for research (1,2,32-34). Both

Figure 4. House visited by
Egyptian rousette bat (Rousettus
aegyptiacus) MV19, southwest
Uganda, February 2022. A)
Front view of the house where
bat MV19 spent 10:35 pPMv—4:10
AM on February 12 and 13,
2022, foraging: 1, mango tree;

2, avocado tree; 3, papaya tree;
4, banana crop. B) Pig rooting
underneath a mango tree (yellow
circle). C) Enlargement of yellow
circled area from panel B.
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Reston virus, an ebolavirus, and Nipah virus, a para-
myxovirus carried by multiple species of Pteropus bats,
have emerged in pigs (35,36), and Reston virus emerged
in NHPs imported from the Philippines to the United
States in 1989 (37). Moreover, domestic pigs were be-
lieved to have been infected with Nipah virus by eating
fruit dropped by bats that was contaminated with bat
excreta (38), and infectious MARV was recovered from
experimentally inoculated banana and mango up to 6
hours postinoculation (20).

Although the exact number of bats visiting the areas
identified by the GPS units is unknown, newly indepen-
dent juvenile ERBs have been shown to use the same
navigation routes and foraging areas as their mothers
(39). Therefore, it is probable that older juvenile bats, the
age cohort with the highest incidence of MARV infec-
tion (8), forage on the same cultivated crops as their male
GPS-fitted ERB counterparts. This result is supported
by findings that human-generated land use changes
are linked to increases in the abundance of zoonotic
reservoir species, along with decreases in nonreservoir
species (40). This loss in biodiversity correlates with in-
creased human exposure to zoonotic pathogens (41-43).
It is therefore not difficult to picture the remnants of a
forest surrounded by drastically altered agricultural ar-
eas as having much reduced biodiversity, leading to in-
creased prevalence of ERBs practicing foraging patterns
learned from older ERBs, thereby continuing to circu-
late MARVs in the surrounding altered habitat areas.

The GPS data showed that several ERBs came
close to Kitaka mine, which supports earlier published
accounts that infected ERBs at Python Cave, 32 km
from Kitaka mine, routinely travel between roosts, ef-
fectively creating a small scale metapopulation within
2 forest preserves (8). Combined with twice yearly
breeding and seasonal pulses of up to 12% MARYV in-
fection in juvenile ERBs, this finding could help explain
how such a large amount of MARYV genetic diversity is
maintained at those 2 locations (8,13,44). The foraging
data also suggest that other homes and agricultural
areas in Uganda, beyond what is shown here, are fre-
quented by ERBs. To get a sense of the overall potential
for ERB-human interactions, we can consider that 8.5%
(6/70) marked bats visited fruit trees near homes over
an ~4-day period. Extending those values to an ERB
population of 40,000 bats, 2.8 % of which are actively in-
fected, translates to 95 home visits by MARV-infected
bats every 4 days, or 8,668 infected bat visits per year.
Although highly consequential if infection does occur,
those numbers also suggest that, despite the large geo-
graphic zone of risk surrounding ERB roosts, actual
spillover events that result in outbreaks are rare, prob-
ably requiring an alignment of multiple circumstances,
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Figure 5. Minimum convex polygons (MCP) of Egyptian rousette
bat (Rousettus aegyptiacus) total forage area, southwest Uganda,
February and August 2022. Yellow lines indicate MCP of forage
area overall (1,887 km?); orange lines indicate MCP of forage
area in agricultural communities (846 km?). Red dots for all
MCPs indicate the outermost peripheral sites where the bats
fitted with micro—global positioning system units foraged for >30
minutes. MCPs are shown in relation to Python Cave, where the
Egyptian rousette bats roost and were fitted with the micro—global
positioning system; the house visited by bat MV19; and Kitaka
Mine, the site of a 2007 Marburg virus outbreak.

including seasonal fruiting periods, akin to that pro-
posed for how Hendra virus spills over into horses
(45). Nevertheless, a successful transmission event of
this batborne virus or others, even if extremely rare,
can be devastating. Examples include the recent Ebola
outbreak in West Africa during 2013-2016 that infect-
ed >28,000 persons, primarily in Guinea, Sierra Leone,
and Liberia, and, more recently, the COVID-19 pan-
demic caused by SARS-CoV-2, a batborne coronavirus
that spilled over into humans, possibly from a horse-
shoe bat (Rhinolophus affinis) (46).

We report findings of visits to cultivated fruit crops
near homes and farms by a known MARV natural
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reservoir, the ERB. Although this information has pub-
lic health usefulness, the study has several limitations,
including battery limitations of the GPS units, shorter
time frames for recording foraging activity, and that
only male bats have been fitted with GPS units to this
point in the study. Investigations of female and older
juvenile bats >100 g, which are the more actively infect-
ed cohort of the population (8), will be useful. Longer
monitoring periods with fewer data points collected to
preserve battery life and increase the number of days
the bats will be tracked will also be useful.
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Global Phylogeography and
Genomic Epidemiology of
Carbapenem-Resistant

bla

OXA-232

—-Carrying Klebsiella

pneumoniae Sequence
Type 15 Lineage

Yuye Wu, Tian Jiang, Xianhong He, Jiayu Shao, Chenghao Wu, Weifang Mao, Huigiong Jia, Fang He,
Yingying Kong, Jianyong Wu, Qingyang Sun, Long Sun, Mohamed S. Draz, Xinyou Xie, Jun Zhang, Zhi Ruan

Prevalence of carbapenem-resistant Klebsiella pneu-
moniae (CRKP) has compromised antimicrobial efficacy
against severe infections worldwide. To monitor global
spread, we conducted a comprehensive genomic epide-
miologic study comparing sequences from 21 bla,, ,.,—
carrying CRKP isolates from China with K. pneumoniae
sequence type (ST) 15 strains from 68 countries avail-
able in GenBank. Phylogenetic and phylogeographic
analyses revealed all bla,,, ,.,—carrying CRKP isolates
belonged to ST15 lineage and exhibited multidrug resis-

he global spread of carbapenem-resistant En-

terobacterales, particularly carbapenem-resistant
Klebsiella pneumoniae (CRKP), poses a severe and on-
going public health threat because of high rates of
illness and death (1). The production of carbapen-
emases is the most crucial carbapenem-resistance
mechanism in gram-negative bacteria worldwide
(2). One of the most prevalent carbapenemase genes,
bla, , ,, (oxacillin-hydrolyzing p-lactamase), is found
predominantly on large and transferable plasmids
in bacteria of order Enterobacterales. Prevalence of

K. pneumoniae strains carrying a bla , ,.~like gene in

tance. Analysis grouped 330 global bla,, ,,,—carrying
ST15 CRKP strains into 5 clades, indicating clonal trans-
mission with small genetic distances among multiple
strains. The lineage originated in the United States, then
spread to Europe, Asia, Oceania, and Africa. Most recent
common ancestor was traced back to 2000; mutations
averaged ~1.7 per year per genome. Our research helps
identify key forces driving global spread of bla_, ,.,—car-
rying CRKP ST15 lineage and emphasizes the impor-
tance of ongoing surveillance of epidemic CRKP.

China increased during 2018-2022 (3-6). Nosocomial
outbreaks, including among pediatric patients, have
called attention to the importance of better under-
standing the transmission potential of CRKP isolates
carrying the bla , . ~like gene (4-6).

bla,,, ,.,, a variant among bla, , . genes with
limited carbapenem hydrolytic activity, was initially
identified in France in 2011 (7). Most bla,, ,., genes
have been discovered on small and nonconjugative
ColKP3-type plasmids (8). In China, some strains of
sequence type (ST) 15, the predominant lineage of

blag,, ,.,,~carrying K. pneumoniae, mediate low-level
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carbapenem resistance and many coexist with viru-
lence plasmids (6,9,10). Applying a previously pro-
posed reverse genomic epidemiology strategy en-
abled us to make genome comparisons of isolates to
identify shared sources of infection on the basis of
genomic similarity (11). This approach, developed in
response to increasing rates of global spread of an-
timicrobial-resistant bacteria, emphasizes the need
to explore transmission of infection from a global
rather than a country- or case-specific perspective.
Limited data from previous studies on the number
and geographic diversity of bla,, ,,,-carrying K.
pneumoniae isolates has impeded full understanding
of the genomic evolution and transmission dynam-
ics of CRKP (5,12).

We aimed to perform a multicenter molecular
epidemiologic study of carbapenem-resistant bla-
oxaamn—carrying K. pneumoniae ST15 isolates in Chi-
na, focusing on the genomic characterization of the
lineage and the genetic context of the bla_, ,,,—car-
rying plasmids. We performed large-scale compre-
hensive genomic epidemiologic analysis to investi-
gate the transmission histories, common ancestors,
evolution rates, and population structures of all
publicly available bla_,, ,,,~carrying K. pneumoniae
of ST15 lineage. Our study provides data that will
help monitor global spread and the epidemic ex-
pansion of K. pneumoniae ST15 lineage and provide
insights for developing new infection control strat-
egies. The ethics committee of Sir Run Run Shaw
Hospital, Zhejiang University School of Medicine,
approved this study (2022-0227).

Methods

Isolate Collection

We performed a retrospective microbiologic char-
acterization of 21 bla,, ,.,—carrying CRKP isolates
obtained from a collection of 2,398 nonduplicate K.
pneumoniae clinical isolates recovered from 5 hospi-
tals across 3 areas of Zhejiang Province, China, dur-
ing August 2018-March 2022. Presence of the bla_, .,
gene was detected by PCR and validated by Sanger
sequencing (13). We identified bacteria using VITEK
2 (bioMérieux, https://www.biomerieux.com) and
matrix-assisted laser desorption/ionization-time-
of-flight (MALDI-TOF) mass spectrometry (Bruker,

https:/ /www .bruker.com).

Antimicrobial Susceptibility Testing

We performed antimicrobial susceptibility testing
(AST) using a broth microdilution method on anti-
microbial agents amikacin, aztreonam, fosfomycin,
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cefoxitin, cefepime, cefotaxime, cefiderocol, levoflox-
acin, imipenem, meropenem, polymyxin, tigecycline,
and ceftazidime/avibactam. We determined MICs
for cefiderocol using iron-depleted cation-adjusted
Mueller-Hinton broth in custom-prepared MIC pan-
els (14). We interpreted antimicrobial susceptibil-
ity breakpoints according to Clinical and Laboratory
Standards Institute 2020 (https://clsi.org) and EU-
CAST 10.0 (https://www.eucast.org/clinical_break-
points) guidelines. We used Escherichia coli ATCC
25922 as a quality control strain for AST.

Plasmid Conjugation

We used rifampin-resistant E. coli EC600 as the recipi-
ent. We selected transconjugants on Mueller-Hinton
agar supplemented with rifampin (300 mg/L) and
imipenem (4 mg/L). We counted numbers of trans-
conjugant colonies after overnight incubation at
37°C and confirmed transconjugants using PCR and
Sanger sequencing.

Whole-Genome Sequencing

We performed whole-genome sequencing using the
short-read Illumina HiSeq X10 (https://www.illumi-
na.com) with 150-bp paired-end protocol. We also se-
quenced the representative isolate (KP3295) selected
from the 21 CRKP isolates on the long-read Oxford
Nanopore MinlON platform (Nanopore Technolo-
gies, https:/ /nanoporetech.com). We assembled the
derived short [llumina reads and long MinION reads
using Unicycler version 0.4.8 (https://github.com/
rrwick/ Unicycler) (15).

Genomic Features and Plasmid Characterization

We annotated genomes using the National Center
for Biotechnology Information (NCBI) Prokaryotic
Genomes Annotation Pipeline (https://github.com/
ncbi/pgap). We determined antimicrobial resistance
genes using ABRicate version 1.0.1 (https://github.
com/tseemann/ abricate) against the NCBI AMRFind-
er database (16) and plasmid replicon types using the
PlasmidFinder database (17). We detected virulence
determinants using Kleborate version 2.1.0 (18) and the
2022 Virulence Factor Database (19). We performed in
silico multilocus sequence typing (MLST) analysis and
bacterial source tracking using BacWGSTdb 2.0 (20).
We used EasyFigure (21) and BLAST Ring Image Gen-
erator (22) to analyze genetic context and homologous
regions of bla, , ., among the isolates.

