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RESEARCH

Patients with immunodeficiency-associated vaccine-derived 
poliovirus (iVDPV) are potential poliovirus reservoirs in the 
posteradication era that might reintroduce polioviruses into 
the community. We update the iVDPV registry in Iran by 
reporting 9 new patients. In addition to national acute flac-
cid paralysis surveillance, cases were identified by screen-
ing nonparalyzed primary immunodeficiency (PID) patients. 
Overall, 23 iVDPV patients have been identified since 1995. 
Seven patients (30%) never had paralysis. Poliovirus screen-
ing accelerated the iVDPV detection rate in Iran after 2014.
The iVDPV infection rate among nonparalyzed patients with 
adaptive PID was 3.1% (7/224), several folds higher than 
previous estimates. Severe combined immunodeficiency 
patients had the highest risk for asymptomatic infection 
(28.6%) compared with other PIDs. iVDPV2 emergence has 
decreased after the switch from trivalent to bivalent oral polio-
virus vaccine in 2016. However, emergence of iVDPV1 and 
iVDPV3 continued. Poliovirus screening in PID patients is an 
essential step in the endgame of polio eradication.

During the 3 decades since the establishment of the 
Global Polio Eradication Initiative (GPEI), the use of 

oral poliovirus vaccine (OPV) and inactivated poliovirus 
vaccine (IPV) has led to a >99.99% decrease in the inci-
dence of wild-type poliomyelitis (≈350,000 cases in 1988 
to 32 cases in 2018) and eradication of wild poliovirus type 
2 (WPV2) (1–4). No report on wild poliovirus type 3 has 
occurred since 2012. WPV1 is still circulating in some ar-
eas of Pakistan, Afghanistan, and Nigeria (5,6). OPV has 
been the backbone of eradication strategy as an inexpensive 
and easily accessible tool (7). However, its widespread use 
has been associated with some adverse events, including 
vaccine-associated paralytic poliomyelitis and the emer-
gence of vaccine-derived polioviruses (VDPVs) (8). To 
date, most VDPV case-patients excreted serotype 2 viruses 
in stool (9,10). Accordingly, the World Health Organization 
(WHO) changed the worldwide immunization schedules to 
end the administration of trivalent OPV (tOPV), which in-
cludes serotypes 1, 2, and 3, and introduce bivalent OPV 
(bOPV), which includes serotypes 1 and 3, alongside >1 
dose of IPV (all 3 serotypes) (11,12).

The genome of OPV strains is susceptible to sponta-
neous mutations because of its unstable structure, and the 
emergence of VDPVs threatens the whole eradication pro-
gram (13). By definition, VDPV serotypes 1 and 3 have 
>1% divergence in the viral protein (VP) 1 coding region 
of their original OPV strain. VDPV2 is defined when the 
OPV strain serotype 2 attains >0.6% VP1 nucleotide diver-
gence (10,14). Patients with primary immunodeficiencies 
(PIDs) are susceptible to not clearing the vaccine strains 
after receipt of OPV, which provides an environment for 
prolonged virus replication and genomic changes. These 
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patients have an ≈3,000-fold increased risk for onset of 
prolonged immunodeficiency-associated VDPV (iVDPV) 
infection and vaccine-associated paralysis (2).

In previous studies, we reported the largest series of 
patients who had paralysis because of iVDPV infection 
(1). Given the implementation of poliovirus screening pro-
grams on PID patients, the number of nonparalyzed iVDPV 
excretors has increased substantially in recent years (9). In 
this study, we update our registry of patients in Iran with 
iVDPV infection. In addition to describing important clini-
cal and virologic properties of newly identified patients, our 
findings underscore the importance of poliovirus screening 
programs in increasing the iVDPV detection rate.

Study Design
We collected data on patients with iVDPV shedding up to 
the end of 2018 by consulting a national registry of patients 
with acute flaccid paralysis (AFP) and by screening the 
stool of nonparalyzed PID patients for poliovirus infection. 
All AFP case-patients in Iran are routinely examined for 
shedding of polioviruses. Stool specimens were collected 
within 14 days after paralysis onset.

In our screening program, virologic data of patients 
were collected prospectively during 2014–2018. Patients 
with an established PID diagnosis recorded in our nation-
al PID registry and without any paralytic symptom were 
considered eligible (15,16). Inclusion criteria were not re-
stricted to patients’ age or any specific PID type. We also 
included patients with innate immunodeficiencies because 
these patients might be exposed to iVDPV-excreting pa-
tients during hospital stays. Patients consented to and were 
recruited for 1-time poliovirus screening at admission to 
the healthcare facilities related to our registry network as 
well as for routine follow-up visits, intravenous immuno-
globulin (IVIG) infusion, or infection control. Our method 
for stool sampling has been described previously (15). Pa-
tients were screened only once unless they had positive re-
sults in their first encounter, in which case they continued 
monthly stool testing until the infection cleared. In each 
encounter, 2 stool specimens were collected and tested over 
a 4-day period, depending on the proximity of the patient 
to the study site.

All stool specimens were processed at Iran’s National 
Polio Laboratory in Tehran by using cell culture and real-
time reverse transcription PCR, in accordance with WHO 
protocol (17). Poliovirus isolates were sent to the US Cen-
ters for Disease Control and Prevention (Atlanta, Georgia, 
USA) for sequencing of the VP1 genomic region.

For our analysis, we defined VP1 divergence rate as 
the maximum value (percentage) of VP1 divergence from 
the original Sabin strain, divided by the total duration 
(years) of virus replication. As an index for a timely detec-
tion of infection, we calculated iVDPV detection speed as 

the duration of observed iVDPV excretion divided by the 
total time of iVDPV replication (9). To calculate these pa-
rameters, we considered the time interval between the first 
OPV administration and the last iVDPV isolation as the 
approximate duration of virus replication (9).

We extracted clinical and immunologic data from our 
national PID registry database (16,18). We categorized pa-
tients into a combined immunodeficiency (CID) group (in-
cluding severe CID [SCID], less severe CID [e.g., major 
histocompatibility complex class II deficiency], and CID 
with syndromic features); a predominantly antibody defi-
ciency (PAD) group (including agammaglobulinemia [auto-
somal and X-linked] and hypogammaglobulinemia); or an 
innate immunodeficiency group (e.g., neutropenia, chronic  
granulomatous disease, and complement deficiency), on 
the basis of the diagnostic criteria of the European Society 
for Immunodeficiencies (https://esid.org/Working-Parties/
Registry-Working-Party/Diagnosis-criteria). We performed 
genetic evaluation on genomic DNA extracted from whole 
blood, as described previously (19,20).

For patients with classical clinical profiles suggestive 
of a specific CID and agammaglobulinemia, we performed 
Sanger sequencing on the most likely genes. For patients 
with failed Sanger sequencing or with clinical characteris-
tics of hypogammaglobulinemia resembling several genetic 
defects, we performed targeted next-generation sequencing 
and whole-exome sequencing by using a pipeline described 
previously (19). We reevaluated the pathogenicity of all 
disease-attributable gene variants by using the updated 
guideline for interpretation of molecular sequencing by the 
American College of Medical Genetics and Genomics as 
described previously (19). We performed monthly collec-
tion and analysis of stool specimens until the clearance of 
infection or death. By definition, clearance of iVDPV was 
achieved when stool was poliovirus-negative for 2 consec-
utive months (1). 

We used Stata 14 software (https://www.stata.com) for 
descriptive and analytical statistics, the Shapiro-Wilk test 
to assess the normality of distributions, independent t-tests 
for parametric and Mann-Whitney U tests for nonparamet-
ric assessment of associations, and the Pearson χ2 test for 
categorical parameters. We considered a p value <0.05  
statistically significant.

Results

Symptomatic iVDPV-Excreting Patients
We identified 16 patients who had AFP and concurrent 
iVDPV shedding during 1995–2016 (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/25/11/19-0540-App1.
pdf). Patients 1–14 have been thoroughly described in pre-
vious reports (1,21). Two new cases with paralysis were 
identified after 2014.
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The first paralysis patient (patient 17) was a girl who 
had right leg paralysis at 6 months of age. PID was sus-
pected on the basis of a history of recurrent respiratory tract 
infections and axillary bacillus Calmette-Guérin lymphad-
enitis. She was diagnosed with T-B-NK+ SCID. iVDPV 
serotype 2 with 9 VP1 nucleotide substitutions was isolated 
from stool. The last stool specimen collected 4 months after 
paralysis was positive for iVDPV2 and had 14 nucleotide 
substitutions. Her parents and monozygotic twin sister, 
who also had SCID and had received 3 OPV doses, had 
poliovirus-negative stool. The patient died at age 1 year.

The second paralysis patient (patient 21) was a 
14-month-old boy who had seizure and muscle weakness 
in the neck, trunk, lower limbs, and right upper limb. Low 
serum immunoglobulins and B-lymphopenia evinced the 
diagnosis of agammaglobulinemia. iVDPV serotype 2 was 
isolated from stool. Stool collected 3 months later was po-
liovirus-negative. The patient is now in good health and is 
receiving regular IVIG, having only residual paralysis in 
his right leg.

Asymptomatic iVDPV-Excreting Patients
Since the beginning of our poliovirus screening program 
among PID patients, a total of 266 nonparalyzed patients 
(175 boys and 91 girls) have been evaluated. Median age 
(interquartile range [IQR]) was 5.0 (1.3–11.0) years in all 
patients, 7.5 (3.0–18.5) years in patients with PAD, 1.4 
(0.9–6.0) years in patients with CID, and 4.5 (1.0–5.2) 
years in patients with innate immunodeficiencies (Figure 
1). A total of 602 stool specimens were collected from 
these patients; 58 specimens were collected from iVDPV-
excreting patients during their shedding periods. The most 

frequent adaptive PID was CVID (76 patients [28.6%]), 
followed by agammaglobulinemia (51 patients [19.2%]) 
and SCID (21 patients [7.9%]). Forty-two (15.79%) pa-
tients had defective innate immunity (Table).

Four (1.5%) patients were excreting nonpolio entero-
viruses, and 12 (4.5%) were excreting Sabin-like (SL) po-
lioviruses only. These patients were retested in the second 
encounter after 1 month; all had negative results. Seven 
patients (2.6%) were found to shed iVDPVs and did not 
have symptoms of paralysis. Of note, 6 of these patients 
were detected among SCID case-patients (6/21 [28.6%]) 
and the other among agammaglobulinemia case-patients 
(1/51 [2%]). In a previous study, we briefly reported 3 of 
these patients (patients 16, 18, and 19), who were identi-
fied among 102 patients screened during January 2014–No-
vember 2015 (15). We continued our poliovirus screening 
program to include 164 additional cases. Four patients (pa-
tients 15, 20, 22, and 23) were found to have nonparalytic 
iVDPV shedding after November 2015.

Patient 15 was a boy with T-B-NK+ SCID identified at 
8 months of age. He shed iVDPV1 for several consecutive 
months and ultimately cleared the infection after a success-
ful hematopoietic stem cell transplantation (HSCT) at age 
1 year. Detailed characteristics of this patient have been 
discussed in a separate study (22).

Patient 16 was a girl with several hospitalizations 
for fever, bacillus Calmette-Guérin adenitis, and re-
current urinary infections. At 8 months old, SCID was 
diagnosed and confirmed by finding a homozygous 
nonframeshift trinucleotide deletion in a class II major 
histocompatibility complex transactivator gene. iVD-
PV2 with 12 nucleotide substitutions were isolated from 
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Figure 1. Patient ages at the 
time of first stool screening 
in study of vaccine-derived 
poliovirus infection among 
patients with primary 
immunodeficiency, by category 
of primary immunodeficiencies, 
Iran, 1995–2018.
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her stool when she was 10 months old. During >3 years 
of continued shedding, her poliovirus evolved to have 
37 VP1 nucleotide substitutions. Despite regular IVIG 
administration, she still had the infection at the latest 
follow-up testing. She never had paralysis and is now is 
a candidate for HSCT.

Patient 18 was an infant boy with oral candidiasis, cu-
taneous manifestations, and failure to thrive. A presump-
tive diagnosis of SCID was confirmed by detecting a ho-
mozygous mutated adenosine deaminase gene. Stool was 
positive for an iVDPV2 with 6 VP1 nucleotide substitu-
tions. The patient died at 3.5 months of age from a severe 
respiratory infection.

Patient 19 was a girl admitted to a peripheral hospital 
for chronic diarrhea, oral aphthous ulcers, and failure to 
thrive at 5 months of age. However, her PID was not de-
tected, and she received her fourth OPV dose at 6 months 
of age. After further workup at 11 months of age, we es-
tablished a final diagnosis of SCID by detecting a homozy-
gous missense mutation in a recombination activating gene 
1. iVDPV2 was isolated from stool. Despite appropriate 
medical therapy, she died less than 1 month later.

Patient 20 was a boy with agammaglobulinemia. A 
stool specimen collected at 13 months of age was posi-
tive for iVDPV2 with 18 nucleotide substitutions and 
for SL type 3 virus (SL3). iVDPV2 shedding continued 
for 3 months and had 20 VP1 nucleotide substitutions. 
Specimens collected at 18 months of age only showed 
iVDPV3 with 22 nucleotide substitutions; no poliovirus 
type 2 was detected. iVDPV3 evolved to have 24 nucleo-
tide substitutions until the patient was 21 months of age. 
Stool specimens tested 6 months later were negative for 
any iVDPV serotype.

Patient 22 was a boy who had received 4 doses of 
bOPV (serotypes 1 and 3) and IPV. At 7 months of age, 
CID was diagnosed and later confirmed by detecting a 
homozygous single nucleotide deletion in the regulatory 
factor X associated ankyrin-containing protein gene. His 
initial stool specimen was positive for SL3 and had 9 VP1 

nucleotide substitutions. Serial stool testing showed a 
continuous poliovirus replication for 4 months and a gain 
of 12 VP1 mutations, which exceeded the cutoff level for 
our definition for iVDPV3. Stool collected 5 months later 
was poliovirus-negative.