Phylogenetic Analysis

On June 3, 2022, we retrieved genome sequences of
43,402 K. pneumoniae strains from 114 countries and
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related clinical metadata from the NCBI pathogen
detection portal (Appendix 1, https://wwwnc.cdc.
gov/EID/article/29/11/23-0463-Appl.xlsx).  After
conducting in silico MLST analysis and detecting the
presence of bla, .., gene in K. pneumoniae, we selected
330 bla,,, ,,~carrying K. pneumoniae ST15 strains for
further investigation. On the basis of geographic infor-
mation for each isolate, we created a minimum-span-
ning tree based on core genome MLST allelic profiles
of K. pneumoniae ST15 isolates using chewieSnake (23)
and visualized the phylogenetic tree using GrapeTree
(24). We considered isolates to be closely related geno-
typically when separated by a distance of <20 alleles.
We used Snippy version 4.6.0 (https://github.com/
tseemann/snippy) to align sequences and identify
single-nucleotide polymorphisms (SNPs). We parsed
genome alignment through Gubbins (https://github.
com/nickjcroucher/ gubbins), which identified and re-
moved recombination regions, and inferred and con-
structed a maximume-likelihood phylogeny from those
SNPs. We calculated pairwise SNP distances between
the genomes of each isolate to define clades.

Phylodynamic Analysis

We performed root-to-tip regression analysis using
TempEst version 1.5.3 (https://github.com/beast-
dev/Tempest) to confirm that the maximum-likeli-
hood tree had sufficient temporal signal. We used a
Bayesian Markov Chain Monte Carlo approach imple-
mented in BEAST?2 (25) to analyze alignment of puta-
tive substitution mutations identified by Gubbins, on
which estimates the time-scaled phylogenetic tree was
based, as well as time of most recent common ances-
tor (tMRCA) and mutation rates. We allowed each run
300 million iterations, sampled from every 20,000th it-
eration, and discarded the first 10% of the samples as
burn-in. We estimated the effective sample size using
Tracer version 1.7.1 (https://github.com/beast-dev/
tracer/releases) to evaluate the operation convergence.
We used RhierBAPS version 1.0.1 (26) to analyze the
allele frequency parameters of the bacterial population
and cluster individual sequences to identify the popu-
lation structure, then used the resulting clades as in-
put for the SkyGrowth package (https://github.com/
mrc-ide/skygrowth) to evaluate effective population
sizes. We visualized and annotated phylogenetic trees
using the interactive Tree of Life (iTOL) V5 web server
(27). We analyzed and visualized transmission links
for isolates and nodes with spatial phylogenetic recon-
struction of evolutionary dynamics using SpreaD3 (28)
under a discrete trait model. We deposited genome se-
quences of the 21 CRKP isolates in GenBank (BioPro-
ject accession nos. PRINA818898 and PRINA745926).
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Results

Clinical and Microbiologic Characteristics

During August 2018-2022, we recovered bla, ,,,~
carrying K. pneumoniae strains from 21 of 2,398 K.
pneumoniae patients among 5 hospitals in Zhejiang
Province, an incidence rate of 0.87% (Table 1). Most
patients with diagnosed K. pneumoniae infections
experienced pulmonary infections accompanied by
respiratory failure. According to AST data (Table
2) most of the bla,, ,,,-positive isolates were re-
sistant to amikacin, aztreonam, fosfomycin, imipe-
nem, meropenem, cefoxitin, cefepime, cefotaxime,
and levofloxacin. Those isolates showed low-level
resistance to carbapenems but remained suscepti-
ble to colistin, tigecycline, ceftazidime/avibactam,
and cefiderocol.

Genomic Features and Plasmid Characterization

To investigate the genetic characteristics of bla,, ,.,~
bearing plasmids, we further subjected isolate KP3295
to whole-genome sequencing using the Oxford Nano-
pore MinlON platform. Whole-genome sequenc-
ing data revealed that KP3295 consists of a chromo-
some of 5,329,783 bp and 10 plasmids (177,848 bp,
133,750 bp, 128,536 bp, 9,730 bp, 6,141 bp, 5,640 bp,
4,510 bp, 3,770 bp, and 3,559 bp). The GC (guanine/
cytokine) content of KP3295 was 56.82%; the N50
value was 5,329,783 bp. The bla,,, ,,, gene was car-
ried by a ColKP3-type plasmid (6,141 bp) designated
as pKP3295-5-OXA-232. Among the other 20 bla_, ..,
strains, we identified the bla, , .., gene on ColKP3-
type plasmids of comparable sizes (5,934-6,141 bp).
The plasmid included 9 open reading frames: repA,
mobA, mobB, mobC, mobD, AISEcp1, bla,, ,.,, AlysR,
and AereA (Figure 1). In the conjugation experiment,
the bla,, ,..-carrying plasmid could not be trans-
ferred to E. coli EC600, which is consistent with the
absence of intact conjugal transfer elements in the
backbone structure of that plasmid.

Comparative analysis with the genetic surround-
ings of the 102 bla,, ,,,~carrying plasmids in the
NCBI nucleotide database revealed that the studied
plasmid exhibited 100% coverage and 100% iden-
tity to plasmid pOXA-232, originally isolated from E.
coli, which marked the initial discovery of bla, ,...
When carried by the transposable elements ISEcpl
and Tn1000, the compact 6.1 kb bla,, ,,,~carrying
plasmid could integrate into larger plasmids, such as
POXA-232_30929 (12,351 bp) reported in the Czech
Republic and pAI1235M_P5 (9,117 bp) in India. We
found the conserved 6.1 kb ColKP3 plasmid structure
in association with the transposable element ISEcp1 in
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Table 1. Characteristics of 21 infected patients in China investigated in study of global phylogeography and genomic epidemiology of
blaoxa-23o—carrying carbapenem-resistant Klebsiella pneumoniae sequence type 15

Isolate Age, y/sex Clinical diagnosis Specimen source Isolation date
KP3 78/M Atrial fibrillation, severe pneumonia, respiratory failure Urine 2020 Nov
KP41 66/M Cardiac failure, respiratory failure, urinary tract infection Urine 2020 Nov
KP105 61/F Cholangiolithiasis Bile 2020 Nov
KP232 86/M Cholangiolithiasis Urine 2020 Dec
KP306 42/M Severe acute pancreatitis Excreta 2020 Dec
KP5 61/M Hydrocephalus Urine 2021 Jan
KP441 76/F Lung infection, heart failure Sputum 2021 Jun
KP68 84/F Chronic obstructive pulmonary disease Bronchoalveolar lavage fluid 2021 Sep
KP76 47/F Posttraumatic brain syndrome Blood 2021 Sep
KP77 73IM Multiple brain contusion and laceration Sputum 2021 Sep
KP79 54/M Chronic obstructive pulmonary disease Sputum 2021 Sep
KP81 94/M Cerebral infarction, hypertension Sputum 2020 Aug
KP85 56/M Inhalation lung injury Sputum 2021 Oct
KP89 56/M Inhalation lung injury, respiratory failure Excreta 2021 Nov
KP91 68/M Respiratory failure, diabetes Urine 2020 Dec
KP97 55/F Exogenous injury, motor neuron disease, respiratory failure Sputum 2021 Dec
KP9112 86/F Chronic obstructive pulmonary disease Sputum 2020 Sep
KP135 76/M Cervical spinal fractures, high paraplegia Sputum 2021 Jan
KP8474 49/M Intracranial space occupying lesions Sputum 2020 Jul
KP12339 65/M Intracranial injury Sputum 2019 Jan
KP3295 52/M Paraplegia Urine 2018 Aug

IncFIB-ColKP3 (pBio73) and IncFIB-IncHI1B-ColKP3
(pBio45and pBio3) plasmidsfrom Turkey. Furthermore,
with the help of mobile genetic elements, such as ISEcp1
and TnAs1, the AISEcp1-bla AlysR-AereA structure

OXA-232”
was integrated into plasmids from Bangladesh, specifi-

cally IncFIB-IncFII (p_dm730a_NDMS5 and 730a-copy-
1-OXA-232). Those Inc-type plasmids also carried
other {-lactam resistance genes, including bla._. ., ble

TEM/ M-
o Dlayy,, and bla,, - (Figure 1; Figure 2, panel A).

The 21 CRKP isolates carried several virulence
determinants involving yersiniabactin (fyuA, ybtE,
ybtT, ybtU, irpl, irp2, ybtA, ybtP, ybtQ, ybtX, and
ybtS), aerobactin (iutA and iucABCD), and hyper-
mucoidity (rmpA2). All 21 isolates belonged to
yersiniabactin sequence type 277 (ybST277) and
carried ybt 16. Except for KP232, KP306, and KP77,
all isolates belonged to aerobactin sequence type
1 (AbST1) and contained the aerobactin synthesis

Table 2. MICs for different antimicrobial drugs of 21 blaoxa-2s2—carrying sequence type 15 carbapenem-resistant Klebsiella

pneumoniae isolates from patients in China*

MIC, mg/L
Isolate AMK ATM  FOF FOX FEP CTX LVX IPM  MEM CST TGC FDC CZA
KP3 >128 >128 >128 64 >64 >128 64 8 4 <0.0625 1 2 0.25/0.125
KP41 >128 >128 >128 16 >64 >128 16 4 2 <0.0625 0.25 2 0.5/0.25
KP105 >128 >128 >128 128 >64 >128 128 >128 >128 <0.0625 2 1 0.5/0.25
KP232 >128 >128 128 128 >64 >128 >128 8 4 0.0625 2 0.5 0.5/0.25
KP306 >128 >128 >128 64 >64 >128 64 4 4 <0.0625 1 4 0.25/0.125
KP5 >128 >128 >128 64 64 >128 32 2 4 0.5 2 0.25 21
KP441 >128 >128 >128 32 >64 >128 16 0.5 2 0.125 2 1 21
KP68 >128 >128 >128 64 >64 >128 32 32 32 0.5 1 1 4/2
KP76 >128 >128 >128 32 >64 >128 16 1 1 0.25 1 1 1/0.5
KP77 >128 >128 >128 32 >64 >128 16 0.5 1 0.5 2 0.5 21
KP79 >128 >128 >128 32 >64 >128 32 1 1 0.25 1 16 2/1
KP81 >128 >128 >128 128 >64 >128 128 16 32 0.125 4 1 2/1
KP85 >128 >128 >128 32 >64 >128 16 2 1 0.125 1 0.25 21
KP89 >128 >128 >128 32 >64 >128 32 1 2 0.125 2 0.25 2/1
KP91 >128 >128 >128 128 >64 >128 64 1 2 0.125 0.5 0.5 1/0.5
KP97 >128 >128 >128 64 >64 >128 128 16 32 0.0625 2 1 21
KP9112 >128 >128 >128 64 >64 >128 64 2 2 <0.0625 1 0.5 21
KP135 >128 >128 >128 64 64 >128 64 4 2 0.5 2 0.25 2/1
KP8474 >128 >128 >128 >128 >64 >128 64 1 2 0.0625 1 0.5 21
KP12339 >128 >128 >128 32 >64 >128 16 1 2 0.125 0.5 0.5 21
KP3295 >128 64 >128  >128 >64 >128  >128 32 32 0.25 0.25 0.5 0.25/0.125

*By broth microdilution method for amikacin, aztreonam, fosfomycin, cefoxitin, cefepime, cefotaxime, cefiderocol, levofloxacin, imipenem, meropenem,
polymyxin, tigecycline, and ceftazidime/avibactam; iron-depleted cation-adjusted Mueller-Hinton broth in custom-prepared MIC panels (74) method for
cefiderocol. Breakpoints are according to Clinical and Laboratory Standards Institute 2020 (https://clsi.org) and EUCAST 10.0
(https://www.eucast.org/clinical_breakpoints) guidelines. Escherichia coli ATCC 25922 was the quality control strain. AMK, amikacin; ATM, aztreonam;
FOF, fosfomycin; FOX, cefoxitin; FEP, cefepime; CTX, cefotaxime; LVX, levofloxacin; IPM, imipenem; MEM, meropenem; CST, colistin; TGC, tigecycline;

FDC, cefiderocol; CZA, ceftazidime/avibactam.
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locus iuc 1. Those virulence determinants were all
located on an IncFIB/IncHI1B-type plasmid
(177,848 bp), pKP3295-1, in KP3295, which exhibits
99% identity and 91% coverage to classic virulence
plasmid pLVPK (Figure 2, panel B).