Patient 23 was a boy, the fourth child born to consan-
guineous parents in rural areas. There was a history of 2 
siblings’ death from Kostmann syndrome and autosomal-
recessive polycystic kidney disease. Immunodeficiency 
was not detected at birth, and he had received 2 doses of 
bOPV until 4 months of age, when he had severe pneu-
monia and SCID. Diagnosis was confirmed by finding a 
mutated recombination activating gene 2. At 6 months of 
age, iVDPV1 with 10 VP1 mutations were isolated from 
his stool. He never had paralysis but died from pneumonia 
within a few weeks.

Iran’s iVDPV Registry
Since the establishment of Iran’s iVDPV registry, a total 
of 23 iVDPV-excreting patients have been identified; 7 
(30%) never had paralysis. Nineteen (82.6%) of the 23 
patients were boys. PID type was confirmed by molecular 
studies in 10 patients. Thirteen (56%) patients had CID, 
and 9 (39%) had PAD. SCID was the most frequent PID 
type (11 cases [48%]), followed by agammaglobulinemia 
(8 cases [35%]). One patient had an undetermined PID 
type. One patient had unspecified hypogammaglobu-
linemia. The mean (+ SD) age at the time of first iVDPV 
isolation was 10.82 (+ 5.18) months for all patients. This 
age was older in patients who had paralysis (11.8 + 5.6 
months), compared with nonparalyzed patients (8.6 + 3.1 
months). However, the observed difference was not statis-
tically significant (p = 0.17).

Eight patients (89%) with PAD and 7 patients (54%) 
with CID had paralysis (p = 0.083). Thirteen patients died. 
Eleven patients (47.8%) cleared the infection from stool 
during the follow-up period. Of note, 8 (89%) PAD patients 
cleared the infection, compared with only 3 (23%) CID  
patients (p = 0.002).
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Table. Age, PID type, and stool screening results in nonparalyzed PID patients in study of vaccine-derived poliovirus infection among 
patients with PID, Iran, 1995–2018* 
Immunodeficiency No. patients (%), N = 266 Age at stool collection, y, median (IQR) Stool screening result 
Predominantly antibody deficiencies    
 AGG 51 (19.17) 5.0 (2.5–10.7) 1 iVDPV, 3 SL, 1 NPEV 
 CVID 76 (28.57) 12.5 (7.0–20.7) 2 SL, 3 NPEV 
 HIGM 17 (6.39) 6.8 (3.2–9.5) Negative 
 HGG 18 (6.77) 3.0 (1.2–7.0) 1 SL 
Combined immunodeficiencies    
 SCID 21 (7.89) 0.9 (0.7–1.2) 5 iVDPVs, 1 SL 
 Less severe CIDs 21 (7.89) 1.5 (1.0–4.8) 1 iVDPV, 3 SL 
 CID with syndromic features 20 (7.52) 6.5 (5.0–8.7) Negative 
 Innate immunity defects 42 (15.79) 4.5 (1.0–5.2) 2 SL 
*AGG, agammaglobulinemia; CID, combined immunodeficiency; CVID, common variable immunodeficiency; HGG; unspecified hypogammaglobulinemia; 
HIGM, hyper-immunoglobulin M syndrome; IQR, interquartile range; iVDPV, immunodeficiency-associated vaccine-derived poliovirus; MHC2, major 
histocompatibility class 2 deficiency; NPEV, nonpolio enterovirus; PID, primary immunodeficiency; SL, Sabin-like poliovirus; SCID, severe combined 
immunodeficiency. 
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Twenty-six iVDPVs were isolated from 23 patients. 
Three patients simultaneously shed 2 different serotypes 
(patients 5, 9, and 20). iVDPV2 was the most frequent se-
rotype (69%), followed by serotype 1 (19%) and serotype 
3 (12%). The median (IQR) of maximum VP1 divergence 
was 1.7% (1.3%–2.3%) and of viral replication time was 
12.4 (10.7–19.2) months. The median viral evolution rate 
was 1.66% (1.14–2.2%) per year. We observed no differ-
ence in evolution rate between different groups of patients 
on the basis of PID category and paralysis occurrence 
(p>0.1). The mean of iVDPV detection speed was higher 
in nonparalyzed patients than in those with paralysis (0.24 
vs. 0.17). However, this difference was not statistically sig-
nificant (p = 0.433).

Discussion
In this study, we describe a comprehensive registry of 23 
iVDPV-excreting patients identified in Iran since 1995, as 
an update to our previous report (1). Although most patients 
initially had paralysis, more than one quarter were asymp-
tomatic and were only identified by poliovirus screening. 
The rate of asymptomatic iVDPV infection in our national 
study (2.6% overall; 3.1% in adaptive immunity defects) 
was several folds higher than this rate in a previous multi-
national report (0.8%) (15), despite a comparable propor-
tion of SCID in both studies. Other studies also reported 
detection rates several times lower than what we observed 
in nonparalyzed PID patients (23–25). These differences 
can be caused by different proportions of PID types among 
these studies or the predominance of certain genetic de-
fects or other predisposing factors in different countries.

Paralysis was observed more frequently in patients 
with PAD than with CID, supporting new evidence that 
hypothesizes the role of cell-mediated reactions in the pro-
gression to paralysis (9). PAD patients were also more like-
ly to clear the infection. Immune mechanisms contributing 
to these observations have been discussed in recent studies; 
cytotoxic interactions can damage poliovirus-infected mo-
tor neurons in the anterior horn of the spinal cord (leading 
to paralysis) and enterocytes in the gastrointestinal tract 
(leading to infection clearance) (4,9,22).

The predominance of iVDPV2 is consistent with pre-
vious studies (9,10). Although the global switch to bOPV 
can reduce the emergence of VDPV2 in OPV-using coun-
tries (26), bOPV still carries the risk for VDPV emergence 
from 2 other serotypes (22). Gradual evolution of iVDPV3 
from SL3 in patient 22 is an illustration of this risk and 
shows the importance of serial stool testing in immunode-
ficient SL excreters. According to WHO, iVDPV3 was the 
most frequent serotype (7/14 iVDPVs) detected worldwide 
during January 2017–June 2018 (10). Asymptomatic shed-
ding of any iVDPV serotype endangers the whole polio 
eradication program.

A thorough nucleotide analysis revealed that the VP1 
evolution rate occasionally exceeded the estimated rate 
of 1%–2% per year (e.g., patients 5, 8, 10, 15, 18, and 
23 had rates >2% per year). Several hypotheses, includ-
ing random or selected mutations along with genomic 
recombination, have been proposed for this observation 
(1,2,9,27). Some patients shed multiple variants simul-
taneously, suggesting that genomic recombination can 
occur during replication of SL viruses. Patient 20 was 
initially excreting iVDPV2 along with SL3; after a few 
months, only iVDPV3 was detected in his stool. This 
rapid evolution in the VP1 region to reach iVDPV defi-
nition could be explained by crossover of genetic mate-
rial between the preexisting iVDPV2 and concurrently 
evolving SL3. The underlying mechanism for iVDPV2 
clearance and the predominance of iVDPV3 is unclear in 
this case, which could be attributable to random chance 
or host–pathogen interactions.

Patient 17 and her monozygotic twin sister both had 
SCID. Patient 17 was the only member of the family who 
shed iVDPV. We suppose that the complete polio immu-
nization history in healthy parents has prevented iVDPV 
transmission to the sisters. The twin sister had a high risk 
for iVDPV infection both from OPV administration and 
transmission from an infected sibling. We cannot rule out 
a previous iVDPV infection and subsequent spontaneous 
clearance in the uninfected twin. Also, a risk for future 
transmission would persist in this situation. Although per-
son-to-person transmission of SL can cause immunity in 
healthy persons, it might lead to prolonged iVDPV infec-
tion in immunodeficient contacts. This risk is high given 
that PID patients are frequently admitted for IVIG admin-
istration or infection control and can transmit the virus to 
other patients. We advocate regular poliovirus screening 
of all PID patients, especially in those with CID. More 
frequent screening could be an appropriate strategy in 
patients who have direct or indirect contact with known 
iVDPV excretors. Intensified precautions to prevent trans-
mission by the oral–fecal route should be implemented 
for poliovirus-excreting (SL or iVDPV) patients during 
hospital admissions.

The fundamental prerequisite for our registry was the 
implementation of the poliovirus screening program among 
PID patients. This framework provided the opportunity to 
diagnose asymptomatic iVDPV excretors and caused a 
rapid rise in the iVDPV detection rate after 2014 (Figure 
2). This acceleration was most dramatic among patients 
with CID, especially SCID, which increases susceptibility 
to prolonged and asymptomatic infections (12). The rate of 
asymptomatic shedding was several folds higher in SCID 
patients than patients with any other PID type; this finding 
supports the notion that CID patients should receive par-
ticular attention in the polio endgame.
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Poliovirus screening programs would likely in-
crease the speed of iVDPV detection speed. Although 
not statistically significant (probably because of the lim-
ited study population), this index was lower in patients 
identified after paralysis than in asymptomatic patients. 
This trend is consistent with a recent systematic review 
suggesting that paralysis might be a late manifestation 
of iVDPV infection (9) and highlights the importance 
of early poliovirus screening for timely diagnosis and 
treatment in PID patients, mainly in those with adaptive 
immunity defects (because we did not identify any para-
lytic patients with defective innate immunity). Although 
implementing screening might impose higher costs on 
the health systems, the eradication goal might not be ac-
complished without a reasonable expenditure on such 
programs. A case in point is the environmental detection 
of vaccine-related polioviruses with some features of 
iVDPV in communities that have not reported any case 
of wild or vaccine-related poliomyelitis for decades after 
their switch to IPV (e.g., Finland, Israel, and Switzer-
land) (28–30).

For patient 19, PID remained undiagnosed for a long 
time after its initial manifestations, leading to inappropri-
ate administration of the fourth OPV dose. In addition, pa-
tient 23 did not undergo neonatal PID testing and received 
OPV despite a family history suggestive for primary im-
munodeficiency. These occurrences might be attributable 
to insufficient vigilance of primary healthcare providers to 
signs and risk factors associated with PID. In many coun-
tries, neonatal PID screening is in place for early diagno-
sis of SCIDs and agammaglobulinemia, which assists the 
physicians in modifying patients’ vaccination scheduling 

and medical management appropriately (31). In addition to  
implementation of screening programs, improving the 
awareness of healthcare providers about PID manifestations 
and the risks associated with OPV administration should be  
considered as a pivotal part of child healthcare and the polio 
eradication endgame.

Successful HSCT appears to lead to clearance of iVD-
PV infection (22). Clearing poliovirus infection early af-
ter HSCT in patient 15 could be attributed to the recovery 
phase of innate and cell-mediated immune reconstitution 
(22). Despite appropriate medical therapy, patient 16 never 
cleared iVDPV2 after >3 years of continuous shedding. 
HSCT remains the only possible solution for her immuno-
deficiency and poliovirus infection.

Adjunct to appropriate changes in vaccination strat-
egy, developing new antiviral drugs would be warranted 
for termination of chronic infections and outbreak control. 
Pocapavir (V-073) and V-7404 have been suggested as 
new agents against poliovirus, available for limited, com-
passionate use for PID patients who are at increased risk 
for poliovirus infection and are not suitable candidates for 
HSCT (15,32). However, the efficacy and safety of these 
drugs in immunodeficient patients with an established iVD-
PV infection have not yet been proven.

In conclusion, the emergence of VDPVs remains a 
serious obstacle in the pathway of polio eradication. Al-
though the recent change in vaccination strategy can pre-
vent the emergence of new cases, unidentified iVDPV ex-
cretors still carry the risk for reintroducing viruses from 
any serotype into the community. Serial screening of PID 
patients for poliovirus infection is an essential step in the 
transition to a polio-free world.
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Figure 2. Timeline of Iran’s 
registry of iVDPV infection, 
showing the number of patients 
identified after acute flaccid 
paralysis or through screening, 
1995–2018. The iVDPV detection 
rate was initially accelerated after 
implementation of the poliovirus 
screening program. The switch 
in vaccination schedule from 
trivalent to bivalent oral poliovirus 
vaccine was applied in 2016, 
leading to a decrease in iVDPV 
serotype 3 emergence. Two 
patients excreted iVDPVs with 
combined serotypes 1 and 2. 
One patient excreted 2 distinct 
iVDPVs (serotypes 2 and 3). 
Numbers in each square indicate 
the iVDPV serotype. iVDPV, 
immunodeficiency-associated 
vaccine-derived poliovirus; OPV, 
oral poliovirus vaccine.
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Serratia marcescens, which can cause nosocomial outbreaks 
and urinary tract and wound infections, is abundant in damp 

environments. It can be easily found in bathrooms, including 
shower corners and basins, where it appears as a pink–orange–red 
discoloration, due to the pigment known as prodigiosin. Serratia 
was discovered in Italy in 1819 when it affected polenta in a small 
town near Padua.

Bartolomeo Bizio, a Venetian pharmacist, studied the mode of 
transmission of the red substance and named this microorganism 
Serratia in honor of Serafino Serrati, who ran the first steamboat 
on the Arno River in 1795, anticipating the discovery of Robert 
Fulton in 1807. The word marcescens was chosen from Latin for 
the species name meaning to decay, reflecting the rapid deteriora-
tion of the pigment. Serratia marcescens was later renamed Monas 
prodigiosus in 1846, then Bacillus prodigiosus, before the original 
name was restored in the 1920s in recognition of the work of Bizio.  

Serratia marcescens [sǝ-ra′-she-ǝ mar-ces′-cens]

etymologia
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During the water crisis in Flint, Michigan, USA (2014–2015), 
2 outbreaks of Legionnaires’ disease occurred in Genesee 
County, Michigan. We compared whole-genome sequences 
of 10 clinical Legionella pneumophila isolates submitted to a 
laboratory in Genesee County during the second outbreak 
with 103 water isolates collected the following year. We 
documented a genetically diverse range of L. pneumophila 
strains across clinical and water isolates. Isolates belong-
ing to 1 clade (3 clinical isolates, 3 water isolates from a 
Flint hospital, 1 water isolate from a Flint residence, and 
the reference Paris strain) had a high degree of similarity 
(2–1,062 single-nucleotide polymorphisms), all L. pneu-
mophila sequence type 1, serogroup 1. Serogroup 6 iso-
lates belonging to sequence type 2518 were widespread 
in Flint hospital water samples but bore no resemblance to 
available clinical isolates. L. pneumophila strains in Flint tap 
water after the outbreaks were diverse and similar to some 
disease-causing strains. 

Legionnaires’ disease is a severe form of pneumonia 
caused by inhalation of virulent species of aerosolized 

Legionella bacteria. In January 2016, the Michigan Depart-
ment of Health and Human Services (MDHHS) and the 
Genesee County Health Department publicly announced 2 
Legionnaires’ disease outbreaks in Genesee County, Mich-
igan, USA (1,2). The first outbreak occurred from June 
2014 through March 2015 and the second from May 2015 
through October 2015; a total of 90 cases and 12 deaths 

were documented (1–3). From April 2014 through Octo-
ber 2015, the city of Flint, in Genesee County, switched 
its drinking water source from Detroit Water and Sewer 
Department (DWSD), which used corrosion control, to 
the corrosive Flint River, without implementing federally 
mandated corrosion control; this new water source led to 
elevated lead in tap water over a prolonged period, now 
called the Flint water crisis (4). This disruption in water 
quality likely also stimulated the growth of L. pneumoph-
ila, the species most frequently identified as the causative 
agent of Legionnaires’ disease (5,6), in Flint’s distribution 
and plumbing systems (7).

Our prior work associated the Legionnaires’ disease 
outbreaks with factors known to be conducive to Legionel-
la growth: elevated iron (a consequence of corroded iron 
water mains), reduced free chlorine disinfectant residu-
als, and elevated water temperatures (7,8). Later, Zahran 
and colleagues reported that the odds of Flint residents 
being referred for Legionnaires’ disease treatment while 
the Flint River was the source of tap water increased 6.3-
fold and confirmed our report of associations with low 
chlorine residuals (9), but the odds analysis, which was 
based on the use of referral date rather than symptom on-
set date, excluded many healthcare-associated cases (10). 
Furthermore, during the second outbreak, Legionella 
spp. and L. pneumophila genes were found to be higher 
in the tap water of large buildings in Flint than in other 
water systems in US areas not experiencing outbreaks 
(8). Conversely, levels of the mip gene, which is specific 
to L. pneumophila, were largely below detection in Flint 
single-family residences, at least during the later stages of 
the water crisis when they were measured (2015–2016) 
(8). Large buildings with extensive plumbing networks, 
such as hospitals, are generally more susceptible to Legio-
nella growth than are simpler plumbing systems charac-
teristic of single-family homes (11); however, residences 
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are also of interest for Legionella growth, given concerns 
about the high rate of sporadic Legionnaires’ disease (12) 
and potential for exposure in the home.

Our study objective was to use next-generation DNA 
sequencing to compare L. pneumophila isolated from 
Flint tap water after the second Legionnaires’ disease 
outbreak with tap water isolates from neighboring drink-
ing water systems outside of Flint that were never served 
by Flint River water and clinical strains received during 
the second outbreak at a regional reference laboratory in 
Genesee County. Within Flint, Legionella isolates were 
obtained from the tap water of a hospital, a large pub-
lic building, and single-family residences several months 
after the water source was switched back to DWSD. In 
addition to serogroup testing, we used whole-genome se-
quencing to compare isolates in terms of sequence type 
(ST), average nucleotide identity, and single-nucleotide 
polymorphisms (SNPs).

Materials and Methods

Water Sample Collection and Legionella Isolation
After Flint resumed purchasing water with corrosion con-
trol from the original supplier, DWSD, water sampling 
campaigns were conducted 5 months (March 7–9, 2016), 
8 months (June 21–27, 2016), and 10 months (August 15–
16, 2016) later. Samples were collected from residences, 
small businesses, a large public building, and a hospital in 
Flint; as controls, samples were collected from buildings 
located outside of Flint that used DWSD or well water 
(Table 1). The March 2016 campaign targeted sampling 
of residences, small businesses, a large public building, 
and a hospital; samples were collected from hot (flushed 
for 30 seconds) and cold (stagnant) taps at each location. 
Samples were collected from the kitchen sink in homes 
and from restrooms in public buildings. The June 2016 
campaign extensively sampled homes as part of a water 
heater cleaning campaign; the following samples were 
collected before and after a cleaning protocol: hot and 
cold stagnant kitchen tap samples, a stagnant shower sam-
ple of blended hot and cold water, a hot flushed kitchen 
tap sample, the water heater drain valve, and a flushed 
cold water sample from the outside hose bib or nearest 
tap to the service entry point. The August 2016 campaign 
targeted sampling from hot (flushed 30 seconds) and cold 
(stagnant) water taps from homes and small businesses. 
Legionella was cultured according to standard methods 
(13), and colonies were streaked to isolation.

Clinical Isolates
MDHHS provided 11 clinical isolates from de-identified 
Legionnaires’ patients who received a diagnosis in 2015; 
however, 1 isolate could not be cultured and was deemed 

nonviable. When we initiated this study, we assumed that 
all 11 isolates originated from patients with some history 
of exposure in Flint or Genesee County during the Flint 
water crisis. However, we later learned that the common-
ality among clinical isolates was that they had been sub-
mitted to a Genesee County laboratory for analysis during 
the second outbreak and that 3 of the 11 isolates originated 
from patients who resided and received treatment outside 
of Genesee County (J. McFadden, MDHHS, pers. comm., 
2017 Feb 1). Because the clinical isolates in this study 
were de-identified, comparison with the water isolates is 
described in terms of “L. pneumophila known to be capable 
of causing LD.” We also included publicly available DNA 
sequence information from clinical reference strains in the 
analysis (Appendix 1 Table 2, https://wwwnc.cdc.gov/
EID/article/25/11/18-1032-App1.pdf).

Whole-Genome Analysis of L. pneumophila Isolates
Whole-genome sequencing was conducted by MicrobesNG 
(https://microbesng.uk) on an Illumina MiSeq (https://www.
illumina.com) with 2 × 250-bp paired-end reads and Nextera 
library preparation (Illumina). Sequencing was performed 
for a representative subset of each building type and water 
source, including 103 water isolates and the 10 available clin-
ical L. pneumophila isolates (Appendix 1 Table 1). To verify 
DNA integrity, DNA extracts were quantified via a Qubit 2.0 
fluorometer (https://www.thermofisher.com) and analyzed 
via gel electrophoresis. Positive (L. pneumophila strain 130b) 
and negative (Stenotrophomonas maltophilia) control strains 
were also sequenced, and 3 clinical strains were sequenced 
in duplicate on 2 MiSeq runs to evaluate run-to-run variation 
(Appendix 1 Figures 1–3). On average, 806,825 reads were 
obtained per isolate (range 280,380–2,031,828 reads). Reads 
were trimmed by using Trimmomatic (14), and de novo as-
semblies were generated by using SPAdes (15).

Genome sequences are available in GenBank under 
BioProject PRJNA453403. Legionella species assignments 
were determined via blastn (https://blast.ncbi.nlm.nih.gov) 
for isolate 16S rRNA gene sequences. Average nucleotide 
identity was calculated as previously described (16), and 
SNPs were identified by using kSNP3.0 (17). We also in-
cluded 9 L. pneumophila reference strains (Appendix 1 Ta-
ble 2). We performed sequence-based typing targeting the 
flaA, pilE, asd, mip, mompS, proA, and neuA alleles (18) by 
using the mompS tool (19).

Serogroup Analysis
We identified L. pneumophila isolates belonging to sero-
group 1 via detection of the wzm gene (20) in whole genome 
sequences. We verified DNA sequence-based classifications 
and determined unknown serogroups by using direct fluores-
cent antibody staining with fluorescein isothiocyanate–con-
jugated antibodies (m-TECH, http://www.4m-tech.com).
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Results

Legionella Isolate Characterization
Of the 515 total water samples collected and from which L. 
pneumophila isolation was attempted (Table 1), 43 samples 
(8%) were positive for Legionella. Of these, 22 (58%) of 38 
hospital samples from March 2016, eight (2%) of 370 resi-
dence samples from June 2016 (positives originating from 
2 separate residences), and 6 (21%) of 28 residence sam-
ples from August 2016 (positives originating from different 
taps in a single residence) were positive for culturable L. 
pneumophila. No isolates were obtained from businesses 
receiving DWSD water, but 6 (86%) of 7 taps at the school 
serviced by well water were identified as positive (although 
5 of these were later determined to be Legionella species 
other than L. pneumophila).

16S rRNA genes mined from whole-genome sequenc-
es indicated that all clinical and water isolates, except for 
8 of the 9 well water isolates, were L. pneumophila. The 
positive control strain was correctly identified as L. pneu-
mophila; SNP analysis further classified it according to its 
known provenance (130b), and the negative control strain 

was also confirmed to be S. maltophilia (i.e., not Legio-
nella). Serogrouping via presence of the wzm gene for se-
rogroup 1 and direct fluorescent antibody staining for other 
serogroups indicated that all L. pneumophila isolates be-
longed to serogroups 1 and 6 (Table 2).

L. pneumophila isolates from clinical and water sam-
ples belonged to several STs (Table 2). Of serogroup 1 iso-
lates, all belonged to STs 1, 44, 159, 192, 211, 213, or 222 
or to a previously uncharacterized ST that we submitted 
to the European Working Group for Legionella Infections 
database (http://www.ewgli.org) and that has now been 
designated as ST2513. Serogroup 6 isolates all belonged 
to a previously uncharacterized ST that has now been 
designated as ST2518. Most hospital isolates belonged to 
ST2518, and isolates originating from residential tap water 
belonged primarily to ST192. Only ST1 was represented 
by both clinical and water isolates, specifically, 3 clinical 
isolates, 3 isolates from hospital tap water, and 1 isolate 
from residential tap water.

When classified according to SNP similarity, isolates 
formed distinct clades that were generally consistent with the 
ST classification (Figure). The ST1 clade varied by 2–1,062 
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Table 1. Total number of buildings sampled, number of samples collected, and number of isolates analyzed for Legionella, Flint, 
Michigan, USA* 

Water sample source 

March 2016 

 

June 2016 

 

August 2016 
No. 

buildings 
or samples 

No. (%) 
positive 

No. 
isolates 

analyzed 

No. 
buildings 

or samples 
No. (%) 
positive 

No. 
isolates 

analyzed 

No. 
buildings 

or samples 
No. (%) 
positive 

No. 
isolates 

analyzed 
Flint residences 5 0 

 
 32† 2 (6) 

 
 10‡ 2 (20) 

 

 Hot (flushed) 5 0 0  62 2 (3) 3  14 1 (7) 1 
 Hot (stagnant) NS    62 2 (3) 4  NS   
 Cold (flushed) NS    61 1 (2) 2  NS   
 Cold (stagnant) 5 0 0  61 1 (2) 4  11 4 (36) 1 
 Water heater  
 drain valve 

NS 
  

 62 1 (2) 5  NS 
  

 Shower (hot and  
 cold) 

NS    62 1 (2) 2  3 1 (33) 1 

Hospitals 1 1 (100) 
 

 NS 
  

 NS 
  

 Hot (flushed) 19 16 (84) 56  NS 
  

 NS 
  

 Cold (stagnant) 19 6 (32) 14  NS 
  

 NS 
  

Buildings receiving 
DWSD water 

4 0 
 

 NS 
  

 8 0 
 

 Hot (flushed) 4 0 0  NS 
  

 8 0 0 
 Cold (stagnant) 4 0 0  NS 

  
 8 0 0 

Flint large buildings 2 1 (50) 
 

 NS 
  

 NS 
  

 Hot (flushed) 5 0 0  NS 
  

 NS 
  

 Cold (stagnant) 5 1 (20) 1  NS 
  

 NS 
  

Buildings receiving 
well water 

1 1 (100) 
 

 NS 
  

 NS 
  

 Hot (flushed) 4 4 (100) 5§  NS 
  

 NS 
  

 Cold (stagnant) 3 2 (67) 4¶  NS 
  

 NS 
  

Flint small businesses 6 0 
 

 NS 
  

 8 0 
 

 Hot (flushed) 6 0 0  NS 
  

 8 0 0 
 Cold (stagnant) 6 0 0  NS 

  
 8 0 0 

*Positive samples indicate presumptive L. pneumophila identified by performing culture according to the method described in (12). Unless otherwise 
noted, identification as L. pneumophila was confirmed by using whole-genome sequencing. Boldface indicates total buildings sampled. Blank cells 
indicate that data were not reported when applicable samples were not collected. NS, no samples of this type were collected.  
†1 of the 32 homes was also sampled in March 2016. 
‡5 of the 10 homes were also sampled in March 2016; 1 of the 10 was sampled in June 2016 (but not in March 2016; samples from this house were 
positive on both dates). 
§4 of 5 isolates were a non–L. pneumophila species, according to whole-genome sequencing. 
¶4 of 4 isolates were a non–L. pneumophila species, according to whole-genome sequencing. 
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SNPs, and isolates varied from the reference Paris strain 
by 371–505 SNPs. In particular, clinical isolate C3 shared 
the highest degree of similarity with Flint tap water isolates 
(38–46 SNPs). Some degree of variation is expected to be 
associated with variability in sequencing accuracy because 
the 3 clinical isolates that were sequenced in duplicate on 
multiple MiSeq lanes differed from their replicate by 0–10 
SNPs. Several other distinct clades emerged in which water 
isolates were grouped primarily by building type. A large 
clade of ST2518 isolates included most samples from the 
hospital, 1 sample from well water, and 1 sample from a 
large public building. Another clade contained only isolates 
originating from Flint residence water samples belonging to 
ST192. The SNP results were confirmed by phylogenetic 
analysis and average nucleotide identity comparison (Ap-
pendix 1 Figures 1–3; Appendix 2, https://wwwnc.cdc.gov/
EID/article/25/11/18-1032-App2.xlsx).