Occurrence and Divergence of ST15 Lineage

We investigated global phylogenetic relationships of
2,118 K. pneumoniae ST15 strains using core genome
MLST analysis with a cutoff of 20 alleles to define
clonality (Appendix 2 Table 1, https://wwwnc.cdc.
gov/EID/article/29/11/23-0463-App2.xIsx). China,
the United States, Ireland, and the United Kingdom
emerged as the countries with the highest prevalences
of ST15. We identified multiple highly homogeneous
strains common between countries, notably United
States-China (n = 317), China-Nepal (n = 251), Unit-
ed Kingdom-United States (n = 162), and Vietnam-
Thailand (n = 124) (Figure 3). Antimicrobial resis-
tance gene testing identified bla, ., (19.07%), bla, ..,
(15.58%), and bla,,,, (10.57%) as the predominant
carbapenem-resistance genes carried by global K.
pneumoniae ST15 strains.

2250

We identified all 21 bla,, ,,, CRKP isolates col-
lected in this study as ST15. We performed phyloge-
netic analysis between the 21 bla,, ,,.—carrying CRKP
isolates and 309 bla, ,,,-carrying K. pneumoniae ST15
isolates obtained from NCBI (Appendix 2 Table 2).
The bla,, ,,,~carrying K. pneumoniae ST15 isolates
originated from 10 different countries: China, Unit-
ed Kingdom, Nepal, Netherlands, Oman, Thailand,
United States, France, India, and Australia. Evalu-
ation of clonal relatedness by core-genome SNPs
revealed that the bla,, ,,,-carrying K. pneumoniae
ST15 isolates had an average distance of 29 (range
0-208) SNPs. Phylogenetic analysis using hierarchi-
cal Bayesian clustering separated ST15 isolates into
2 clusters, I and 1I, closely corresponding to China
and other countries. Cluster I was further divided
into clades 1-4, based on SNP distances <20. Among
2 clades from Hangzhou, Zhejiang Province, China,
clade 1 had distances of 0-14 (median 4) SNPs and
clade 2, 0-20 (median 8) SNPs. Clade 3, primarily
from Shanghai, China, had distances of 0-18 (medi-
an 10) SNPs. Clade 4, from Hangzhou and Taizhou,
Zhejiang Province, showed distances of 0-17 (median
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5) SNPs. Strains outside those clades scattered across
Shandong Province, Jiangsu Province, Jiaxing in Zhe-
jilang Province, and Shanghai, China, as well as in Ne-
pal. Of note, strains SHK022 and SHK012 from China
displayed distances of 13 SNPs, and strains 2703 and
2704 from Nepal, 14 SNDPs. Strains from the other 9
countries were predominantly found in cluster II
(clade 5), with distances 0-202 (median 100) SNPs.
Subsequently, we analyzed effective population
size trajectories for each clade. Clade 1 has steadily as-
cended since its emergence in 2020. Clade 2 exhibited
robust population growth beginning in 2017 and clade 3
in 2016, an increase that projects to clades 2 and 3 domi-
nating global distribution of bla, ,,,-carrying K. pneu-
moniae ST15 lineage in the future. Clade 4 population
sharply declined after emerging, later stabilized, and
has increased in recent years. Clade 5 emerged earlier,
but its population began to decrease in 2014 (Figure 4).
In-depth phylogenetic analysis revealed details
about origins and mutation rates of bla,, ,.,—car-
rying K. pneumoniae ST15 isolates. The correlation
coefficient and R? for the root-to-tip genetic diver-
gence (0.773) compared with time in the TempEst
analysis (0.598) indicated a strong linear relationship
between accumulated mutations and sampling time,
suggesting that enough signal was present to cali-
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POXA-232

[ pOXA-232_30929

I pKP3295
PAI1235M_PS

W oBio73

Figure 2. Genetic comparison of bla,,, ,,,
KP3295 from China with reference plasmids. A) Alignment of bla

OXA-232

Carbapenem-Resistant K. pneumoniae ST15

brate a strict clock model. The median molecular
clock rate was estimated to be 3.40 x 107 (95% high-
est posterior density interval [HPD] 3.10-3.69 x 107)
substitutions/site/year, which translates to 1.7 mu-
tations/ genome/year. The tMRCA for bla, ,.,—car-
rying K. pneumoniae ST15 lineage was estimated from
the temporal height, which dates to 2000 (95% HPD
1996-2003). Strains from China appeared within a
recent time window (after 2015) but have greatly in-
creased, apparently the result of a rapidly expanding
epidemic of clonal transmission.

We also compared carriage of antimicrobial resis-
tance genes and virulence genes by bla_,, ,,,-carrying
K. pneumoniae ST15 strains with strains collected glob-
ally. Our findings suggest that the bla_,, ,,,-carrying
K. pneumoniae ST15 strains in the study were multi-
drug-resistant high-risk clones. The ST15 strains car-
ried several genes that confer resistance to f-lactams
(blaOXA—ZSZ’ blaSHV—l%’ b laTEM—l’ and blaCTX—M—15)’ aminogly-
cosides (aac(6')-1b, aph(6)-Id, and aph(3")-Ib), chlor-
amphenicol (catB), quinolones (qnrB1), sulfonamides
(sul2), 165 rRNA methylase (rmtF1), trimethoprim
(dfrA14), and rifampin (arr2). Most strains also
exhibited intrinsic antimicrobial resistance, potential-
ly attributed to genes like fosA6, 0gxA6, and ogxB20.
Of note, strain KP81 collected in this study harbored
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120 kbp 100 kbp.

—carrying plasmids (A) and virulence plasmids (B) recovered from Klebsiella pneumoniae isolate
—carrying plasmids pKP3295-5-OXA-232 (this study), pAl1235M_P5

(GenBank accession no. CP079136), pOXA-232_30929 (accession no. KX523904), pOXA-232 (accession no. JX423831), pBio45 (accession
no. CP093855), pBio73 (accession no. CP093853), pBio3 (accession no. CP094228), p_dm730a_NDMS5 (accession no. CP096174), and
730a-copy-1-OXA-232 (accession no. CP096173). We used pAl1235M_P5 as the reference plasmid. Red indicates antimicrobial resistance
genes. B) Alignment of virulence plasmids pKP3295-1 (this study), pWWSD411_2 (accession no. CP045675), pvirhs2_HS-3501_NODE2
(accession no. OM975892), p2579_1 (accession no. MK649822), kp7450_p1 (accession no. CP090469), pBA6740_1 (accession no.
MK649823), pE16KP0290-1 (accession no. CP052259), pER17974.3 (accession no. CP059296), p2723—175k (accession no. CP072940),
and pLVPK (accession no. AY378100). We used pLVPK as the reference plasmid. Red indicates virulence genes.
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Figure 3. Minimum spanning tree based on core genome MLST analysis of global bla,, ,,,—carrying carbapenem-resistant Klebsiella
pneumoniae sequence type 15 isolates. Core genome multilocus sequence typing scheme with clade alert distance set as <20 alleles. Line
lengths connecting each circle depict clonal relationships between isolates. Colors of circles indicate different countries. Numbers in square
brackets in the key indicate numbers of isolates recovered from each country. Scale bar represents genetic distance (allelic differences).

Z.C'arbape.ne.mase genes, bla, A2 ar.ld bla ., In ad—
dition, this lineage carries various virulence determi-
nants, including yersiniabactin, aerobactin, and hy-

permucoidity (rmpA2).

Transcontinental Dissemination of Epidemic

ST15 Lineage in the 21st Century

The United States is the likely origin of the ST15 lineage
(Figure 5), the offspring of which were introduced into
other continents, including Europe, Asia, and Oceania.
Transmission from the United States to Europe trig-
gered an epidemic in the United Kingdom. The ST15
lineage was concurrently introduced from the United
States to China, where it is the most common strain
(93.33%, 308/330 isolates). Epidemic clonal transmis-
sions in China were linked to introductions from the
United States (2011-2013), Nepal (2015), and the United
Kingdom (2020). Additional global transmission events
originated in China and reached the United States, Eu-
rope, and Australia. Transmission from China to Aus-
tralia in 2014 triggered subsequent transmission events
from Australia to Europe and Asia. Multiple transmis-
sion events occurred from Europe and Australia to Asia
in 2015-2016, contributing to complex transmission
pathways among countries in Asia. In 2015, strains from

2252

Australia reached Oman and subsequently spread to
Nepal. In the same year, strains from Nepal spread to
Thailand and China. In 2016, strains from Europe were
introduced into Thailand and further disseminated to
Nepal. After a local outbreak, strains from China spread
to India in 2019.

Discussion
Worldwide spread of CRKP has been accompanied
by considerable incidence and death, posing a severe
threat to public health (29,30). Multiple nosocomial
outbreaks of bla, ,,,-carrying K. pneumoniae have
occurred in China and may have contributed to the
prevalence of those strains (5,6,9,31). We analysed the
genomic features of 21 CRKP ST15 isolates carrying
bla, , ,,, collected from various regions in China. We
integrated the results with global data to investigate
the mode of spread and the possible origins of ST15
bla, , ,,—carrying CRKP. Our findings provide new
insights into the genomic characteristics of bla,, ,,,~
carrying K. pneumoniae and transmission dynamics.
Our analysis of bla, ,,,~carrying CRKP genomes
found bla,, ,,, on a 6.1 kb ColKP3 plasmid in isolate

KP3295 with high similarity and coverage with pre-

viously reported plasmids carrying bla,, ,,, detected
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worldwide (6,8,13). Our unsuccessful plasmid con-
jugation experiment demonstrated the presence of
bla,, ,, within a nonconjugative plasmid, confirm-
ing findings from several previous studies (7,31). Inte-
gration of the bla,, .., gene onto IncF-, IncHI1B-, and
IncFlI-type plasmids through the transposon element
ISEcp1 has been documented. IncF- and IncHI1B-type
plasmids serve as crucial carriers for multiple antimi-
crobial resistance genes, such as extended spectrum
B-lactamases and bla,, that exhibit the ability for
interspecies conjugative transfer. Those plasmids are
prevalent among members of Enterobacterales and in-
crease risk for wide dissemination (32,33). The integra-
tion of ColKP3-type miniplasmid on a larger plasmid
suggests that, although not self-transmissible, ColKP3
can be mobilized with the assistance of a self-transmis-
sible plasmid. Of note, plasmids encoding bla are

OXA-232
distributed already in South Asia, Europe, and South

Carbapenem-Resistant K. pneumoniae ST15

America. The insertion sequence ISEcp1 was complete-
ly lost from the plasmid, which may have inactivated
ISEcp1 transposase and ensured the stability of the bla-
oxann Sene on the ColKP3 plasmid (9).