The STs of 8 isolates derived from well water could 
not be determined because L. pneumophila–specific alleles 
were absent, suggesting that the isolates were mistakenly 
phenotypically characterized as L. pneumophila on the 
basis of colony morphology. Average nucleotide identity 

values comparing these isolates with the positive control 
L. pneumophila strain (130b) were 62.645%–62.969%, 
whereas average nucleotide identity values of a single spe-
cies are generally >95% (21). These 8 isolates seem to be 
most closely related to L. taurinensis, L. rubrilucens, or L. 
erythra, because the 16S rRNA genes extracted from these 
genomes shared >99% nt similarity to all 3 species.

Discussion
When considered per capita, the Legionnaires’ outbreaks 
in Genesee County are among the largest in US history. 
However, to our knowledge, few clinical sputum isolates 
were collected or preserved from these outbreaks; for most 
cases, only urine-antigen testing was conducted. A com-
mon problem in the United States is reliance on urine-an-
tigen testing and lack of collection of clinical Legionella 
isolates; these practices unfortunately limit the ability to 
track sources of infection, learn from past outbreaks, and 
prevent future outbreaks (22,23). Among the clinical spu-
tum isolates that were sent to Genesee County laboratories 
during the outbreaks, none were from patients residing in 
homes serviced by Flint water (S. Lyon-Callo, MDHHS, 
pers. comm., 2018 Apr 5); thus, direct examination of po-
tential residential exposure is not possible from this study. 
Given that 68% of patients’ residences were confirmed to 
not have been serviced by Flint water (3), the potential ex-
ists that a portion of the remaining 32% had some residen-
tial exposure in Flint.

Another challenge of tracking sources of Legionnaires’ 
disease is limited availability of water isolates. Given that 
the outbreaks were not publicly announced until 3 months 
after the conclusion of the second outbreak (January 2016), 
few environmental specimens were collected or preserved 
when the outbreaks were occurring. Analysis of any other 
water isolates that might exist from the time of the crisis 
would be valuable for learning more about this outbreak. 
MDHHS reported that 106 environmental Legionella spec-
imens were retained at a Flint hospital but were not submit-
ted to the State Health Department as had been requested 
(Sarah Lyon-Callo, MDHHS, pers. comm., 2019 Apr 30). 
Thus, a more definitive study of environmental sources of 
the outbreaks is not possible without a wider collection of 
clinical and environmental isolates.

Our study provides a survey of the landscape of ge-
netic diversity among Legionella isolates collected from 
tap water from a range of building types served by the 
Flint drinking water distribution system over the 1-year 
period after the switch back to DWSD water. We com-
pared these isolates with clinical isolates and with isolates 
from tap water of neighboring water systems never served 
by the Flint River or DWSD. Although it was not pos-
sible to collect water isolates during the actual outbreaks, 
previous studies have demonstrated that a single strain of 
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Table 2. Summary of Legionalla pneumophila isolates from Flint, 
Michigan, USA, 2016 
ST Serogroup Isolate origin* 
1 1 3 hospital water (HH17, HH25, HH56), 1 

residence water (RH08), 3 clinical (C2, 
C3, C7) 

44 1 1 clinical (C6) 
159 1 1 clinical (C1) 
192 1 19 residence water (RC01, RC02, RC03, 

RC04, RC06, RC07, RD01, RD02, RD03, 
RD04, RD05, RH02, RH03, RH04, RH05, 

RH07 RH07, RS01, RS02) 
211 1 1 clinical (C8) 
213 1 2 clinical (C4, C5) 
222 1 1 clinical (C9) 
2513† 1 1 clinical (C10) 
2518† 6 66 hospital water (HC01, HC02, HC03, 

HC04, HC05, HC06, HC07, HC08, HC09, 
HC10, HC11, HC12, HC13, HC14, HH01, 
HH02, HH03, HH04, HH05, HH06, HH07, 
HH08, HH09, HH10, HH11, HH12, HH13, 
HH14, HH15, HH16, HH18, HH19, HH20, 
HH21, HH22, HH23, HH24, HH26, HH27, 
HH29, HH30, HH31, HH32, HH33, HH34, 
HH35, HH36, HH37, HH38, HH39, HH40, 
HH41, HH42, HH43, HH44, HH45, HH46, 
HH47, HH48, HH49, HH50, HH51, HH52, 

HH53, HH54, HH55), 1 public building 
(PC01), 1 well water (WH03) 

ND ND HH28, RC05, RH01, RS03, WC01, WC02, 
WC03, WC04, WH01, WH02, WH04, 

WH05 
*First letter of isolate name indicates building type/location: H, hospital; R, 
residence; W, school using well water; P, large public building. Second 
letter indicates sample collection location; H, hot water tap; C, cold water 
tap; D, water heater drain valve; S, shower. Numerals 1–10 indicate 
clinical strains. ND, not determined because of lack of L. pneumophila–
specific alleles or insufficient genome coverage; ST, sequence type. 
†New sequence types from this study submitted to European Working 
Group for Legionella Infections database (http://www.ewgli.org). 
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L. pneumophila can colonize buildings and persist over 
multiple years (24–26). Thus, it is reasonable to assume 
that water isolates collected in 2016 were probably repre-
sentative of strains colonizing building water systems over 
the previous months or even years.

Our study provides reasonable evidence that plumbing 
served by the Flint drinking water system was colonized by 
strains of L. pneumophila capable of causing Legionnaires’ 
disease, particularly serogroup 1 and ST1. Although no 
epidemiologic links have been made between clinical cases 
and cooling tower exposures in these outbreaks, direct or 
indirect use of tap water (e.g., via feed to cooling towers) is 
possible. High degrees of similarity (2–1,062 SNPs) were 
noted between the ST1 isolates of clinical and water origin, 
a finding that was consistent with phylogenetic and average 
nucleotide identity analysis (Appendix 1 Figures 1–3; Ap-
pendix 2). The highest degree of similarity between clinical 
and water isolates was between C3 and RH08 (38 SNPs), 
HH25 (40 SNPs), HH17 (45 SNPs), and HH56 (46 SNPs). 
C2 differed from water isolates by 1,053–1,062 SNPs, and 

C7 differed from water isolates by 1,041–1,049 SNPs. 
With the exception of 1 isolate (WH03), isolates obtained 
from tap water from buildings never served by the Flint 
River were markedly distinct from those originating from 
residences or hospitals in Flint as well as the clinical iso-
lates. The low number of SNPs between replicate genomes 
sequenced in this study (0–10) suggests that the extent to 
which technical variation in whole-genome sequencing 
contributed to observed sequence variation is low. Previous 
studies have documented that although some Legionnaires’ 
disease outbreaks are characterized by L. pneumophila 
clinical strains that differ by as few as <5 SNPs, other out-
breaks may differ by as many as 418 core SNPs (27). Thus, 
the SNP variability between water and clinical strains of 
ST1 in this study, particularly C3, is comparable to the doc-
umented range of variation in other outbreaks. In contrast, 
clinical strain C2 varied from the Paris reference strain by 
only 505, C3 by 371, and C7 by 491 SNPs. Therefore, as-
certaining what level of SNP divergence between strains 
is demonstrative of a common source or virulent strain is 
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Figure. Single-nucleotide polymorphism (SNP) analysis of isolates from study of Legionella pneumophila in tap water, Flint, 
Michigan, USA. Analysis was conducted in kSNP3.0 (https://sourceforge.net/projects/ksnp/) and visualized by using FigTree 14.3 
(https://github.com/rambaut/figtree/releases/tag/v1.4.3). Isolate sources: yellow, clinical samples; blue, hospital water; red, residence 
water; purple, public building water; green, buildings supplied by well water. With the exception of buildings supplied by well water, all 
buildings were serviced by Flint municipal water. Reference strains are detailed in Appendix 1 Table 2 (https://wwwnc.cdc.gov/EID/
article/25/11/18-1032-App1.pdf). Scale bar indicates nucleotide substitutions per site.
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challenging. Given the well-established pathogenicity of 
the Paris strain, the results are also suggestive of genomic 
similarity among virulent strains of Legionella. Regardless, 
the similarity between C3 and strains isolated from Flint 
tap water samples (38–46 SNPs) is notable.

ST1 water isolates were collected from taps of a hos-
pital and a residence, indicating that this ST seems to have 
been somewhat widespread in the water distribution system, 
spanning multiple Flint buildings. However, the presence 
of several distinct phylogenetic clades of L. pneumophila 
isolated from Flint water systems further demonstrates that 
a single strain of L. pneumophila did not dominate the sys-
tem citywide. We hypothesize that this finding is likely the 
result of conditions favorable to Legionella growth, which 
we previously documented in the Flint system (7), facilitat-
ing the proliferation of multiple strains of L. pneumophila 
in different buildings and parts of the system. Similarly, the 
broad distribution of clinical isolates across 7 STs supports 
the hypothesis that any waterborne exposures that resulted 
in Legionnaires’ disease could hypothetically have origi-
nated from a diverse array of L. pneumophila strains and 
exposure sources.

All clinical isolates characterized in this study be-
longed to L. pneumophila serogroup 1, which is identified 
as the cause of >57% of reported Legionnaires’ cases in the 
United States (6). ST1 (belonging to serogroup 1) has been 
widely implicated in Legionnaires’ outbreaks worldwide, 
including outbreaks in France (28), China (29), Germany 
(30), Canada (31), and the United States (32). In the United 
States, ST1 is thought to be both the most common cause 
of sporadic Legionnaires’ disease cases and the most com-
mon waterborne ST found in potable and nonpotable water 
(32). ST1 isolates are highly conserved at the nucleotide 
level (33), making it challenging to link clinical cases with 
environmental sources because of the prevalence of ST1 
and lack of genetic variability.

Water isolates belonging to serogroup 6, all classified 
as ST2518, were widespread in samples collected from a 
Flint hospital in March 2016. A study of L. pneumophila 
isolates collected from Flint tap water in September and 
October 2016 also found that serogroup 6 isolates were 
widespread in residential premise plumbing water samples, 
although these isolates all belonged to STs 367 and 461 
(34). Byrne and colleagues found that serogroup 6 strains 
were at least as infectious for macrophages as a known 
virulent laboratory strain, emphasizing the potential for Le-
gionnaires’ disease to be caused by strains other than sero-
group 1 (34), although more research is needed to confirm 
the relevance of serogroup 6 strains for human infectivity. 
In our study, none of the clinical strains available for analy-
sis were serogroup 6.

It is noteworthy that 19% of hot water and 12% of cold 
water taps were positive for culturable L. pneumophila.  

Although L. pneumophila typically multiplies at 25°C–
37°C (35) and prospers in hot water plumbing systems (36), 
it has also been widely documented in cold water taps; one 
molecular analysis–based study found that as many as 47% 
of surveyed cold water taps were positive for genes specific 
to L. pneumophila serogroup 1 (37).

When MDHHS recently conducted an epidemiologic 
characterization of the Genesee County Legionnaires’ dis-
ease cases recorded in 2014 and 2015, although a lack of 
clinical isolates hampered a comprehensive investigation, 
they found that exposures that occurred at 1 Flint hospital 
potentially explained most cases (1–3). Our study provides 
complementary whole-genome sequencing–based charac-
terization of clinical isolates and tap water L. pneumophila 
isolates collected after the Flint outbreaks. Notably, we 
found a high degree of similarity between 4 water isolates 
originating from Flint tap water and 3 regional clinical 
strains known to cause Legionnaires’ disease. Our study 
also established that a variety of L. pneumophila strains 
were culturable from Flint tap water and that they tended 
to cluster genetically by residence versus hospital origin. 
Likewise, we found notable diversity among clinical strains, 
spanning 7 STs. Thus, multiple L. pneumophila strains 
were associated with the Flint 2014–2015 Legionnaires’ 
outbreaks, potentially resulting from multiple sources of 
exposure, although further epidemiologic investigation is 
needed to identify whether multiple sources were involved 
and whether there were any common sources of exposure. 
Although we did not intend for this study to provide an epi-
demiologic analysis of precise sources of Legionella expo-
sure for Legionnaires’ patients, our publicly available data 
could support such studies in the future.
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Invasive group B Streptococcus (GBS) remains a leading 
cause of illness and death among infants globally. We con-
ducted prospective and retrospective laboratory-based sur-
veillance of GBS-positive cultures from infants <3 months of 
age in 18 hospitals across China during January 1, 2015–

December 31, 2017. The overall incidence of GBS was 0.31 
(95% CI 0.27–0.36) cases/1,000 live births; incidence was 
0–0.76 cases/1,000 live births across participating hospitals. 
The case-fatality rate was 2.3%. We estimated 13,604 cases 
of GBS and 1,142 GBS–associated deaths in infants <90 
days of age annually in China. GBS isolates were most com-
monly serotype III (61.5%) and clonal complex 17 (40.6%). 
Enhanced active surveillance and implementation of preven-
tive strategies, such as maternal GBS vaccination, warrants 
further investigation in China to help prevent these infections.