Global dissemination of bla,, ,,, on nonconju-
gative plasmids, along with escalating outbreaks in
China, prompted our investigation into the trans-
mission dynamics and origins of bla,, ,,,-carrying
K. pneumoniae. A systematic phylogenetic analysis of
2,118 global ST15 strains revealed a high degree of ho-
mogeneity among strains originating from different
countries, suggesting the dissemination of K. pneu-
moniae ST15 as a globally prevalent clone. Subsequent
genomic epidemiologic analysis revealed distinct
regional clustering, primarily within China, charac-
terized by minimal SNP distances, suggesting clonal
transmission of bla_, ,,,~CRKP ST15 lineage. Clonal
transmission may also occur between the strains
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Figure 4. Phylogenetic analysis of global bla,, ,.,

A) Time-calibrated maximum clade credibility Bayesian phylogeny based on 330 bla

1989 1999

2009 2019

—carrying carbapenem-resistant Klebsiella pneumoniae sequence type (ST) 15 isolates.

oxazz—Carrying ST15 recombination-filtered core

genomes and distribution of antimicrobial resistance genes and virulence genes in the isolates. The cells with colors indicate presence of
the gene; blank cells indicate absence. Different colored circles indicate the geographic location and separation time of strains. Blue bars
along branches indicate 95% highest posterior probabilities. B) Effective population size of ST15 lineage strains based on the population
structure. Shaded areas indicate 95% highest posterior probabilities. Scale bar indicates number of base substitutions per site.
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Figure 5. Temporal and spatial transmission trajectory of global bla

colored countries on map indicate geographic regions where bla
The bla

OXA-232

{
United King m
{5

OXA-232

OXA-232
—carrying isolate originated in the United States, initially expanded to the United Kingdom and China, then spread to the

9

= Ce I~ A ——

—carrying carbapenem-resistant Klebsiella pneumoniae. Coral-
has occurred; arrows show dates and direction of transmission.

rest of the world, with China as its central focus. Red circles represent major outbreak regions in the United Kingdom and China; size of
the red circles corresponds to the number of strains analyzed in each country.

from China and Nepal based on pairwise distances
<20 SNPs between these strains. Multiple nosoco-
mial outbreaks of bla,, ,,,~CRKP ST15 across differ-
ent geographic regions also provided epidemiologic
evidence to support our investigation (5,6,9). We also
collected 1 K. pneumoniae isolate KP81, carrying both
bla,, ,,, and bla, ., also reported in the United States
in 2020 (34). Emergence of CRKP ST15 carrying both
bla, , ,,, and bla, . ,in China poses a substantial threat
to public health because of its potential for spreading
carbapenem resistance internationally through the
high-risk clone ST15. bla, ,,,~carrying K. pneumoniae
showed low resistance to imipenem and meropenem
in our investigation, also described elsewhere (6,9),
possibly attributable to disruption of efficient hydro-
lytic activity because of loss of a salt bridge between
residues D159 and R214 (35).

We used Bayesian phylogeny to elucidate the
evolutionary history of K. pneumoniae carrying bla-
oxanp Within the ST15 lineage. We estimated that this

specific lineage appeared in 2000 (95% HPD interval
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1989-1998), approximately the same time the ST147
KL10-O3a (2002) and ST258 (1997) lineages were re-
ported (36,37). On the basis of our analysis, we sug-
gest that the ST15 lineage originated in the United
States. In addition, we successfully reconstructed ear-
ly transmission events from the United States to both
Europe and Asia. Importated strains from the United
States and Nepal to China catalyzed clonal spread
of strains already circulating in China. From China,
strains of ST15 lineage were disseminated across
multiple continents and eventually became globally
dispersed. Introduction and inappropriate use of
fourth-generation cephalosporin (38) and carbape-
nem antimicrobial drugs (39,40), approved in clinical
settings in the 1990s, may have influenced the global
emergence and transmission of ST15 lineage.

Our study was limited by focusing solely on
ST15 bla,, ,,,—carrying CRKP strains, which we
did because those strains have the highest isolation
rate in China and have caused multiple nosocomial
outbreaks. Future studies are needed to explore global
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distribution of other lineages. Second, we might have
underestimated prevalence of the bla_, , ,,, gene because
of limited carbapenem hydrolysis activity, possibly re-
sulting in false-negative results in antimicrobial suscep-
tibility testing. Finally, although we comprehensively
evaluated all publicly available ST15 bla,, ,,,~carrying
CRKP strains worldwide, it is possible that some cir-
culating strains went undetected in some regions with
dense strain distribution where isolates were derived
from a small number of surveillance sites. Therefore,
genomic surveillance should be expanded, especially
in countries with low isolation rates, to provide a more
comprehensive understanding of the emergence, expan-
sion, and spread of CRKP. In conclusion, our research
contributes to the comprehension of the global spread of
bla,, ,.,~carrying CRKP ST15 lineage and emphasizes
the need to develop measures for preventing and con-
trolling progression of the CRKP epidemic.
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SARS-CoV-2 Reinfection Risk
In Persons with HIV, Chicago,
IHlinois, USA, 2020—-2022

Richard A. Teran, Alexandra Gagner, Stephanie Gretsch, Jeff Lauritsen, Daniel Galanto, Kelly Walblay,
Peter Ruestow, Colin Korban, Massimo Pacilli, David Kern, Stephanie R. Black, Irina Tabidze

Understanding if persons with HIV (PWH) have a high-
er risk for SARS-CoV-2 reinfection may help tailor fu-
ture COVID-19 public health guidance. To determine
whether HIV infection was associated with increased
risk for SARS-CoV-2 reinfection, we followed adult
residents of Chicago, lllinois, USA, with SARS-CoV-2
longitudinally from their first reported infection through
May 31, 2022. We matched SARS-CoV-2 laboratory
data and COVID-19 vaccine administration data to Chi-
cago’s Enhanced HIV/AIDS Reporting System. Among
453,587 Chicago residents with SARS-CoV-2, a total of
5% experienced a SARS-CoV-2 reinfection, including
192/2,886 (7%) PWH and 23,642/450,701 (5%) persons
without HIV. We observed higher SARS-CoV-2 reinfec-
tion incidence rates among PWH (66 [95% CIl 57—77]
cases/1,000 person-years) than PWOH (50 [95% CI
49-51] cases/1,000 person-years). PWH had a higher
adjusted rate of SARS-CoV-2 reinfection (1.46, 95% ClI
1.27-1.68) than those without HIV. PWH should follow
the recommended COVID-19 vaccine schedule, includ-
ing booster doses.

IV can compromise the immune system; persons

with HIV (PWH), especially those not receiving
antiretroviral therapy (ART), might be vulnerable to
SARS-CoV-2 infection. Studies have reported an in-
creased risk for SARS-CoV-2 infection among those
with immunocompromising conditions (1-3); older
age and underlying health conditions are known to
increase the likelihood of severe COVID-19 outcomes
(4,5). Understanding how COVID-19 affects PWH is
important because approximately half of PWH are
>50 years of age (6) and have higher rates of medical
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comorbidities, compared with persons without HIV
(PWOH) (7,8). Studies have reported conflicting re-
sults regarding SARS-CoV-2 infection among PWH:
adverse COVID-19-related outcomes among PHW
(9); no association between HIV status and infection
risk (10,11); and increased rates of postvaccination
infections in PWH (12,13). Repeat SARS-CoV-2 infec-
tions among PWH and the risk for SARS-CoV-2 re-
infection, compared with PWOH, is less understood.

Recovery from SARS-CoV-2 infection is followed
by a period of infection-induced immunity, during
which antibody titers persist for several months after
infection (14-16). Epidemiologic evidence indicates
that infection-induced immunity alone does not pro-
vide full protection against subsequent infections and
that protection wanes over time (17-22). Observa-
tional studies (23-26) also indicate that SARS-CoV-2
reinfections with different strains are possible even
when infection-induced immunity is coupled with
vaccine-induced immunity; risk is likely compound-
ed in the presence of more transmissible circulating
variants (27). We sought to determine whether HIV
infection was associated with an increased risk for
SARS-CoV-2 reinfection among residents of Chicago,
Illinois, USA.

Methods

Data Sources

We abstracted all variables from public health surveil-
lance and information systems. In Illinois, healthcare
providers and laboratories are required to report both
SARS-CoV-2 and HIV infections among residents to
public health. Most SARS-CoV-2 laboratory test re-
sults are submitted electronically by testing laborato-
ries directly into the Illinois National Electronic Dis-
ease Surveillance System (I-NEDSS). For this analysis,
we defined a SARS-CoV-2 case as a positive SARS-
CoV-2 nucleic acid amplification or antigen test result
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from a respiratory specimen collected from a Chicago
resident and reported to a public health entity. We
considered multiple positive SARS-CoV-2 test results
reported to public health occurring within 90 days as
part of the same SARS-CoV-2 case; we used the earli-
est positive specimen collection date as the index date
for the infection episode.

The Enhanced HIV/AIDS Reporting System
(eHARS) contains records of Chicago residents who
have received an HIV/AIDS diagnosis reported to
public health. Medical providers must report all new
HIV and AIDS diagnoses; laboratories are required
to report all positive HIV diagnostic tests, HIV viral
load test results, CD4 test results, and nucleotide se-
quences from HIV genotypic resistance testing.

COVID-19 vaccine doses administered in the
state of Illinois must also be reported to Illinois” Com-
prehensive Automated Immunization Registry (I-
CARE). I-CARE data include information about the
person receiving the vaccine dose, dose administra-
tion date, and vaccine manufacturer.

Surveillance and Information System Matching

The analytic cohort included Chicago residents with a
positive SARS-CoV-2 test result reported to I-NEDSS
with specimen collection dates on or before March
1, 2022, who were >18 years of age. We followed
cohort members until their second positive SARS-
CoV-2 test result or their death, or until May 31, 2022.
We matched person-level SARS-CoV-2 data from I-
NEDSS to person-level I-CARE data to identify all
COVID-19 vaccine doses administered to the analytic
cohort. We used a modified standardized 12-key hier-
archical deterministic algorithm, described previous-
ly (28). The matching algorithm created 12 variables
or keys using a variation of character combinations
between first name, last name, and date of birth; key
1 (e.g., full last name + first 6 letters of first name +
full date of birth) was the strictest and key 12 the least
strict. We created keys for each discrete dataset (i.e.,
data from I-NEDSS and I-CARE). We compared re-
cords across datasets by proceeding chronologically
through each key. We flagged matched records and
appended them to a separate dataset. We then itera-
tively compared unmatched records across datasets
using key 2 through key 12. We then merged the 12
datasets containing matched records for each key to
create a matched dataset.

To identify PWH, we compared the matched
dataset to a subset of records from eHARS using
a separate 12-key hierarchical deterministic algo-
rithm that also used first name, last name, and date
of birth. The eHARS subset included PWH reported
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in eHARS who were alive as of January 1, 2020,
and whose current city of residence was Chicago
or whose city of residence at death, HIV diagnosis,
AIDS diagnosis, or HIV disease diagnosis was list-
ed as Chicago when current city of residence was
unavailable. The final analytic dataset included
person-level records containing SARS-CoV-2 data,
COVID-19 vaccine data, and HIV data for each per-
son in the analytic cohort.

Category Definitions

We categorized persons with an HIV infection report-
ed to eHARS before their first reported SARS-CoV-2
positive specimen collection date as PWH. For per-
sons with an initial SARS-CoV-2 positive specimen
collection date on or after February 1, 2022, we de-
termined HIV status using eHARS data available as
of January 31, 2022, because that was the most recent
dataset available for analysis. We categorized persons
with no evidence of HIV infection as PWOH. We ex-
cluded persons with an HIV diagnosis after their first
SARS-CoV-2 infection from the analysis. We defined
SARS-CoV-2 reinfection as a SARS-CoV-2 case occur-
ring on or before May 31, 2022, and >90 days from an
initial SARS-CoV-2 positive test result.

Additional Covariates

We obtained age at first infection, sex at birth, race
and ethnicity, and address from SARS-CoV-2 data
reported to I-NEDSS. If sex at birth and race and
ethnicity data were missing, we examined variables
in eHARS and I-CARE and reconciled the data in
the analytic dataset. We used address to categorize
residence into 1 of 7 Chicago regions to account for
differences in SARS-CoV-2 incidence and COVID-19
vaccine distribution and uptake across the city. We
categorized persons into 4 distinct infection groups
(ancestral variant, Alpha and other pre-Delta vari-
ants, Delta variant, and Omicron variant) on the basis
of the specimen collection date of their initial SARS-
CoV-2 infection. We determined thresholds for each
group using local and national molecular surveillance
data; the starting threshold for a new infection group
indicates when 50% of sequenced specimens were at-
tributed to a variant (29-31).

We evaluated vaccination status at the time of the
first SARS-CoV-2 infection, and if applicable, at the
time of reinfection. We categorized persons as unvac-
cinated if they had not received a COVID-19 vaccine
dose; partially vaccinated if they received 1 dose of
a 2-dose COVID-19 vaccine series; and completed
series if they received 2 doses of a 2-dose series or
1 dose of a 1-dose series. We defined an additional
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vaccine dose as any vaccine dose administered after
completing the primary series. We also characterized
vaccination status by vaccine manufacturer of the pri-
mary series.

For PWH, we determined years since HIV diag-
nosis and history of AIDS at initial SARS-CoV-2 in-
fection. We determined history of AIDS on the basis
of a clinical opportunistic illness diagnosis or CD4
count <200 cells/mm?® before the first SARS-CoV-2
infection (32). We identified the laboratory CD4
count and HIV viral load test result preceding the
first SARS-CoV-2 infection for each PWH. We cat-
egorized most recent CD4 count as <200, 200-349,
350-499, or >500 cells/ mm?®. We used HIV viral load
results to describe viral suppression status. We clas-
sified viral loads <200 copies/mL as suppressed,
consistent with the national HIV surveillance defini-
tion of viral suppression (33).

The Chicago Department of Public Health Insti-
tutional Review Board and the Centers for Disease
Control and Prevention reviewed our investigation.
We conducted our study in accordance with depart-
ment policies and applicable federal law (45 C.F.R.
part 46.102(1)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5
U.S.C. §552a; 44 U.S.C. §3501 et seq).

Statistical Analysis

We followed persons in the study from the earliest
positive SARS-CoV-2 specimen collection date until
the earliest specimen collection date of their second
positive SARS-CoV-2 infection occurring >90 days
from the first infection; until death; or until May 31,
2022, whichever occurred first. We compared char-
acteristics by HIV status to evaluate differences be-
tween the subset of persons who had 1 SARS-CoV-2
infection reported to public health and the subset of
persons who had >1 SARS-CoV-2 infection. Among
PWH, we compared HIV characteristics by reinfec-
tion status.

We calculated SARS-CoV-2 reinfection incidence
rates and incidence rate differences per 1,000 person-
years by HIV status and for each variant phase and
calendar quarter. We used nonparametric survival
analyses to estimate cumulative incidence of SARS-
CoV-2 reinfection during the observation period. We
tested for differences in cumulative incidence curves
by HIV status by using Gray’s tests.

To assess the effect of HIV infection on SARS-
CoV-2 reinfection during the observation period, we
compared crude and adjusted rate ratios using uni-
variable and multivariable Poisson regression mod-
els with the log of person-time as the offset term. To
account for overdispersion in the Poisson regression
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model, we calculated robust SEs using generalized
estimating equations. We adjusted the model for
age, sex at birth, race and ethnicity, region of resi-
dence, initial SARS-CoV-2 infection group, vaccina-
tion status at the time of first SARS-CoV-2 infection,
type of first COVID-19 vaccination dose received at
the time of first SARS-CoV-2 infection, and number
of doses administered after the first SARS-CoV-2 in-
fection. We used SAS version 9.4 (SAS Institute, Inc.,
https:/ /www.sas.com) to conduct record matching
and analyses.

Results

A total of 453,587 Chicago residents meeting the
analytic cohort criteria had a positive SARS-CoV-2
test result reported to public health during March
2020-March 2022; those persons contributed a to-
tal of 473,513 person-years (median 1.1 person-
years; interquartile analysis [IQR] 0.4-1.5 person-
years) during the 26-month observation period
(Appendix Table, https://wwwnc.cdc.gov/EID/
article/29/11/23-0577-Appl.pdf). Median age of the
analytic cohort was 39 (IQR 28-53) years, and most
(71.0% [321,905/453,587]) were unvaccinated at the
time of their first SARS-CoV-2 infection. Among the
analytic cohort, 2,886 (0.6%) persons had received
an HIV diagnosis before their first SARS-CoV-2 in-
fection. In total, 23,834 (5.3%) persons had a second
positive SARS-CoV-2 test result reported to public
health >90 days after their first infection, indicating
a SARS-CoV-2 reinfection. The percentage having a
SARS-CoV-2 reinfection was higher among PWH
(6.7% [192/2,886]) compared with PWOH (5.2%
[23,642/450,701]; p<0.01).

Most (188,155 [41.5%]) persons’ first SARS-
CoV-2 infection occurred during March-December
2020, which was the ancestral variant phase of the
COVID-19 pandemic (Appendix Table 1). Among
131,682 persons who received COVID-19 vaccine
before their first SARS-CoV-2 infection, a plurality
(71,333 [54.2%]) had completed a primary vaccine
series from Pfizer-BioNTech (https://www.pfizer.
com). Of 23,834 persons who had a SARS-CoV-2
reinfection, 39.6% (9,444/23,834) had completed a
primary series but had not received an additional
dose at the time of their SARS-CoV-2 reinfection.
Among persons who experienced a SARS-CoV-2 re-
infection, PWH were older (median 43 years of age,
95% CI 32-57 years of age) than PWOH (median
36 years, 95% CI 27-49 years of age; p<0.01). PWH
were more likely than PWOH to be male (79.3% vs.
40.9%; p<0.01) and non-Hispanic or Latino Black or
African American (53.7% vs. 27.0%; p<0.01), and to

2259



RESEARCH

Table 1. SARS-CoV-2 reinfection incidence rates, by HIV status, Chicago, lllinois, USA, January 1, 2020—-May 31, 2022*

No. (%) Incidence, % (95% CI) Incidence rate
Characteristic events Analytic cohort PWH PWOH difference, %
Total observation period 23,834 (100) 50 (37-66) 66 (57-77) 50 (49-51) 16
Timing of reinfection, by variant phase
Ancestral variant, 2020 Jan 1-Dec 31 866 (3.6) 16 (9-26) 30 (16-59) 16 (15-17) 14
Alpha and other pre-Delta variants, 2021 Jan 1-Jul 1,030 (4.3) 6 (2-13) 8 (4-16) 6 (5-6) 2
10
Delta variant, 2021 Jul 11-Dec 18 3,039 (12.8) 11 (5-19) 17 (12-25) 11 (10-11) 6
Omicron variant, 2021 Dec 19-2022 Mar 1 18,899 (79.3) 40 (29-55) 50 (42—60) 40 (39-41) 10
Timing of reinfection, by calendar quarter
2020
Apr-Jun 14 (0.1) 2 (0-7) 16 (1-209) 2 (1-3) 14
Jul-Sep 268 (1.1) 12 (6-21) 30 (11-82) 12 (10-13) 18
Oct-Dec 584 (2.5) 11 (5-20) 14 (5-37) 11 (10-12) 3
2021
Jan—Mar 549 (2.3) 5(2-12) 5(1-16) 5 (4-6) 0
Apr-Jun 457 (1.9) 3(1-8) 4 (1-12) 3(2-3) 1
Jul-Sep 721 (3.0) 3(1-9) 9 (5-17) 3(2—3) 6
Oct-Dec 9,477 (39.8) 32 (22-45) 42 (33-53) 32 (31-32) 10
2022
Jan—Mar 7,750 (32.5) 20 (12-31) 27 (21-35) 20 (19-20) 7
Apr—May 4,014 (16.8) 9 (4-17) 9 (5-13) 9(8-9) 0

*Incidence is given as percentage of cases per 1,000 person-years. PWH, persons with HIV; PWOH, persons without HIV.

have completed a primary COVID-19 vaccination
series plus additional dose (31.8% vs. 22.1%; p<0.01).
Also, among persons with a SARS-CoV-2 reinfec-
tion, PWH were less likely to be unvaccinated at the
time of their first infection, compared with PWOH
(87.5% vs. 91.0%; p<0.01).

Among PWH (n = 2,886), median time from
HIV diagnosis to initial SARS-CoV-2 infection
was 12.8 (IQR 6.3-19.7) years. Approximately half
(1,359 [47.1%]) met criteria for AIDS before their
first SARS-CoV-2 infection. More than half (1,513
[52.4%]) had a CD4 count >500 cells/mm? and
most (2,213 [76.7%]) had an HIV viral load result
<200 copies/mL, indicating viral suppression. HIV
history data and HIV laboratory data were not
significantly different (p>0.05) when stratified by
SARS-CoV-2 reinfection status.

Figure 1. Cumulative incidence (cases/1,000 person-years) of
SARS-CoV-2 reinfection by HIV status, Chicago, lllinois, USA,
January 1, 2020-May 31, 2022. PWH, persons with HIV; PWOH,
persons without HIV.

Incidence rate of SARS-CoV-2 reinfection for the
analytic cohort was 50 (95% CI 37-66) cases/1,000
person-years (Table 1). Reinfection incidence was
higher among PWH (66 [95% CI 57-77] cases/1,000
person-years) than PWOH during the observation
period (50 [95% CI 49-51] cases/ 1,000 person-years).
When we examined SARS-CoV-2 reinfections by
variant phase and calendar quarter, PWH consis-
tently had a higher incidence rate of SARS-CoV-2 re-
infection, compared with PWOH. We observed the
highest incidence rates for PWH during the omicron
variant phase (50 [95% CI 42-60] cases /1,000 person-
years); by calendar quarter the incidence rates were
highest during October-December 2021 (42 [95% CI
33-53] cases /1,000 person-years). Incidence rate dif-
ferences between PWH and PWOH varied through-
out the observation period; overall, an excess of 16
SARS-CoV-2 reinfections/1,000 person-years among
PWH were reported. We observed the highest inci-
dence rate difference during July-September 2020,
which was an excess of 18 SARS-CoV-2 reinfec-
tions/1,000 person-years among PWH compared
with PWOH.

SARS-CoV-2 reinfection cumulative incidence
rate (CIR) at 1 year after an initial infection was
3.1% (95% CI 3.0%-3.2%); at 1.5 years, 7.8% (95% CI
7.7%-8.0%); at 2 years, 13.1% (95% CI 12.9%-13.3%),
and at 2.3 years, the end of observation period, 14.5%
(95% CI 14.0%-15.1%). CIR was higher among PWH
than PWOH at all time points (Figure 1). Two years
after an initial infection, the SARS-CoV-2 reinfection
CIR was 17.0% (95% CI 14.5%-19.7%) among PWH,
compared with 13.1% (95% CI 12.9%-13.2%) among
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PWOH. Persons with HIV who were not virally sup-
pressed had higher SARS-CoV-2 reinfection CIR com-
pared with virally suppressed PWH and PWOH (Fig-
ure 2); 1.5 years after an initial SARS-CoV-2 infection,
CIR in virally unsuppressed PWH was 12.5% (95% CI
7.6%-18.8%), in virally suppressed PWH was 9.7%
(95% CI 8.0%-11.4%), and in PWOH was 7.8% (95%
CI 7.7%-7.9%). Similarly, PWH whose most recent
CD4 count was <200 cells/mm?® had higher SARS-
CoV-2 reinfection CIR (Figure 3). CIR at 1.5 years
after initial infection among PWH with CD4 count
<200 was 21.2% (95% CI 13.7%-29.7%), among PWH
with CD4 of 200-349 was 8.3% (95% CI 4.2%-14.2%),
among PWH with CD4 of 350-499 was 9.7% (95% CI
6.2%-14.1%), and among PWH with CD4 =500 was
9.1% (95% CI17.2%-11.2%). CIR in PWOH was 7.8%
(95% C17.7%-7.9%). PWH who had a history of AIDS
before their first SARS-CoV-2 infection also had a
higher SARS-CoV-2 reinfection CIR (10.8% [95% CI
8.6%-13.2%]) at 1.5 years after initial infection, com-
pared with PWH who had no history of AIDS (9.5%
[95% CI 7.5%-11.7%]) and PWOH (7.8% [95% CI
7.7%-7.9%]) (Figure 4).

In unadjusted analyses, compared with PWOH,
PWH had a higher rate (rate ratio 1.32 [95% CI
1.15-1.51]) of SARS-CoV-2 reinfection during the
observation period (Table 2). After we adjusted for
sociodemographic factors, region of residence, ini-
tial SARS-CoV-2 infection timing, vaccination status,
vaccination type, and number of doses administered
after initial SARS-CoV-2 infection, PWH had a higher
rate (adjusted rate ratio 1.46 [95% CI 1.27-1.68]) of
SARS-CoV-2 reinfection during the observation pe-
riod compared with PWOH.