One aim of the United Nations Children’s Fund Sustain-
able Development Goals is to end preventable deaths 

among newborns and children <5 years of age by 2030 (1). 
Invasive group B Streptococcus (GBS), the gram-positive 
Streptococcus agalactiae bacterium, is a leading cause of 
illness and death among infants, including those in high-
income countries. After a series of systematic reviews and a 
meta-analysis, a compartmental-model simulation estimat-
ed ≈319,000 GBS cases, including ≈90,000 deaths, world-
wide in 2015 (2). Furthermore, conservative estimates for 
GBS-associated stillbirths were 57,000, and 33,000 inva-
sive disease episodes occurred in pregnant and peripartum 
women (2). The overall global incidence of invasive GBS 
disease among infants <3 months of age in 2015 was es-
timated to be 0.49 (95% CI 0.43–0.56) cases/1,000 live 
births; the case-fatality rate was estimated at 8.4% (95% CI 
6.6%–10.2%) (3). Two studies from China estimated the 
GBS incidence rate was 0.18–0.32 cases/1,000 live births 
(3). Nevertheless, China had the second highest absolute 
number of GBS cases among infants globally with 25,000 
(uncertainty range 0–59,000) (2).

In 2015, China had 12.4% (17.8 million) of the 143 
million global births. Systematic reviews noted the pau-
city of data on GBS from Asia, including China, as a ma-
jor data gap (2–6), highlighting the need for prospective 
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population-based studies. A previous study by our group 
reported a GBS incidence rate of 0.55 (95% CI 0.44–0.69) 
cases/1,000 live births in 3 hospitals in the Guangdong 
Province of southern China during 2011–2014 (7). To im-
prove on the generalizability of our earlier study, we un-
dertook a multicenter population-based study at 18 senti-
nel hospitals across 16 provinces in China. The objectives 
of our study were defining the epidemiology of invasive 
group B streptococcal disease in infants <3 months of age 
in China and evaluating the molecular epidemiology of 
invasive disease strains by serotyping and multilocus se-
quence typing (MLST).

Methods

Study Design and Population
We conducted a prospective population- and laboratory-
based surveillance study for GBS in 18 urban tertiary 
hospitals located in 16 provinces of China during May 5, 
2016–December 31, 2017. We defined cases for this study 
as illness among infants <3 months of age with GBS iso-
lated from a normally sterile site, including blood, cere-
brospinal fluid, soft tissues, or peritoneal or pleural fluids. 
We classified GBS cases as early-onset disease (EOD) for 
cases occurring within 0–6 days of birth and late-onset dis-
ease (LOD) for cases occurring within 7–90 days of birth 
(3). We provided sentinel hospitals with a clinical proto-
col to identify GBS cases. Attending physicians assessed 
patients to make the clinical diagnosis of invasive group 
B streptococcal disease. According to our protocol, blood 
cultures were taken before antimicrobial drug therapy for 
infants with clinical symptoms or signs of suspected sep-
sis, including but not limited to fever, breathing problems, 
heart rate or blood pressure abnormalities, reduced move-
ment, fussiness, cyanosis, seizures, or limpness or stiffness. 
Upon laboratory confirmation of GBS culture from >1 nor-
mally sterile site, the investigator contacted the parents or 
guardians for consent for inclusion in the study. We ac-
quired clinical data from the hospital information system 
of each site.

We also conducted a retrospective study to identify 
GBS cases for January 1, 2015–May 4, 2016, by using 
laboratory-based passive surveillance. We searched elec-
tronic information systems in laboratories for reports 
of GBS isolated from a normally sterile specimen. We 
counted infants only once, regardless of the number of 
positive specimens. We collected GBS isolates stored in 
local sites and abstracted clinical data of cases from the 
hospital information system.

To obtain a representative sample of China, we con-
ducted our study in sentinel hospitals from each region of 
China: northeast, north, west, east, central, and south. As-
suming 550,000 live births from selected hospitals during 

the 3-year study period and an incidence rate of 0.25 cas-
es/1,000 live births, we expected to see 137 GBS cases 
in sentinel hospitals and >130 GBS cases born outside of 
study hospitals but seeking care in a study hospital, for a 
total sample size  >267. 

Participating hospitals met the following inclusion 
criteria (8): large, urban, tertiary-care center; adequate 
research capabilities and facilities to conduct the study, 
including laboratory facilities and the ability to identify, 
process, and store GBS isolates; investigators willing to 
devote time to the study; and location, to ensure >1 hos-
pital from each region. Trained site investigators in each 
participating hospital collected clinical data by using a 
standardized case report form. To estimate incidence rates 
by site, we obtained data on the number of live births from 
the information department of each participating hospital.

Ethics Approvals
The Medical Ethics Committee of Guangzhou Women and 
Children’s Medical Center, Guangzhou, China, served as 
the central institutional review board for all facilities and 
approved this study (approval no. 2016050405). Each 
participating hospital had the option of using this ap-
proval or obtaining approval at their institution. For the 
prospective component of the study, we obtained written 
informed consent from parents or guardians of infants 
with invasive GBS disease. For the retrospective study, 
the review board waived the need for informed consent. 
We registered this study in the US National Library of 
Medicine clinical trials database (http://clinicaltrials.gov) 
on June 13, 2016, under registration no. NCT02812576.

Laboratory Methods
Each local hospital laboratory performed GBS isola-
tion, cultivation, and identification by using the fol-
lowing protocol. Sterile samples were inoculated in 
French (bioMérieux, https://www.biomerieux.com) or 
BACTEC (Becton Dickinson, https://www.bd.com) 
culture bottles and analyzed with VITEK 2 COMPACT 
(bioMérieux) or BD Phoenix 100 (Becton Dickinson). 
GBS strains were grown at 37°C in 5%–10% CO2 in 
trypticase soy agar supplemented with 5% sheep’s 
blood for 18–24 h, according to the manufacturer’s 
instructions. All GBS isolates were stored at –70°C 
and shipped on dry ice in standardized skim milk– 
tryptone-glucose-glycerol storage medium to the labora-
tory of Guangzhou Women and Children’s Medical Cen-
ter, which is certified by Joint Commission International 
(https://www.jointcommission.org), for further analysis.

Molecular Subtyping
We used multiplex PCR for Lancefield serotyping on 
all isolates (9), and tested 20% of randomly selected  
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isolates by Strep-B-Latex (Statens Serum Institute, https://
en.ssi.dk) rapid latex agglutination test kit to cross-check 
the PCR results (9,10). PCR assays included probes for  
serotypes Ia, Ib, II, III, IV, V, VI, VII, VIII, and nontypeable. 
We performed MLST by amplifying and sequencing the in-
ternal fragments of 7 housekeeping genes, adhP, pheS, atr, 
glnA, sdhA, glcK, and tkt. We assigned an allele number to 
each fragment according to its sequence, then assigned each 
isolate a sequence type (ST) according to the allelic pro-
file of the 7 amplicons. We compared alleles and STs of all 
GBS isolates with those in the S. agalactiae MLST database 
(http://pubmlst.org/sagalactiae). We assigned GBS isolates 
to the same group when they shared identical alleles at 6 of 
the 7 loci with >1 other member of the group. We also as-
signed isolates to different clonal complexes (CCs).

Data Collection and Statistical Analysis
We calculated the incidence rate by dividing the number 
of confirmed GBS cases in infants born in the participating 
hospitals by the number of live births in that hospital dur-
ing the study period. To calculate the case-fatality rate, we 
divided the number of deaths among GBS cases by the total 
number of enrolled cases in each hospital.

Sensitivity Analysis
We used the estimated average incidence from this study 
to calculate the expected number of cases based on the 
national number of births in China in 2016. We also cal-
culated the expected number of GBS cases at each site 
by using the highest incidence rate of each site to adjust 
for possible underestimates. We also performed sensitiv-
ity analysis by using the global case-fatality rate of 8.4% 
(3) to estimate the number deaths due to invasive group B 
streptococcal disease in infants <90 days of age in China.

We calculated 95% CI by using the Wilson inter-
val method and analyzed categorical data by using χ2 or 
Fisher exact test. We evaluated incidence trends by us-
ing Cochran-Armitage trend test and considered p<0.05 
statistically significant. We performed all analyses by us-
ing SAS version 9.4 (SAS Institute, https://www.sas.com) 
and used BioNumerics 5.1 (Applied Maths, http://www.
applied-maths.com) to create minimum spanning trees.

Results
For the full study period, January 1, 2015–December 31, 
2017, we identified 304 cases of invasive group B strep-
tococcal disease in infants from 18 hospitals, 146 (48.0%) 
EOD and 158 (52.0%) LOD; 123 (64 EOD and 59 LOD) 
were identified during the retrospective study and 181 (82 
EOD and 99 LOD) during the prospective study. Of the 
146 EOD cases, 82 (56.2%) were identified <24 hours af-
ter birth (Table 1; Appendix Table 1). The median length 
of hospitalization was 16 (interquartile range 12–26) days; 

infants with LOD spent more days in the hospital than 
did those with EOD (Table 1). Of 304 infants with GBS, 
7 (2.3%) died, including 3 (3.4%) of 87 with meningitis 
(Appendix Table 3). Case-fatality rates were similar in 
the prospective (2.4%) and retrospective periods (2.2%).  
Attending physicians reported that 17 (5.6%) case-patients 
exhibited neuropathy at discharge.

Most (83%) case-patients, received an initial combi-
nation therapy of 2 antimicrobial drugs, including 54.2% 
who received empiric treatment with third-generation 
cephalosporins. S. agalactiae was 100% susceptible to 
cephalosporins, ampicillin, vancomycin, meropenem, and 
linezolid. We observed high prevalence of reduced suscep-
tibility to tetracycline (80.1%), erythromycin (78.3%), and 
clindamycin (68.2%).

Invasive GBS Disease Incidence Rates
Of 304 GBS cases, 199 occurred in infants born at senti-
nel hospitals, 115 EOD and 84 LOD cases. Sentinel hos-
pitals reported 634,531 live births during the study period, 
388,005 during the prospective period and 246,526 during 
the retrospective period (Table 2; Figure 1). The calcu-
lated overall incidence of invasive GBS disease was 0.31 
(95% CI 0.27–0.36) cases/1,000 live births, and incidence 
was similar between the prospective (0.31 cases/1,000 live 
births) and retrospective periods (0.32 cases/1,000 live 
births) (Appendix Table 2). The incidence of EOD was 
0.18 (95% CI 0.15–0.22) cases/1,000 live births and LOD 
was 0.13 (95% CI 0.11–0.16) cases/1,000 live births. We 
did not see seasonal variation in incidence rates (Figure 2).

Guangdong Women and Children’s Hospital in the 
south reported the highest incidence rate, 0.76 (95% CI 
0.54–1.08) cases/1,000 live births, along with Hubei Ma-
ternal and Child Health Hospital in the central region (0.56 
[95% CI 0.41–0.77] cases/1,000 live births), and Guangzhou 
Women and Children’s Medical Center in the south (0.54 
[95% CI 0.39–0.75] cases/1,000 live births) (Figure 3, panel 
A). Three participating hospitals reported no invasive GBS 
cases (Table 2). The incidence rate by region was highest 
in the central region (0.53 [95% CI 0.41–0.68] cases/1,000 
live births), the south (0.48 [95% CI 0.38–0.60] cases/1,000 
live births), and the northeast (0.39 [95% CI 0.24–0.63] cas-
es/1,000 live births) and was lowest in the west (0.01 [95% 
CI 0–0.07] cases/1,000 live births) (Figure 3, panel B).

Our sensitivity analysis assumed an incidence rate of 
0.76 cases/1,000 live births, the highest incidence rate re-
ported by Guangdong Women and Children’s Hospital in 
our study (Table 2). Under this assumption, we estimated 
the annual number of cases of GBS in infants <3 months 
of age in China would be 13,604 among the country’s birth 
cohort of 17.9 million. Using the global case-fatality rate of 
8.4%, we estimate China would have 1,142 GBS-associated 
deaths annually (3).
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Serotype Distribution
We typed 244 available isolates and identified 6 serotypes, 
Ia, Ib, III, IV, V, and VI. Serotype III (61.5%) was most per-
vasive, along with Ib (28.7%), and we saw fewer instances 
of Ia (5.7%) and V (2.9%), and 1 case (0.4%) each of se-
rotypes IV and VI, as well as 1 nontypeable isolate (Figure 
4, panel A). The relative distribution of serotypes differed 
between EOD and LOD (p = 0.004) (Figure 4, panel A); 
however, serotypes III and Ib were still most pervasive. 
Overall, the serotype distribution was similar across re-
gions in China (Figure 4, panel B). The proportion of cases 

caused by serotype Ib was higher in the north and northeast 
than other regions (p = 0.002). Approximately two thirds 
of meningitis cases and 61.9% of sepsis cases were caused 
by serotype III, compared with 52.0% of pneumonia cases 
(p = 0.113). In contrast, 40% of diagnosed pneumonia was 
caused by serotype Ib compared with 30% of either sepsis 
or meningitis cases (p = 0.112).