Discussion
This population-level analysis of matched records
from different public health surveillance and infor-
mation systems revealed that, among adult Chicago
residents who had a reported positive SARS-CoV-2
infection, 5.3% experienced a SARS-CoV-2 reinfection
during the observation period. However, incidence
of SARS-CoV-2 reinfection was consistently higher
among PWH than PWOH. Incidence rate differences
fluctuated; differences were greater in SARS-CoV-2
reinfection incidence between PWH and PWOH oc-
curring during periods of high citywide case rates.
Moreover, after adjustment for demographic factors,
residence, and COVID-19 vaccination, PWH were
found to experience a higher rate of SARS-CoV-2 re-
infection than were PWOH.

National and local surveillance data distin-
guishing SARS-CoV-2 reinfections from previous
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Figure 2. Cumulative incidence (cases/1,000 person-years) of
SARS-CoV-2 reinfection by HIV viral suppression status, Chicago,
lllinois, USA, January 1, 2020-May 31, 2022. PWH, persons with
HIV; PWOH, persons without HIV.

SARS-CoV-2 infections are limited. However, the
proportion of persons who experienced a SARS-
CoV-2 reinfection in Chicago is consistent with sur-
veillance data from New York state, which reported
5.9% of residents have had a SARS-CoV-2 reinfec-
tion (34). Compared with observational studies re-
porting population-level estimates of SARS-CoV-2
reinfections in other US jurisdictions and in coun-
tries in Europe, our analysis identified higher re-
infection incidence rates than previously reported
(35-37). However, those differences might be attrib-
utable to methodological distinctions across studies,
including a longer observation period through the
Omicron variant phase of the COVID-19 pandemic.
Our study also found that reinfection risk increases
over time, which is consistent with different stud-
ies reporting SARS-CoV-2 infection-induced and
vaccine-induced immunity waning over time and
immune evasion (18-21).

Figure 3. Cumulative incidence (cases/1,000 person-years) of
SARS-CoV-2 reinfection by most recent CD4 count, Chicago,
lllinois, USA, January 1, 2020—-May 31, 2022. PWH, persons with
HIV; PWOH, persons without HIV.
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Figure 4. Cumulative incidence (cases/1,000 person-years) of
SARS-CoV-2 reinfection by history of AIDS diagnosis, Chicago,
lllinois, USA, January 1, 2020-May 31, 2022. CDC, Centers for
Disease Control and Prevention; PWH, persons with HIV; PWOH,
persons without HIV.

Our analysis found that SARS-CoV-2 reinfec-
tion cumulative incidence rates were higher among
PWH than PWOH irrespective of most recent CD4
and viral load laboratory results. This finding indi-
cates that even persons with well-controlled HIV
infection might have a higher risk for SARS-CoV-2
reinfection compared with PWOH. We observed the
highest cumulative incidence rates among PWH with
a most recent HIV viral load laboratory result >200
copies/mL and CD4 laboratory result <200 cells/
mm?, indicating that PWH with laboratory evidence
consistent with uncontrolled HIV are at greatest risk
for multiple SARS-CoV-2 infections. Similarly, PWH
with a history of AIDS had a higher cumulative risk
for reinfection, followed by PWH without AIDS;
PWOH had the lowest cumulative incidence across
the 3 strata. Persons who are immunocompromised
are at increased risk for severe COVID-19 illness and
death; their immune response to COVID-19 vaccina-
tion may not be as strong as in persons who are not
immunocompromised. Guidance from the Centers
for Disease Control and Prevention recommends
that persons with advanced or untreated HIV re-
ceive an additional COVID-19 vaccine dose to com-
plete a primary series and receive a booster (38,39).
However, our analysis also indicated that PWH with

high CD4 counts, no evidence of a prior AIDS diag-
nosis, and viral suppression are also at higher risk
for SARS-CoV-2 reinfection than PWOH. Additional
studies are needed to understand if those with well-
controlled HIV also require additional COVID-19
vaccine doses.

Multiple studies have shown that persons who
receive COVID-19 vaccine after a SARS-CoV-2 infec-
tion have a lower risk for reinfection than do unvac-
cinated persons (40-42). Most persons in the analytic
cohort, regardless of HIV status, were unvaccinated
at the time of their first SARS-CoV-2 infection. Most
of those infections occurred before COVID-19 vaccine
was available. Among persons with a SARS-CoV-2
reinfection, 38.2% (9,039/23,642) of PWOH and 31.8%
(61/192) of PWH had either not received any COV-
ID-19 vaccine or had not completed a primary series.
All persons, especially PWH, should remain up to
date with their COVID-19 vaccines to prevent SARS-
CoV-2 reinfections or adverse COVID-19 outcomes.

The first limitation of this study is that we
were unable to account for testing practices or
healthcare-seeking behaviors in our analysis be-
cause surveillance systems do not capture reason
for testing. Repeat SARS-CoV-2 infections are more
likely to be detected among persons who regularly
have access to and participate in SARS-CoV-2 test-
ing, leading to differential SARS-CoV-2 reinfection
detection rates among PWH and PWOH. Second,
availability of SARS-CoV-2 laboratory and at-home
testing evolved over time throughout the observa-
tion period. Limited access to testing may lead to
unconfirmed infections. Similarly, national distri-
bution of at-home antigen tests starting in January
2022 likely led to underestimation of case counts,
because those test results are typically not reported
to public health. Therefore, our analysis likely un-
derestimates the true number of SARS-CoV-2 rein-
fections. Third, our person-time calculations only
considered reported positive SARS-CoV-2 test re-
sults, death, or the end of the observation period.
We were unable to censor persons if they moved
out of Chicago or had positive test results not re-
ported to their local public health jurisdiction.

Table 2. Effect of HIV status on SARS-CoV-2 reinfection, Chicago, lllinois, USA, January 1, 2020—May 31, 2022*

HIV status at first Total no. (%) persons,

Total no. (%)

Unadjusted rate Adjusted rate ratio

SARS-CoV-2 infection n = 453,587 (%) events, n = 23,834 ratio (95% CI) p value (95% )t p value
PWH 2,886 (0.6) 192 (0.8) 1.32(1.15-1.51) <0.0001 1.46(1.27-1.68) <0.0001
PWOH 450,701 (99.4) 23,642 (99.2) Reference Reference

*Estimates describe exponentiated estimates from a Poisson regression model using the logarithm of person-time as the offset term. Bold text indicates
statistical significance at p<0.05. PWH, persons with HIV; PWOH, persons without HIV.

TMultivariable Poisson regression model controlled for the following covariates: age, sex at birth, ethnicity and race, region of residence, initial SARS-
CoV-2 infection group, vaccination status at the time of first SARS-CoV-2 infection, vaccination type, and number of doses administered after the first

SARS-CoV-2 infection.
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Therefore, our incidence rate estimates are likely
underestimates because some persons may have
contributed less person-time. Fourth, we were un-
able to evaluate and adjust for comorbidities and
ART use in our analyses because that type of clini-
cal information is not reported to public health
through traditional electronic laboratory reporting.
Data abstracted from medical records might more
fully characterize whether comorbidities influence
the association between HIV and SARS-CoV-2 rein-
fection. Last, this analysis assumed all positive test
results separated by >90 days were distinct SARS-
CoV-2 infection episodes, consistent with the 2021
COVID-19 case definition (43). Case reports have
documented persistent shedding after a single in-
fection spanning >90 days among persons who are
immunocompromised (44-46), and SARS-CoV-2
reinfections occurring <90 days from a prior in-
fection (47,48). Because of limited national SARS-
CoV-2 whole-genome sequencing capacity and in-
adequate specimen storage capacity at laboratories,
local public health departments are rarely able to
verify SARS-CoV-2 reinfections by comparing lin-
eage results from respiratory specimens collected
from multiple infection episodes.

All persons, including PWH, should stay up to
date with recommended COVID-19 vaccines, includ-
ing bivalent booster doses (49). Evaluating the asso-
ciation between HIV infection and SARS-CoV-2 rein-
fections using surveillance data can help strengthen
public health recommendations including the need
for extra doses as part of a primary series, booster
doses of vaccine, and optimized ART in PWH. Tai-
lored guidance and prevention messaging for PWH
can help reduce the elevated risk we identified in
this analysis and limit continued SARS-CoV-2 trans-
mission. As the COVID-19 pandemic persists, local
health jurisdictions can leverage data access and
link records across surveillance datasets to monitor
SARS-CoV-2 infections and other outcomes among
vulnerable populations, including PWH.
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Evolution of Klebsiella pneumoniae
Sequence Type 512 during
Ceftazidime/Avibactam,
Meropenem/Vaborbactam,
and Cefiderocol Treatment, Italy

Gabriele Arcari, Federico Cecilia, Alessandra Oliva, Riccardo Polani, Giammarco Raponi,
Federica Sacco, Alice De Francesco, Francesco Pugliese, Alessandra Carattoli

In February 2022, a critically ill patient colonized with a
carbapenem-resistant K. pneumoniae producing KPC-3
and VIM-1 carbapenemases was hospitalized for SARS-
CoV-2 in the intensive care unit of Policlinico Umberto |
hospital in Rome, Italy. During 95 days of hospitaliza-
tion, ceftazidime/avibactam, meropenem/vaborbactam,
and cefiderocol were administered consecutively to treat
3 respiratory tract infections sustained by different bac-
terial agents. Those therapies altered the resistome of
K. pneumoniae sequence type 512 colonizing or infect-
ing the patient during the hospitalization period. In vivo
evolution of the K. pneumoniae sequence type 512 re-
sistome occurred through plasmid loss, outer membrane
porin alteration, and a nonsense mutation in the cirA sid-
erophore receptor gene, resulting in high levels of ce-
fiderocol resistance. Cross-selection can occur between
K. pneumoniae and treatments prescribed for other in-
fective agents. K. pneumoniae can stably colonize a pa-
tient, and antimicrobial-selective pressure can promote
progressive K. pneumoniae resistome evolution, indicat-
ing a substantial public health threat.

he number of deaths caused by antimicrobial resis-
tance was estimated at 1.27 million worldwide in
2019 (1), mainly attributed to 6 bacterial species: Esch-
erichia coli, Staphylococcus aureus, Klebsiella pneumoniae,
Streptococcus pneumoniae, Acinetobacter baumannii, and
Pseudomonas aeruginosa. To reinforce the antimicrobial
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drug pipeline, the European Union’s European Medi-
cines Agency authorized the clinical use of ceftazi-
dime/avibactam (CZA) in 2016, meropenem/vabor-
bactam (MVB) in 2018, and cefiderocol (FDC) in 2020.
Although those drugs all belong to the p-lactams
class, substantial differences in mechanisms of action
and antimicrobial spectra exist among them. CZA is
a third-generation cephalosporin (ceftazidime) com-
bined with a diazabicyclooctane p-lactamase inhibitor
(avibactam). Avibactam prevents class A (including K.
pneumoniae carbapenemase [KPC]), class C, and some
class D {-lactamases from hydrolyzing ceftazidime,
restoring ceftazidime activity in KPC- and oxacillin-
ase-48-producing Enterobacterales but not in metallo-
B-lactamase producers (2). MVB is a carbapenem
(meropenem) combined with a boronate p-lactamase
inhibitor (vaborbactam); vaborbactam inhibits class
A but not class D or B carbapenemases (3). FDC is a
siderophore cephalosporin that has a catechol moiety
on the C-3 side chain (4), which can form a chelating
complex with ferric iron; thus, FDC is subject to active
transport through the iron transport system, includ-
ing TonB-dependent receptors (5). In addition, FDC is
highly stable against B-lactamase activity (4,5).