MLST Analysis
We performed MLST on all 244 serotyped isolates and 
identified 27 different sequence types (STs); 83.2% of 
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Table 1. Characteristics of infants <3 months of age with invasive GBS disease, by disease onset, China, January 1, 2015–December 
31, 2017* 
Characteristics Early-onset disease, n = 146 Late-onset disease, n = 158 Total, n = 304 
Median age at diagnosis, mo (IQR) 0 (0–1) 21(15–46) 8 (0–22) 
Sex    
 M 74 (50.7) 64 (40.5) 138 (45.4) 
 F 72 (49.3) 94 (59.5) 166 (54.6) 
Birth weight, g    
 Median (IQR) 3,175 (2,700–3,500) 3,185 (2,800–3,500) 3,185 (2,725–3,500) 
 1,500–2,500  26 (17.8) 21(13.3) 47 15.5) 
 <1,500  5 (3.4) 8 (5.1) 13 (4.3) 
Site of delivery    
 Sentinel hospital 115 (78.8) 84 (53.2) 199 (65.5) 
 Other hospital 31 (21.2) 74 (46.8) 105 (34.5) 
Median gestational age, wk (IQR) 39 (36–40) 39 (37–40) 39 (37–40) 
 <34  17 (11.6) 13 (8.2) 30 (9.9) 
 34–37  22 (15.1) 19 (12.0) 41 (13.5) 
 ≥37  107 (73.3) 126 (79.8) 233 (76.6) 
Delivery type    
 Vaginal 97 (66.4) 94 (59.5) 191 (62.8) 
 C-section 40 (27.4) 62 (39.2) 102 (33.6) 
 Forceps 7 (4.8) 1 (0.6) 8 (2.6) 
 Unknown 2 (1.4) 1 (0.6) 3 (1.0) 
Specimen type    
 Blood 107 (73.3) 78 (49.4) 185 (60.9) 
 Cerebrospinal fluid 5 (3.4) 19 (12.0) 24 (7.9) 
 Blood and cerebrospinal fluid 34 (23.3) 61 (38.6) 95 (31.2) 
Bacterial infections†    
 Sepsis 122 (83.6) 121 (76.6) 243 (79.9) 
 Pneumonia‡ 76 (52.1) 50 (31.7) 126 (41.4) 
 Meningitis 18 (12.3) 69 (43.7) 87 (28.6) 
 Sepsis and pneumonia 62 (42.5) 35 (22.2) 97 (31.9) 
 Sepsis and meningitis 7 (4.8) 43 (27.2) 50 (16.4) 
 Pneumonia and meningitis 2 (1.4) 2 (1.3) 4 (1.3) 
Clinical symptoms†    
 Fever 38 (26.0) 121 (76.6) 159 (52.3) 
 Breathing problems 83 (56.9) 38 (24.1) 121 (39.8) 
 Cyanosis 32 (21.9) 10 (6.3) 42 (13.8) 
 Seizures 4 (2.7) 20 (12.7) 24 (7.9) 
 Limpness or stiffness 5 (3.4) 10 (6.3) 15 (4.9) 
 Poor feeding 13 (8.9) 27 (17.1) 40 (13.2) 
 Irritability 4 (2.7) 15 (9.5) 19 (6.3) 
Median length of hospitalization, d (IQR) 15 (12–19) 18 (13–32) 16 (12–26) 
Discharge outcome    
 Recovered 105 (71.9) 100 (63.3) 205 (67.4) 
 Transferred to other hospitals 4 (2.7) 13 (8.2) 17 (5.6) 
 Died 4 (2.7) 3 (1.9) 7 (2.3) 
 Abnormal neurology at discharge  5 (3.4) 12 (7.6) 17 (5.6) 
 Condition improved 12 (8.2) 16 (10.1) 28 (9.2) 
 Discharge requested 16 (11.0) 14 (8.9) 30 (9.9) 
*Values are no. (%) except as indicated. GBS, group B Streptococcus; IQR, interquartile range. 
†Cases could have >1.  
‡As assessed by attending physician by using criteria from Zhu Futang Practice of Pediatrics (11). 
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which were ST17, ST19, ST10, ST12, and ST23. ST17 
was most prevalent (89/244, 36.5%), along with ST19 
(34/244, 13.9%), ST10 (33/244, 13.5%), and ST12 
(32/244, 13.1%). Of ST17 isolates, 98% were serotype III, 
as were 88.2% of ST19 isolates; 2.2% of ST17 and 2.9% 
of ST19 were serotype Ib; and 8.8% of ST19 isolates were 
serotype V. Most ST10 (93.4%) and ST12 (93.8%) iso-
lates were serotype Ib and 66.7% of ST23 isolates were 
serotype Ia.

Twenty-seven STs clustered into 10 CCs (Figure 5). 
The most prevalent was CC17 (99/244 isolates, 40.6%), 
along with CC19 (47/244, 19.3%), CC12 (35/244, 
14.3%), CC10 (32/244, 13.1%), and CC23 (18/244, 
7.4%). Most CC17 and CC19 isolates were serotype III 
(137/150, 91.3%), and 90.0% of serotype Ib isolates were 
CC12 and CC10. CC17 and CC19 were dominant in the 
south, whereas CC10 and CC12 were common in the 
north and northeast (Figure 6). The proportion of CC17 
isolates was higher in LOD (73/138, 52.9%) than in EOD 
(26/106, 24.5%) cases (p<0.0001). Strains belonging to 
CC19 and CC12 were less common in LOD than in EOD 
cases: CC19 in 14.5% (20/138) of LOD cases and 25.5% 
(27/106) of EOD cases (p = 0.031), and CC12 in 10.1% 
(14/138) of LOD and 19.8% (21/106) of EOD cases  
(p = 0.033).

Discussion
GBS is associated with severe neonatal infection in some 
hospitals in China (7,12–16), but a paucity of generalizable 
data is available across the country. We conducted a large, 
multicenter study to evaluate the clinical and molecular epi-
demiology of invasive group B streptococcal disease among 
infants <3 months of age in China. We reported an overall 
GBS incidence rate of 0.31 (95% CI 0.27–0.36) cases/1,000 
live births, which is lower than the estimated worldwide in-
cidence rate of 0.49 (95% CI 0.43–0.56) cases/1,000 live 
births, but similar to estimates from elsewhere in Asia (0.30 
[95% CI 0.43–0.56] cases/1,000 live births) (3). We estimat-
ed the incidence rates of EOD to be 0.18 cases/1,000 live 
births and LOD to be 0.13 cases/1,000 live births, which also 
are lower than estimated from a previous meta-analysis. That 
report estimated the global EOD incidence rate as 0.41 (95% 
CI 0.36–0.47) cases/1,000 live births and the LOD incidence 
rate as 0.26 (95% CI 0.21–0.30) cases/1,000 live births. The 
number of cases and birth cohort was one third more during 
the prospective than retrospective period, possibly because 
China implemented a 2-child policy in October 2015 (17). 
The incidence of invasive GBS was similar between the pro-
spective and retrospective periods.

Despite implementing standard study and labora-
tory protocols at each participating hospital, we found 
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Table 2. Live births and incidence of invasive GBS disease among infants <3 months of age, by region and sentinel hospital, China, 
January 1, 2015–December 31, 2017* 

Region Births 

Case-
patients 
born in 
sentinel 
hospitals 

Expected 
cases/ 
region† Hospital‡ 

Live 
births 

  
 
 

Expected 
cases/ 

hospital† 

 

 

GBS case-patients born 
GBS cases in study hospitals 

Total EOD LOD Total EOD LOD 
NE 41,088 16 (0.39) 31 SY§ 32,666 34 16 18 

 
16 (0.49) 11 (0.34) 5 (0.15) 25 

HY§ 8,422 0 0 0 
 

0 0 0 6 
North 115,310 21 (0.18) 88 BJ 43,099 3 3 0 

 
3 (0.07) 3 (0.07) 0 33 

TJ 42,320 7 5 2 
 

6 (0.14) 5 (0.12) 1 (0.02) 32 
TS 29,891 23 7 16 

 
12 (0.40) 4 (0.13) 8 (0.27) 23 

East 127,474 28 (0.22) 97 NJ 70,153 16 4 12 
 

14 (0.20) 4 (0.06) 10 (0.14) 53 
ZJ 57,321 14 12 2 

 
14 (0.24) 12 (0.21) 2 (0.03) 44 

Central 108,175 57 (0.53) 82 CS 40,521 19 15 4 
 

19 (0.47) 15 (0.37) 4 (0.10) 31 
HB 67,654 38 17 21 

 
38 (0.56) 17 (0.25) 21 (0.31) 51 

South 157,949 76 (0.48) 120 GZ 66,477 74 18 56 
 

36 (0.54) 12 (0.18) 24 (0.36) 51 
GD 40,628 36 24 12 

 
31 (0.76) 23 (0.57) 8 (0.20) 31 

GX 50,844 13 10 3 
 

9 (0.18) 8 (0.16) 1 (0.02) 39 
West 84,535 1 (0.01) 64 NX§ 8,795 2 1 1 

 
0 0 0 7 

XJ 26,545 1 1 0 
 

1 (0.04) 1 (0.04) 0 20 
XJ1§ 8,777 2 0 2 

 
0 0 0 7 

XJ2§ 7,374 0 0 0 
 

0 0 0 6 
CQ 33,044 0 0 0 

 
0 0 0 25 

*Values are no. (no./1,000 live births) except as indicated. BJ, Tsinghua University Hospital; CQ, Chongqing Health Center for Women and Children; CS, 
Changsha Hospital for Maternal and Child Health; EOD, early-onset disease; GBS, group B Streptococcus; GD, Guangdong Women and Children’s 
Hospital; GX, The Maternal and Child Health Hospital of Guangxi Zhuang Autonomous Region; GZ, Guangzhou Women and Children’s Medical Center; 
HB, Hubei Maternal and Child Health Hospital; HY, The First Affiliated Hospital, Harbin Medical University; LOD, late-onset disease; NE, northeast; NJ, 
Nanjing Maternity and Child Health Care Hospital; NX, General Hospital of Ningxia Medical University; SH, Children’s Hospital of Fudan University; SY, 
Shengjing Hospital, China Medical University; TJ, Tianjin Central Hospital of Gynecology Obstetrics; TS, Tangshan Maternal and Child Health Care 
Hospital; XJ, Maternal and Child Health Care Hospital of Uygur Autonomous Region; XJ1, The First Affiliated Hospital of Xi’an Jiaotong University; XJ2, 
The Second Affiliated Hospital of Xi’an Jiaotong University; ZJ, Women’s Hospital, Zhejiang University.  
†Estimated using highest incidence of 0.76/1,000 live births reported from this study. 
‡Maternal and child hospitals, except where indicated. One hospital, Children’s Hospital of Fudan University, participated in the study but is omitted from 
this table because it does not have an obstetrics department, it had no infants with GBS born in it, and it was not included in calculation of incidence rates. 
§General hospital.  
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substantial variability in the incidence rates between hos-
pitals and regions in China. GBS incidence rates varied 
from 0 to 0.76 cases/1,000 live births at participating 
hospitals and from 0.01 to 0.53 cases/1,000 live births 
across regions. Similar geographic heterogeneity in inci-
dence has been reported from South Africa, ranging from 
0.03 to 2.72 cases/1,000 live births across 9 provinces 

(18). The authors of that study attributed the differences 
in incidence rates to biases in case detection, with vary-
ing thresholds for investigating and laboratory capac-
ity for detecting GBS across the provinces, rather than  
actual differences (18). 

Elucidating the reasons for the regional differenc-
es in incidence of GBS in China could inform strategies  
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Figure 1. Incidence rate 
(cases/1,000 live births) of 
invasive group B streptococcal 
disease among infants <3 
months of age by province, 
China. Number of live births 
per participating hospital is 
provided. Gray shaded areas 
did not participate in this study. 
Inset shows South China Sea 
Islands. BJ, Tsinghua University 
Hospital; CQ, Chongqing 
Health Center for Women 
and Children; CS, Changsha 
Hospital for Maternal and 
Child Health; GD, Guangdong 
Women and Children’s Hospital; 
GX, The Maternal and Child 
Health Hospital of Guangxi 
Zhuang Autonomous Region; 
GZ, Guangzhou Women and 
Children’s Medical Center; 
HB, Hubei Maternal and Child 
Health Hospital; HY, The First 
Affiliated Hospital, Harbin 
Medical University; NJ, Nanjing 
Maternity and Child Health 
Care Hospital; NX, General 
Hospital of Ningxia Medical 
University; SH, Children’s 
Hospital of Fudan University; 
SY, Shengjing Hospital, China 
Medical University; TJ, Tianjin Central Hospital of Gynecology Obstetrics; TS, Tangshan Maternal and Child Health Care Hospital; XJ, 
Maternal and Child Health Care Hospital of Uygur Autonomous Region; XJ1, The First Affiliated Hospital of Xi’an Jiaotong University; 
XJ2, The Second Affiliated Hospital of Xi’an Jiaotong University; ZJ, Women’s Hospital, Zhejiang University. 

Figure 2. Incidence rate of 
invasive GBS disease (no. 
cases/1,000 live births) among 
infants <3 months of age in 
participating regions of China, 
2015–2017. EOD, early-onset 
disease; GBS, invasive  
group B Streptococcus; LOD, 
late-onset disease.
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hospitals might use to better identify such cases and improve 
care for patients with invasive GBS disease. We have sev-
eral hypotheses for the differences in incidence rates we ob-
served. Prior GBS research experience by staff in hospitals 
located in south and central China compared with those in 
other regions could have raised attending clinicians’ aware-
ness of the need to investigate for GBS and given laboratory 
personnel more experience in microbiological identification 
of GBS. In addition, clinicians had discretion to conduct pas-
sive surveillance investigations, which could vary between 
personnel and study sites. Our study included only 5 general 
hospitals and 3 of these were located in the west, a region 
where we found a low GBS incidence rate. Typically, gen-
eral hospitals have lower birth rates (Table 2), and some do 
not treat infants. For instance, the Maternal and Child Health 
Care Hospital of Uygur Autonomous Region has a policy 
to transfer all sick infants >28 days of age to the local chil-
dren’s hospital for treatment. In addition, parents usually 
prefer to seek medical care for their infants at a children’s 
hospital rather than a general hospital. Therefore, our study 

might have missed some GBS cases born in general hos-
pitals, resulting in lower incidence rates in these hospitals 
and the western region. Other explanations for regional dif-
ferences include differences in maternal GBS colonization 
rates, strain virulence, challenges in accessing health servic-
es, and inadequate sterile sample collection capacity or im-
proper methods. We will conduct further investigations on 
hospitals reporting no GBS cases without obvious reasons.

Our study identified a lower fatality rate (2.3%) than 
observed globally in a meta-analysis (8.4%; 95% CI 6.6%–
10.2%), which could reflect early detection of suspected 
GBS and timely management with antimicrobial drugs. 
Also, we found that only 5.6% of surviving infants across 
all participating hospitals had neurologic sequelae at dis-
charge. However, this value could be an underestimate be-
cause we did not use a standard assessment across sites and 
sequelae might not be obvious in infants. Further investiga-
tion in longer term follow up studies in China are warranted 
to quantify the residual burden of neurologic sequelae in 
infants with invasive GBS disease.
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Figure 3. Incidence rate of 
invasive GBS disease (no. 
cases/1,000 live births) among 
infants <3 months of age, China, 
2015–2017. A) Incidence by 
study hospital. B) Incidence by 
region. Error bars indicate 95% 
CIs. BJ, Tsinghua University 
Hospital; CQ, Chongqing Health 
Center for Women and Children; 
CS, Changsha Hospital for 
Maternal and Child Health; 
EOD, early-onset disease; 
GBS, invasive group B Streptococcus; GD, Guangdong Women and Children’s Hospital; GX, The Maternal and Child Health Hospital 
of Guangxi Zhuang Autonomous Region; GZ, Guangzhou Women and Children’s Medical Center; HB, Hubei Maternal and Child Health 
Hospital; HY, The First Affiliated Hospital, Harbin Medical University; LOD, late-onset disease; NJ, Nanjing Maternity and Child Health 
Care Hospital; NX, General Hospital of Ningxia Medical University; SH, Children’s Hospital of Fudan University; SY, Shengjing Hospital, 
China Medical University; TJ, Tianjin Central Hospital of Gynecology Obstetrics; TS, Tangshan Maternal and Child Health Care Hospital; 
XJ, Maternal and Child Health Care Hospital of Uygur Autonomous Region; XJ1, The First Affiliated Hospital of Xi’an Jiaotong University; 
XJ2, The Second Affiliated Hospital of Xi’an Jiaotong University; ZJ, Women’s Hospital, Zhejiang University 

Figure 4. Distribution of invasive group B Streptococcus serotypes by disease onset (A) and region (B), China, 2015–2017. C, central; 
E, east; EOD, early-onset disease; LOD, late-onset disease; N, north; NE, northeast; S, south; W, west.
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Given that maternal GBS colonization is the primary 
risk factor for EOD, the US Centers for Disease Control 
and Prevention issued guidelines recommending intrave-
nous intrapartum antibiotic prophylaxis (IAP) during labor 
to prevent EOD in infants born to women colonized with 
GBS or with risk factors (19). The IAP policy, along with 
universal screening, was shown to decrease EOD incidence 
but did not decrease LOD incidence (19). However, 37% 
of low- to middle-income countries, including China, have 
not implemented the IAP program on a systematic basis, 
and China currently does not have specific recommenda-
tions or guidelines for preventing GBS. During 2015–2017, 
eighteen hospitals in this study reported only 13.2% of 
GBS case-mothers received GBS screening before deliv-
ery. Currently, not every hospital has a GBS screening 
program. Some hospitals offer optional GBS screening, but 

patients must cover the cost, and screening is not covered 
by any medical insurance. We also have seen previously 
that surveyed pregnant women thought GBS incidence was 
low and most chose not to have GBS screening (W. Ji, H. 
Liu, and Y. Fang, unpub. data).

Vaccination of pregnant women against GBS is a 
promising strategy to prevent invasive GBS disease in their 
infants (20). The World Health Organization proposed 
priority research and development pathways for GBS vac-
cines to facilitate and accelerate vaccine licensure (21). Our 
results indicated that serotype III was the most common 
type (61.2%). Other studies also have reported the com-
parable proportion of serotype III in China (7,22–24). In 
general, GBS serotype distributions were similar across 
regions of China, and were similar to findings for other 
countries, with serotype III dominating (61.5%) and sero-
types Ia, Ib, II, III, and V causing 97% of invasive GBS 
disease (3). However, serotype Ib accounted for a higher 
proportion of disease in the northeast and north in China 
compared with other regions. The 244 isolates belonged to 
27 STs and were clustered into 5 main CCs. ST17/CC17 
and ST19/CC19 were found almost exclusively in serotype 
III, which is comparable with findings from other studies 
(12,25–27). The ST17 clone of serotype III is known to 
be a hypervirulent strain and a leading cause of meningitis 
in neonates (28,29). A pentavalent GBS vaccine including 
serotypes Ia, Ib, II, III, and V (30) or a hexavalent vaccine 
including serotypes Ia, Ib, II, III, IV, and V would cover all 
invasive GBS disease–causing serotypes in China.

Our study has several limitations. First, all participat-
ing hospitals were large urban tertiary hospitals. We did 
not include secondary hospitals and primary care institu-
tions mainly because they lacked adequate laboratory fa-
cilities for GBS culture and identification of invasive GBS 
disease, which might have led to delayed confirmation of 
EOD cases. We found 56.2% of EOD cases were identified 
<24 hours after birth. Findings might differ in primary and 
secondary settings because of differences in populations 
and clinical practice, so these settings should be included in 
future studies. Second, the retrospective collection of data 
during January 2015–May 2016 did not include all isolates 
and only 46.3% were available for strain analysis. Last, 
rates of GBS could be underestimated because our study 
did not account for GBS in infants treated at nonstudy hos-
pitals after discharge from study hospitals.

In summary, our large generalizable study on invasive 
GBS disease in infants in China informs the current clini-
cal and molecular epidemiology of GBS. Despite the low 
rates of fatality and detectable neurologic sequelae at dis-
charge, clinicians, laboratory technicians, and epidemiolo-
gists should be aware that GBS is prevalent, especially in 
the south and central regions of China. Future work and 
continuous surveillance are warranted to better understand 
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Figure 5. Minimum spanning tree of invasive group B 
Streptococcus (GBS) isolates by serotype showing the 
relationship between ST and clonal complex CC by serotype. 
Circles represent STs; size of each circle indicates the number of 
isolates within the specific type. The ST with the greatest number 
of single-locus variants is the founder ST. GBS isolate serotypes 
appear as different colors; shading denotes STs belonging to the 
same CC. CC, clonal complex; ST, sequence type.
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the heterogeneity of incidence across regions, identify risk 
factors, and conduct long-term follow-up to further assess 
the prevalence of invasive GBS disease on neurologic de-
velopment in surviving infants.
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During October 2011–September 2014, we screened respi-
ratory specimens for seasonal and avian influenza A(H5N1) 
virus infections among outpatients with influenza-like ill-
ness and inpatients with severe acute respiratory infection 
(SARI) in East Jakarta, an Indonesia district with high inci-
dence of H5N1 virus infection among poultry. In total, 31% 
(1,875/6,008) of influenza-like illness case-patients and 15% 
(571/3,811) of SARI case-patients tested positive for influ-
enza virus. Influenza A(H1N1)pdm09, influenza A(H3N2), 
and influenza B virus infections were detected in all 3 years, 
and the epidemic season extended from November through 
May. Although 28% (2,810/10,135) of case-patients reported 
exposure to poultry, only 1 SARI case-patient with an H5N1 
virus infection was detected. Therefore, targeted screening 
among case-patients with high-risk poultry exposures (e.g., 
a recent visit to a live bird market or close proximity to sick 
or dead poultry) may be a more efficient routine surveillance 
strategy for H5N1 virus in these types of settings.

Seasonal influenza contributes substantially to acute 
respiratory disease in Indonesia and across the world. 

Influenza virus causes ≈3–5 million cases of severe illness 
(1) and ≈291,000–646,000 respiratory deaths each year 
globally, most occurring in lower-income countries (2). In 

Indonesia, published data suggest that influenza virus in-
fection has a substantial effect on population health and the 
healthcare system, causing both inpatient and outpatient 
respiratory illness (3–5). Among the more densely popu-
lated western and central islands of Indonesia, influenza 
activity peaks in December and January, correlating with 
the rainy season. However, limited data from 1 district 
of Jakarta suggest that a longer peak in influenza activity  
occurs December–May, with multiple influenza viruses  
co-circulating (4).

In addition to seasonal influenza A and B epidemics, 
highly pathogenic avian influenza A(H5N1) virus also cir-
culates among poultry in Indonesia (6). Jakarta Province is 
a hub for Indonesia’s commercial poultry trade, and East 
Jakarta (1 of its 5 districts) is the main entry point for na-
tional poultry shipments (7). During 2005–2017, Indone-
sia detected and reported 200 H5N1 infections in humans, 
of which 168 (84%) were fatal (8). Although the number 
of infections in humans has decreased in Indonesia since 
2015, this country still has the second highest number of 
reported cases (after Egypt) and the highest reported case-
fatality proportion among all countries reporting H5N1 vi-
rus infections in humans. In East Jakarta, 12 of 13 H5N1 
cases reported in humans during 2005–2015 were fatal (9).

Although influenza surveillance capacity in Indonesia 
has increased (5,10), national policies for influenza vacci-
nation and antiviral use are limited. Influenza vaccination 
is recommended only for Hajj pilgrims and antivirals only 
for those with H5N1 virus infection (11,12). Thus, multi-
year data are needed to explore trends in seasonal influenza 
and avian H5N1 virus infections among humans. Data are 
particularly needed in regions of Indonesia where highly 
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pathogenic avian influenza A(H5N1) viruses are prevalent 
among poultry and the risk for poultry-to-human H5N1 
virus transmission is elevated. Here, we describe the find-
ings from a 3-year enhanced surveillance platform among 
inpatients and outpatients of clinics in East Jakarta for both 
seasonal influenza and avian influenza A(H5N1) viruses.

Methods
During October 2011–September 2014, we conducted en-
hanced influenza surveillance in East Jakarta to monitor in-
fluenza-like illness (ILI) among case-patients seeking treat-
ment at 4 public primary health centers and severe acute 
respiratory infection (SARI) among inpatients at 6 hospi-
tals (3 public and 3 private, all equipped with an intensive 
care unit [ICU]). We selected hospitals on the basis of their 
location within or bordering the district and the number 
of persons admitted for respiratory disease. We selected 
outpatient sites (among 10 subdistrict-level clinics pres-
ent in East Jakarta) on the basis of proximity to live bird 
markets. ILI surveillance was conducted Monday–Friday, 
and surveillance staff used the case definition of recorded 
temperature >38°C with cough or sore throat to identify ILI 
case-patients. SARI surveillance was conducted every day 
in adult and pediatric wards (excluding surgery, obstetric, 
and gynecology) at all 6 hospitals. Hospital staff used the 
2005 World Health Organization (WHO) Integrated Man-
agement of Childhood Illness case definition for pneumo-
nia for case-patients <5 years of age (13) to identify SARI 
cases in this age group. To identify SARI in case-patients 
>5 years of age, staff used the 2011 WHO SARI case defi-
nition, which defines SARI as fever (measured temperature 
>38°C or subjective report of feverishness), disease onset 
within 7 days, and >1 of the following signs or symptoms: 
cough, sore throat, or shortness of breath (14). We defined 
elevated respiratory rate as >60 breaths/min for case-pa-
tients <2 months of age, >50 breaths/min for case-patients 
2–11 months of age, >40 breaths/min for case-patients 1–4 
years of age, >35 breaths/min for case-patients 5–7 years of 
age, >31 breaths/min for case-patients 8–11 years of age, 
>28 breaths/min for case-patients 12–14 years of age, and 
>25 breaths/min for case-patients >15 years of age (15,16). 
Staff obtained written consent from all enrolled ILI and 
SARI case-patients; surveillance staff completed case forms 
for and collected specimens from all enrolled case-patients. 
We collected data on demographic characteristics, clinical 
presentation, and exposure to poultry. Poultry exposure 
questions included questions on the exposures listed in the 
Indonesia case definition for suspected H5N1 virus infec-
tion (i.e., touching healthy, sick, or dead poultry or poultry 
products; slaughtering or cleaning poultry; or contact with 
chicken manure), as well as on poultry ownership, visit-
ing live poultry markets, and neighborhood poultry die-offs 
(4). For SARI case-patients, we additionally collected data 

on risk factors for severe disease (chronic conditions, preg-
nancy, and smoking status), self-reported influenza vaccine 
use, and duration and outcome of hospitalization.

Surveillance staff collected nasal and throat swab sam-
ples from all enrolled ILI and SARI case-patients and sent 
them to 2 laboratories in Jakarta for influenza diagnosis 
(Provincial Health Laboratory of Daerah Khusus Ibukota 
[DKI] Jakarta and the Infectious Disease Hospital Sulianti 
Saroso Laboratory). Quality control testing was provided 
by the National Institute of Health Research and Develop-
ment, a WHO-designated National Influenza Centre. These 
laboratories tested samples by real-time reverse transcrip-
tion PCR (RT-PCR) following the US Centers for Disease 
Control and Prevention in-house real-time RT-PCR proto-
col for detection and characterization of influenza viruses. 
All specimens were tested for influenza A and B viruses, 
and influenza A virus–positive specimens were further sub-
typed for influenza A(H1N1)pdm09 and A(H3N2) viruses; 
specimens that were negative for these subtypes were then 
tested for H5N1 virus.