In the past decade, Italy has seen a large increase
in cases of carbapenem-resistant K. pneumoniae (1),
mainly from 3 major KPC-producing (6) sequence
types (STs): 101, 307, and 512 (7). In settings highly
endemic for KPC-producing Enterobacterales, the se-
lection of CZA-resistant, KPC-producing variants is
of great concern (8,9). FDC resistance is not a 1-dimen-
sional phenomenon (10); mutations in siderophore
receptors (11), as well as in variants of B-lactamases
KPC-2, CMY-2, CTX-M-15, and NDM-1, can con-
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fer FDC resistance (12). Nonetheless, cirA disrup-
tion substantially hinders bacterial fitness (13), and
[-lactamase evolution contributing to FDC resistance
typically comes at the price of functional trade-offs
against other B-lactams (12). Under FDC treatment,
in vivo resistance has been reported sporadically in
Enterobacter cloacae (14) and Escherichia coli (15).

We describe a patient in Rome, Italy, who was col-
onized by carbapenem-resistant K. pneumoniae ST512.
We integrated whole-genome sequencing, clinical,
and microbiologic data to reconstruct the evolution of
K. pneumoniae antimicrobial resistance in this patient
after treatments for respiratory tract infections caused
by different bacteria.

Methods

Case Report

In February 2022, a 62-year-old patient who was
positive for SARS-CoV-2 was transferred from a
long-term care facility to Policlinico Umberto I (PUI)
in Rome. The patient was hospitalized for 95 days
initially in the COVID-19 intensive care unit (ICU)
and then in the general ICU until death, which was
caused by gastrointestinal bleeding. The patient’s
medical history was notable for bipolar disorder,
obesity, inflammatory bowel disease, type 2 diabe-
tes, respiratory failure, chronic kidney failure, and
heart failure. Six months before transfer to PUI, the
patient had a percutaneous endoscopic gastrostomy
performed because of severe gastrointestinal bleed-
ing caused by underlying inflammatory bowel dis-
ease. During the patient’s hospitalization at PUI, we
isolated a total of 5 different K. pneumoniae strains
from patient rectal swab samples and respiratory
tract specimens.

Isolation of K. pneumoniae Strains and

Susceptibility Testing

We identified the 5 K. pneumoniae strains by matrix-as-
sisted laser desorption/ionization time-of-flight mass
spectrometry (Bruker Daltonik GmbH, https://www.
bruker.com). We identified carbapenamase genes by
PCR using the GeneXpert system (Cepheid, https://
www.cepheid.com) and used the lateral flow im-
munochromatography systems (NG-Test CARBA 5;
Hardy Diagnostics, https://www.hardydiagnostics.
com). We tested antimicrobial drug susceptibility by us-
ing the MicroScan WalkAway system (Beckman Coult-
er, Inc., https:/ /beckman.com). We used gradient strips
(Liofilchem, https:/ /www liofilchem.com) to test MVB
and CZA MICs and the Compact Antimicrobial Suscep-
tibility Panel (ComASP; Liofilchem) to test FDC MICs.
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Whole-Genome Sequencing and Assembly

We performed whole-genome sequencing for each
isolate. We purified genomic DNA by using the Iso-
late II Genomic DNA Kit (Bioline, https://www.
bioline.com). We sent DNA to an external service to
perform short-read Illumina sequencing (Illumina
Inc., https:/ /www illumina.com). We obtained long
reads by using the MinlON Mk1C sequencing plat-
form (Oxford Nanopore Technologies, https:/ /nano-
poretech.com). We extracted DNA for long reads by
using the Wizard HMW DNA Extraction Kit (Pro-
mega, https://www.promega.com) and prepared
libraries by using the Rapid Barcoding Kit 96; we se-
quenced libraries on R9.4.1 flow cells (Oxford Nano-
pore Technologies). We performed long-read assem-
blies by using Flye (16) with standard parameters.
We integrated Illumina reads and Oxford Nanopore
Technologies assemblies by using the Unicycler tool
(17) in normal bridging mode and refined results by
using the Bandage tool (18).

Genomic and Phylogenetic Analyses

We analyzed single-nucleotide polymorphisms
(SNPs) among the 5 sequenced genomes in this study
by using the Snippy tool (https://github.com/tsee-
mann/snippy). We annotated the 5 genomes by us-
ing Rapid Annotation using Subsystem Technology
and compared by using SEED software (19).

We used Prokka software (20) to annotate 133
genomes belonging to ST512: 5 sequences from this
study, 12 from a previous study performed at PUI
(8), and 116 downloaded from the Pasteur Institute
BIGSdb database (https://bigsdb.pasteur.fr/kleb-
siella). We analyzed the resulting general feature
formats by using Roary software (21) to build a core
genome alignment and generated a consensus phy-
logenetic tree by using 1,000 ultrafast bootstraps
(22) in IQ-TREE 2 (23) and the transversion model
plus base frequency plus proportion of invariable
sites nucleotide substitution model (24). We visu-
alized tree and metadata by using Microreact (25)
and adjusted those data by using open source Ink-
Scape software (https://www.inkscape.org). We
assessed all genomes for replicons by using Plas-
midFinder (26), for capsular polysaccharide and
lipopolysaccharide loci by using Kaptive (27), and
for virulence and resistance gene content by using
Kleborate (28) software.

Cloning bla,,_ ., in pCR-Blunt Il TOPO Vector

We cloned the novel B-lactamase bla,,. ., allele
from isolate 6099 into pCR-Blunt II TOPO-NeoR
Vector and transformed TOP10 E. coli cells (both
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Thermo Fisher Scientific, https://www.thermo-
fisher.com); we confirmed correctness of the cloned
insert by Sanger sequencing. We tested the KPC-
154 TOP10 E. coli clone for antimicrobial drug sus-
ceptibility by using the MicroScan system and mea-
sured CZA MICs by gradient tests (Liofilchem) as
previously described.

OmpK36 Variant Modeling

We predicted structures of the outer membrane porin
(Omp) K36 from isolate 0296 in silico by using Alpha-
fold2 on the European Galaxy server (https:/ /usegal-
axy.eu) and analyzed those structures by using UCSF
ChimeraX (29) for both the cartoon (ribbon) and sur-
face images. We compared the structures with chain
B in the crystal structure of OmpK36 from a K. pneu-
moniae ST258 clinical isolate that has a GD amino acid
insertion (30). We used the Orientations of Proteins in
Membranes database (31) to obtain spatial arrange-
ments of the protein structures in lipid bilayers.

Data Availability

We submitted the sequences of the strains analyzed in
this study to GenBank. Whole-genome sequences are
under Bioproject no. PRINA992043 and complete plas-
mid sequences under accession nos. OQ096263 (pK-
pQIL-6099), 0Q282880 (pIncA-6379), and OQ282881
(pIncA-0296).

Ethics Approval

According to the hospital’s routine practice, the pa-
tient or his relatives gave informed consent to share
data for research purposes during hospital admis-
sion. The study protocol was approved by the Eth-
ics Committee of Azienda Ospedaliero-Universitaria
Policlinico Umberto I (approval no. 109/2020).

Results

K. pneumoniae Strain Descriptions
On the first day of the patient’s hospitalization at PUI,
surveillance rectal swab samples tested positive for K.
pneumoniae (strain 6379) that produced both KPC and
Verona integron-encoded metallo-p-lactamase (VIM)
(Figure 1). The patient had been treated with CZA at
the long-term care facility for a previous carbapenem-
resistant K. pneumoniae bloodstream infection; treat-
ment was discontinued upon admission to PUL
After 17 days of hospitalization, a respiratory
tract infection caused by Providencia stuartii (>100,000
CFU/mL in bronchoalveolar lavage fluid) developed
in the patient, accompanied by pleural effusion, which
we treated with CZA. After 1 week of treatment, we
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isolated 2 CZA-resistant, meropenem-susceptible
K. pneumoniae strains from patient rectal swab sam-
ples but not respiratory tract specimens; both strains
produced KPC but not VIM and had dimorphic colo-
ny phenotypes: white (strain 1186W) and transparent
(strain 1186T). Because of potential pleural infection,
we maintained CZA therapy for =40 days, resulting
in complete eradication of P. stuartii from the respira-
tory tract.

On day 56, the patient was SARS-CoV-2 nega-
tive and was transferred to the general ICU at PUI.
Respiratory tract samples were negative for P. stu-
artii but positive (>1,000 CFU/mL lavage fluid) for
CZA-resistant K. pneumoniae (strain 6099) that pro-
duced KPC. CZA therapy was stopped, and MVB
treatment was begun and continued until day 75. On
day 75, respiratory tract samples tested negative for
K. pneumoniae but positive for carbapenem-resistant
A. baumannii (1,000 CFU/mL lavage fluid). Because
of subsequent worsening respiratory conditions and
chest imaging suggestive of new onset pneumonia,
we replaced MVB therapy with FDC therapy (day
79) to treat A. baumannii pulmonary infection. On
day 88, during FDC treatment, respiratory tract
samples tested positive for both A. baumannii and K.
pneumoniae (strain 0296) (1,000 CFU/mL lavage flu-
id each); strain 0296 was positive for KPC and VIM
carbapenemases.

Phylogeny, Antimicrobial Resistance, and

General Features of ST512

We assigned the 5 K. pneumoniae isolates from the pa-
tient (6379,1186W, and 1186T from rectal swab samples,
6099 and 0296 from respiratory tract samples) to ST512
by using in silico multilocus sequence typing of whole-
genome sequences. We aligned the complete genomes
of those strains against 116 ST512 genomes retrieved
from the Pasteur Institute K. pneumoniae BIGSdb data-
base (December 7, 2022) and 12 ST512 genomes previ-
ously identified at PUI (8,32). Phylogeny of 4,654 core
genes showed how isolates from the patient clustered
together in the same clade with ST512 strains isolated
at PUI during 2018-2020 (Figure 2) and were separated
by 0-11 SNPs (Appendix 1 Table 1, https:/ /wwwnc.
cdc.gov/EID/article/29/11/23-0921-App1.xlsx).

All ST512 isolates are defined by conserved fea-
tures: the wzi allele 154 (assigned to the KL107 cap-
sule), typical of the main clade II of clonal group 258
(33); O1/02v2 O locus, serotype O2afg; 35Q muta-
tion in the chromosome-encoded SHV-11 -lactamase
(28); premature stop at codon 89 in the OmpK35 pro-
tein, in most isolates coupled with a GD amino acid
insertion in the OmpK36 eyelet (34); and chromosome
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Figure 1. Timeline of colonization and infection of 1 patient by Klebsiella pneumoniae clones in study of genotypic evolution of K.
pneumoniae sequence type 512 during ceftazidime/avibactam, meropenem/vaborbactam, and cefiderocol treatment, Italy. A) Schematic
diagram of carbapenemase genes and plasmid content for K. pneumoniae strains 6379, 1186, 6099, and 0296; strain 1186 comprised
2 phenotypes: W and T colonies. Isolate collection day is indicated during 95 hospitalization days in either the COVID-19 (purple scale)
or general (yellow scale) intensive care unit. Asterisk indicates the premature stop codon at position 133 (E133) in the catecholate iron
outer membrane transporter CirA. B) Timeline of colonization and infection by K. pneumoniae, Providencia stuartii, and Acinetobacter
baumannii as well as B-lactam therapies. C) Phylogenetic analysis used to compare the 5 K. pneumoniae strains isolated from the
same patient. Core genome alignments were conducted for 5,215 core genes. KPC variants KPC-154, KPC-3, and KPC-31 are shown
according to each strain; the bla,,,, , gene was present in strains 0296 and 6379. Nonsense mutation in cirA was found in strain 0296,
producing a premature stop codon (E133), indicated by an asterisk, in the protein. FDC MICs (mg/L) for each strain are shown. Scale
bar indicates number of single-nucleotide polymorphisms in the core genome. FDC, cefiderocol; ICU, intensive care unit; KPC, K.
pneumoniae carbapenemase; MDR, multidrug resistant; OmpK36, outer membrane porin K36; T, transparent; VIM, Verona integron-
encoded metallo-B-lactamase; W, white; WGS, whole-genome sequencing.

mutations in the gyrA (S83I) and parC (S80I) genes
potentially conferring quinolone resistance (35). The 5
isolates in this study had additional common features
diverging from the average ST512 strain: a SNP in
the mgrB gene, which stops translation at aa 29 of the
MgrB regulator protein, conferring resistance to colis-
tin (36); a SNP in the uhpB gene, which stops transla-
tion at aa 206 of the UhpB protein (37), conferring re-
sistance to fosfomycin; and the presence of the locus
encoding yersiniabactin siderophore, designated as
YbST157 (38). The yersiniabactin siderophore is not
common in ST512 isolates because this locus could
only be found in 31/133 (23%) ST512 genomes from
the BIGSdb collection.

The 5 K. pneumoniae strains carried multiple
acquired resistance genes (Appendix 2 Table 1,
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https:/ /wwwnc.cdc.gov/EID/article/29/11/
23-0921-App2.pdf). Plasmid content of the 5 ST512
strains from the patient was not homogeneous:
strains 6379 (first strain isolated) and 0296 (last strain
isolated) both carried the pKpQIL plasmid containing
the bla,,. , gene and IncA plasmid carrying the bla,,,, ,
gene (Figures 1, 2). Strains 1186W, 1186T, and 6099
lacked the IncA-bla,,,, , plasmid.

KPC Variants Conferring Resistance to
Ceftazidime/Avibactam

On day 24, K. pneumoniae strains 1186W and 1186T
colonized the patient (isolated from rectal swab
samples). Those strains were negative for VIM-1
(loss of plasmid pIncA-bla,, ,) but reached high
levels of CZA resistance through the production
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Figure 2. Phylogenetic analysis and genetic features of Klebsiella pneumoniae ST512 in study of the strain’s genotypic evolution during
ceftazidime/avibactam, meropenem/vaborbactam, and cefiderocol treatment, Italy. Phylogenetic tree was constructed from 4,654 core
gene alignments from a total of 133 K. pneumoniae ST512 genome sequences: 5 genomes sequenced in this study (pink shading),

12 genomes from the same hospital (pale blue shading), and 116 genomes downloaded from the Pasteur Institute BIGSdb database
(https://bigsdb.pasteur.fr/klebsiella). Colors indicate resistance and acquired-resistance genes (or corresponding proteins) associated
with carbapenemases, yersiniabactin, and chromosomal mutations within the different strains. The same color in the legend on the left
indicates the expected resistance phenotype. Asterisk after CirA E133 indicates this mutation produced a premature stop codon. Scale
bar indicates number of single-nucleotide polymorphisms in the core genome. Del, deletion; KPC, K. pneumoniae carbapenemase; PUI,
Policlinico Umberto I; ST, sequence type; VIM, Verona integron-encoded metallo-B-lactamase.

of KPC-31. The bla,, ,, gene replaced bla,,., on an
otherwise indistinguishable pKpQIL plasmid; the
plasmid was integrated in the chromosome only in
strain 1186W. The KPC-31 variant is characterized
by a D179Y substitution in the Q loop, previously
shown to confer CZA resistance but restores car-
bapenem susceptibility (39).

On day 51, CZA-resistant K. pneumoniae strain
6099 caused a respiratory tract infection in the pa-
tient (Table). This strain hosted a pKpQIL plasmid
encoding a novel KPC variant that was assigned by
GenBank as KPC-154 (accession no. 0Q096263) and
was negative for the VIM-encoding IncA plasmid.
Compared with KPC-3, KPC-154 has an RAPNKD-

DKYS amino acid duplication in position 263-273,
corresponding to the 270 loop (40), but no differences
are present in the Q loop. When compared with an
isogenic KPC-31-carrying strain, the strain carrying
KPC-154 had higher MICs for several p-lactams (Ap-
pendix 2 Table 2).

Cefiderocol Resistance in ST512 Isolates
Co-Producing KPC and VIM

K. pneumoniage strain 0296 (pulmonary infectious
agent, isolated on day 88) was genotypically re-
lated to strain 6379 (colonizer, isolated on day 1).
Both strains had similar plasmid content, includ-
ing pKpQIL carrying bla and pIncA carrying

KPC-3

Table. MICs of antimicrobial drugs for Klebsiella pneumoniae sequence type 512 strains analyzed in study of genotypic evolution of
such strains during ceftazidime/avibactam, meropenem/vaborbactam, and cefiderocol treatment, Italy*

Strain AZT CZAt FDCt MEM MVBt IMI COL FOS AMK GTM CIP SXT TGC
6379 >4 >256 8 32 1.5 >8 >4 >64 16 <2 >1 >4/76 2
1186W >4 32 2 2 0.25 <1 >4 >64 >16 <2 >1 <2/38 <1
1186T >4 32 2 4 0.25 <1 >4 >64 >16 <2 >1 <2/38 <1
6099 >4 16 1 16 0.5 >8 >4 >64 <8 <2 >1 <2/38 <1
0296 >4 >256 32 32 0.047 >8 >4 >64 <8 <2 >1 >4/76 <1
EUCAST 4 8 2 8 8 4 2 32 8 2 0.5 4 ND
breakpoint

*MICs are mg/L. Bold indicates resistance to antimicrobial drugs according to EUCAST breakpoints. AMK, amikacin; AZT, aztreonam; CIP, ciprofloxacin;
COL, colistin; CZA, ceftazidime/avibactam; EUCAST, European Committee on Antimicrobial Susceptibility Testing (https://www.eucast.org); FDC,
cefiderocol; FOS, fosfomycin; GTM, gentamicin; IMI, imipenem; MEM, meropenem; MVB, meropenem/vaborbactam; ND, not done; SXT,

trimethoprim/sulfamethoxazole; TGC, tigecycline.

tTested by using the gradient strip method (Liofilchem, https://www.liofilchem.com).
tTested by using the Compact Antimicrobial Susceptibility Panel broth microdilution method (Liofilchem).
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blay,, , (Figures 1, 2). However, isolate 0296 carried a
pKpQIL-pKPN fused plasmid carrying catAl, dfrA12,
aadA2, aph(3')-la genes, 2 copies of mph(A), sull, and
AgacE genes (Appendix 2 Table 1), and the previ-
ously described putative gene involved in iron ac-
quisition (fec) (41), all of which were not present in
plasmid pKPN from isolate 6379. Within the core ge-
nome, strain 0296 had 7 SNPs and 3 deletions when
compared with strain 6379 (Appendix 1 Table 2); 1
SNP created a premature stop codon at position 133
in the iron transporter protein CirA (Table 1; Figure
1) (42). Strain 0296 showed 4-fold higher FDC MIC
than strain 6379 (6379 FDC MIC = 8 mg/L; 0296 FDC
MIC = 32 mg/L). Moreover, in strain 0296, a conser-
vative in-frame deletion resulted in a novel mutation
within OmpK36; the deletion was 26 aa (residues
Thr263 to Tyr289) according to the reference OmpK36
crystal structure in the Protein Data Bank (no. 6RCP;
https:/ /www.rcsb.org) (30). The in silico predicted
3-dimensional structure of the mutated OmpK36
porin showed a deep lateral cave, probably favoring
MVB permeability from the extracellular site into the
periplasmic space (Figure 3). Strain 0296 carrying the
mutated OmpK36 protein showed a 5-fold reduction
in MVB MICs compared with strain 6379 (6379 MVB
MIC = 1.5 mg/L; 0296 MVB MIC = 0.047 mg/L).
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Discussion

We report the in vivo evolution of antimicrobial re-
sistance in K. pneumoniae high-risk ST512 strains (43)
that colonized or infected a critical patient during a
95-day hospitalization. From both phenotypic and
genotypic perspectives, each K. pneumoniae isolate
had univocal characteristics. The rare mutation in
the UhpABC signaling pathway conferred fosfomy-
cin resistance by altering expression of the hexose
phosphate transporter (44,45). Mutations in the mgrB
gene, identified in the 5 strains isolated in this study,
8 strains isolated during 2018-2020 at the PUI (8),
and globally in 37/133 (27.8%) whole-genome se-
quences from the Pasteur Institute ST512 collection,
conferred colistin resistance. Moreover, the 5 strains
from this study carried the yersiniabactin locus, a
virulence factor rarely reported in ST512 clones. The
yersiniabactin locus was identified in a K. pneumoni-
ae ST512 cluster sampled in the framework of the
SPARK project from a single city located in north-
ern Italy during 2017-2018 (46). All of those factors
support the hypothesis that a single K. pneumoniae
clone was obtained from the patient first from rectal
swab samples and subsequently from the respira-
tory tract, rather than antimicrobial drug treatment
selecting 5 distinct strains.

Figure 3. In silico 3-dimensional
Q structure predictions for mutated
OmpK36 porin in Klebsiella
pneumoniae sequence type
512 strain 0296 in study of K.
pneumoniae genotypic evolution
during ceftazidime/avibactam,
meropenem/vaborbactam, and
we=  cefiderocol treatment, Italy. The
outer membrane porin OmpK36
from strain 0296 (blue) containing
a 26 aa deletion from residue
Thr263 through residue Tyr289 was
modeled and compared with the
model of reference OmpK36 chain
B crystal structure from the Protein
Data Bank (no. 6RCP; https://
www.rcsb.org) (30). Both ribbon
cartoon (top) and surface (bottom)
models are shown. Structures for
strain 0296 were obtained by using
Alphafold2 on the European Galaxy
server (https://usegalaxy.eu).
Spatial arrangements of the porins
in lipid bilayers were visualized by
using the positioning of proteins
in membranes web server in
the Orientations of Proteins in
Membranes database (37).

0296 OmpK36 prediction
(surface representation)
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The development of P-lactam resistance in K.
pneumoniae ST512 strains is a critical concern. At the
time of transfer to PUI from a long-term care facility,
the patient was colonized by a carbapenem-resistant
K. pneumoniae strain that produced KPC-3 and VIM-
1. Although KPC-3 production by K. pneumoniae is
a persistent phenomenon in Italy (6), the spread of
VIM-producing K. pneumoniae is less common. How-
ever, we previously described an Enterobacterales
infection outbreak at PUI caused by IncA plasmids
encoding VIM (47). Therefore, we hypothesize that an
elusive and untraced spread of VIM-producing En-
terobacterales might exist in hospitals and long-term
care facilities in Rome.

During the first 3 weeks of hospitalization, the pa-
tient was not treated with p-lactams. We introduced
CZA therapy to treat a respiratory tract infection
sustained by P. stuartii, a pathogen more frequently
associated with urinary tract infections (48) but also
related to respiratory tract infections (49,50). After 3
days of CZA treatment, a KPC-31-producing, CZA-
resistant K. pneumoniae strain colonized in the patient
and then evolved to an infection by a KPC-154-pro-
ducing CZA-resistant variant. The KPC-154 clone had
a wild type Q2 loop but a 13 aa insertion in the 270 loop
of the enzyme, a feature previously described in other
KPC variants (8).

We used MVB to treat the KPC-154-producing K.
pneumoniae infection, which eradicated the K. pneu-
monige strain from respiratory tract samples. How-
ever, a respiratory tract infection sustained by A. bau-
mannii developed in the patient, who we then treated
with FDC. Under FDC treatment, the respiratory tract
sample tested positive for K. pneumoniae ST512 that
was identical to the first colonizing strain, producing
both KPC-3 and VIM-1 carbapenemases. This result
suggests that a mixed population of KPC/VIM-posi-
tive and KPC-positive/ VIM-negative K. pneumoniae
was present in the patient during the entire hospi-
talization period. VIM-1-negative strains prevailed
under CZA treatment, whereas MVB and FDC treat-
ments selected the expansion of VIM-1-producing
strains, which likely remained in a hidden reservoir
within the patient.

The reemerged KPC/VIM producer had a high
MIC for FDC because of the loss-of-function muta-
tion in the CirA siderophore receptor. CirA muta-
tions have previously been associated with FDC
resistance in an in vitro model of New Delhi metallo-
B-lactamase-producing K. pneumoniae (11) and in
vivo for E. cloacae (14) and E. coli (15). However, the
KPC/VIM-producing K. pneumoniae strain showed
increased susceptibility to MVB, probably associated
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with a novel OmpK36 structure showing a large
protein deletion; the 3-dimensional porin structure
predicted a large lateral cave that might increase per-
meability of MVB. Nonetheless, the mutant OmpK36
could also be interpreted as a compensatory mutation