All surveillance and laboratory records were entered 
into a secured web-based electronic reporting system (Sur-
veilans ILI-SARI DKI Jakarta) hosted by the DKI Jakarta 
Provincial Health Office (Jakarta, Indonesia). All eligible 
ILI and SARI case-patients were enumerated and reported 
through this electronic system on a weekly basis. The cen-
tral project team trained site-level surveillance staff at the 
beginning of the project and conducted regular monitoring 
visits throughout the study to ensure thorough case ascer-
tainment and data quality assurance at each site. Complete 
information on surveillance and data management methods 
were published previously (4).

We analyzed bivariate comparisons using χ2 and Fish-
er exact tests. For time variables (e.g., time from illness 
onset to seeking care, duration of hospitalization), we de-
termined median values and evaluated differences using 
the Mann-Whitney U test. We compared influenza virus 
detection across seasons qualitatively and identified time 
periods with elevated influenza virus circulation by deter-
mining the percentage of influenza virus–positive ILI or 
SARI episodes among all ILI or SARI episodes each week. 
We used poultry contact data to determine the percentage 
of case-patients who met the Indonesia case definition for 
suspected H5N1 virus infection (i.e., acute lower respira-
tory tract illness with fever and recent exposure to poultry 
or a human with a suspected H5N1 virus infection within 7 
days of illness onset, based on WHO case definition) (17). 
We defined children as persons <18 years of age. We con-
ducted all statistical analyses using SPSS version 21 (IBM, 
https://www.ibm.com).

This surveillance project was reviewed and consid-
ered to be routine public health surveillance by the Min-
istry of Health (Jakarta, Indonesia) and US Centers for 
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Disease Control and Prevention (Atlanta, Georgia, USA). 
Thus, our surveillance was exempted from institutional 
review board approval.

Results
During October 2011–September 2014, we enrolled 6,064 
ILI case-patients (1% of 476,537 outpatient visits) (Table 
1). Most (87%, 5,261/6,064) of these case-patients were 
<18 years of age. Because of case-patient refusal, we could 
not collect 56 respiratory specimens (from 1% of those en-
rolled). Of the 6,008 ILI specimens collected, 1,875 (31%) 
were positive for influenza virus. Median time from illness 
onset to outpatient visit among all ILI case-patients was 
1 (interquartile range [IQR] 1–2) day (Table 2). Influenza 
virus–positive ILI case-patients (median age 7 [IQR 3–13] 
years) were older than influenza virus–negative ILI case-
patients (median age 4 [IQR 1–8] years; p<0.001 by χ2 
test). Among ILI case-patients, influenza virus–negative 
case-patients (19%) were more likely than influenza virus–
positive case-patients (12%; p<0.001) to have an elevated 
respiratory rate. More than one quarter (29%, 546/1,875) of 
influenza virus–positive ILI case-patients met the national 
case definition for suspected H5N1 virus infection.

We enrolled 4,071 SARI case-patients (2% of 184,576 
hospitalizations) (Table 1). We could not collect 260 
(6%) SARI specimens because of case-patient refusal or 

discharge before specimen collection; thus, we excluded 
these case-patients. Median time from illness onset to hos-
pital admission was 3 days for children and adults, and 
median time from illness onset to specimen collection was 
5 days (Table 3). Of the 3,811 SARI specimens collect-
ed, 571 (15%), including 1 positive for H5N1 virus, were 
positive for influenza virus (Table 1). Among all influenza 
virus–positive SARI case-patients, 97 (17%) met the na-
tional case definition for suspected H5N1 virus infection 
(Table 3).

The H5N1 virus–positive case-patient was a 33-year-
old man (Table 4) with an onset of illness of June 1, 2014. 
On June 4, he was admitted into a hospital, where he re-
ceived a diagnosis of pneumonia (chest radiograph data 
unavailable) and was enrolled into surveillance; his re-
spiratory specimen was collected on June 6. On June 13, 
he was transferred to a designated referral hospital, where 
he began antiviral treatment and died on June 14. He was 
obese but had no other concurrent medical condition; expo-
sure history included visiting a live bird market, where he 
purchased live poultry within 7 days before hospital admis-
sion. This case was not linked to any documented bird out-
breaks. No animal or environmental specimen collection 
occurred because of the length of time that elapsed before 
linkage to a live poultry market and because of rapid turn-
over of poultry through these markets.

SARI case-patients were 0–90 years of age. A higher 
proportion of SARI cases among children 5–17 years of age 
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Table 1. Characteristics of ILI and SARI case-patients in study of 
incidence of seasonal and avian influenza A(H5N1) virus 
infections, East Jakarta, Indonesia, October 2011–September 
2014* 
Characteristic ILI, n = 6,064 SARI, n = 4,071 
Age, y 
 <5 2,715 (44.8) 1,414 (35) 
 5–17 2,546 (42.0) 650 (16) 
 18–49 705 (11.6) 1,298 (32) 
 50–64 85 (1.4) 463 (11) 
 >65 13 (0.2) 246 (6) 
Age, y, median (IQR) 5 (2–9) 17 (2–40) 
Sex 
 M 2,930 (48) 2,205 (54) 
 F 3,134 (52) 1,866 (46) 
Specimens collected and 
tested for influenza 

6,008 (99) 3,811 (94) 

Influenza virus positive    
 Any 1,875/6,008 (31) 571/3,811 (15) 
 A 1,057/1,875 (56) 330/571 (58) 
 A(H3N2) 605/1,057 (57) 177/330 (53.6) 
 A(H1N1)pdm09 452/1,057 (43) 152/330 (46.1) 
 A(H5N1) 0  1/330 (0.3) 
 B 827/1,875 (44) 241/571 (42) 
Met Indonesia case 
definition for suspected 
avian H5N1 virus infection† 

1,943 (32) 867 (21) 

*Values are no. (%), except where indicated otherwise. ILI and SARI were 
defined as described in the text. ILI, influenza-like illness; IQR, interquartile 
range; SARI, severe acute respiratory infection.  
†Acute lower respiratory tract illness with fever and recent exposure to 
poultry (i.e., touching healthy, sick, or dead poultry or poultry products; 
slaughtering or cleaning poultry; or contact with chicken manure) or a 
human with a suspected H5N1 virus infection within 7 days of illness onset. 

 

 
Table 2. Characteristics of ILI case-patients by influenza virus 
positivity, East Jakarta, Indonesia, October 2011–September 
2014* 

Characteristic 

Influenza virus positive 

p value 
Yes, 

n = 1,875 
No, 

n = 4,133 
Sex 
 M 900 (48) 2,007 (49) 0.687 
 F 975 (52) 2,126 (51) 
Age, y† 
 <5 562 (30.0) 2,150 (52.0) 

 

 5–17 915 (48.8) 1,592 (38.5) 
 18–49 350 (18.7) 341 (8.3) 
 50–64 41 (2.2) 44 (1.1) 
 >65 7 (0.4) 6 (0.1) 
Age, y, median (IQR) 7 (3–13) 4 (1–8) <0.001 
Time from illness onset to 
outpatient visit, d, median 
(IQR) 

1 (1–2) 1 (1–2) 0.526 

Elevated respiratory rate‡ 229 (12) 796 (19) <0.001 
Met Indonesia case definition 
for suspected avian influenza 
A(H5N1) virus infection§ 

546 (29) 1,387 (34) <0.001 

*Values are no. (%), except where indicated otherwise. ILI was defined as 
stated in the text. ILI, influenza-like illness; IQR, interquartile range. 
†Percentages in group do not always add up to 100% because of 
rounding. 
‡Defined as described in the text. 
§Acute lower respiratory tract illness with fever and recent exposure to 
poultry (i.e., touching healthy, sick, or dead poultry or poultry products; 
slaughtering or cleaning poultry; or contact with chicken manure) or a 
human with a suspected H5N1 virus infection within 7 days of illness onset.  

 



RESEARCH

and adults 50–64 years of age were influenza virus–posi-
tive compared with other age groups (p = 0.016 by χ2 test) 
(Table 3). Adults >65 years of age comprised 6% of all in-
fluenza virus–positive and influenza virus–negative SARI 
cases. Concurrent medical conditions, such as tuberculosis 
(10%, 388/3,811), asthma (8%, 308/3,811), and diabetes 
(4%, 168/3,811), were reported among 24% (902/3,811) of 
SARI case-patients; of these conditions, only diabetes was 
more commonly associated with influenza virus infection 

(p = 0.007). Data on healthcare seeking before admission 
were available for about half (46%, 1,790/3,811) of SARI 
case-patients. Influenza virus–negative SARI case-patients 
(73%, 1,112/1,514) were more likely than influenza virus–
positive case-patients (65%, 180/276) to have sought care 
before hospitalization (p = 0.007). Overall, 38 (1%) SARI 
case-patients reported receiving the influenza vaccine in 
the previous 12 months, of whom 36 (95%) had a negative 
influenza virus test finding.
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Table 3. Characteristics of case-patients with SARI, by influenza virus positivity, East Jakarta, Indonesia, October 2011–September 
2014* 

Characteristic 
Influenza virus positive 

p value Yes, n = 571 No, n = 3,240 
Sex 0.816 
 M 310 (54) 1,742 (54) 
 F 261 (46) 1,498 (46) 
Age, y† 

 

 <5 164 (29) 1,109 (34) 
 5–17 111 (19) 503 (16) 
 18–49 186 (33) 1,065 (33) 
 50–64 78 (14) 364 (11) 
 >65 32 (6) 199 (6) 
Age, y, median (IQR) 21 (4–43) 18 (2–40) 0.019 
Time from illness onset to admission, d, median (IQR) 3 (2–4) 3 (2–5) 0.020 
Time from illness onset to specimen collection, d, median (IQR) 5 (4–6) 5 (4–7) 0.012 
Concurrent medical conditions 
 >1 123 (22) 779 (24) 0.195 
 Asthma 55 (10) 253 (8) 0.294 
 Tuberculosis 43 (8) 345 (11) 0.045 
 Diabetes 27 (5) 141 (4) 0.007 
Influenza vaccination in past year 2 (0) 36 (1) 0.066 
Pregnancy‡ 5/93 (5) 22/568 (4) 0.497 
Current smoker 75 (13) 466 (14) 0.7 
Elevated respiratory rate§ 139 (24) 1,061 (33) <0.001 
Chest radiograph–confirmed pneumonia¶ 177/481 (37) 1,153/2,799 (41) 0.07 
Met Indonesia case definition for suspected influenza A(H5N1) virus infection# 97 (17) 721 (22) 0.005 
Sought care before admission** 0.007 
 Yes 180/276 (65) 1,112/1,514 (73) 
 No 96/276 (35) 402/1,514 (27) 
Primary discharge diagnosis available 517 (91) 2,912 (90) 0.625 
 Pneumonia 132/517 (26) 996/2,912 (34) <0.001 
 Typhoid 103/517 (20) 303/2,912 (10) 
 Unspecified febrile Illness 57/517 (11) 189/2,912 (6) 
 Upper respiratory tract infection 43/517 (8) 235/2,912 (8) 
 Tuberculosis 32/517 (6) 311/2,912 (11) 
Discharge form completed 568 (99) 3,211 (99) 0.465 
 Medication during hospitalization    
  Antibiotics 554/568 (98) 3,093/3,211 (96) 0.14 
  Oseltamivir 14/568 (2) 22/3,211 (1) <0.001 
  Corticosteroid 10/568 (2) 116/3,211 (4) 0.064 
 Intensive care unit 6/568 (1) 101/3,211 (3) 0.006 
 Mechanical ventilation 6/568 (1) 76/3,211 (2) 0.049 
 Length of hospitalization, d, median (IQR) 4 (3–6) 5 (3–8) <0.001 
 Outcome 0.075 
  Recovered 550/568 (97) 3,022/3,211 (94) 
  Died 10/568 (2) 103/3,211 (3) 
  Other†† 8/568 (1) 86/3,211 (3) 
*Values are no. (%), except where indicated. SARI was defined as stated in the text. IQR, interquartile range; SARI, severe acute respiratory infection. 
†Percentages in group do not always add up to 100% because of rounding. 
‡Among female case-patients 15–49 years of age. 
§Defined as described in the text. 
¶Among those with a chest radiograph performed. 
#Acute lower respiratory tract illness with fever and recent exposure to poultry (i.e., touching healthy, sick, or dead poultry or poultry products; 
slaughtering or cleaning poultry; or contact with chicken manure) or a human with a suspected H5N1 virus infection within 7 days of illness onset. 
**Among those for which prehospitalization care-seeking behaviors were known. 
††Includes forced discharge and referrals. 
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Chest radiograph–confirmed pneumonia was docu-
mented for 35% (1,330/3,811) of SARI case-patients (Table 
3). Of case-patients with known primary discharge diagno-
ses, pneumonia (33%, 1,128/3,429) was the most common 
diagnosis, followed by typhoid (12%, 406/3,429). Almost 
all (96%, 3,647/3,811) SARI case-patients received antibi-
otics during hospitalization. Only 2% (14/568) of influenza 
virus–positive SARI case-patients and 1% (22/3,211) of 
influenza virus–negative case-patients with data on medi-
cation use were treated with oseltamivir. Median duration 
of hospital stay was slightly longer for adults (5 days) than 
children (4 days; p<0.001) and influenza virus–negative 
(5 days) than influenza virus–positive (4 days; p<0.001) 
case-patients. Overall, 3% (107/3,779) of case-patients 
with a completed discharge form had been admitted to the 
ICU; ICU admission was less common among influenza 
virus–positive case-patients (1%, 6/568) than influenza 
virus–negative case-patients (3%, 101/3,211; p = 0.006). 
Of the 6 case-patients with influenza who were admitted 
to an ICU, 3 were children and 3 were adults (Table 4). 
One of these adult case-patients had concurrent medical 
conditions, and 2 were smokers. At the time of discharge, 
95% (3,572/3,779) of SARI case-patients had recovered 
(Table 3). In total, 113 SARI case-patients died; 10 were 
positive for influenza virus. Of those 10 deaths, 9 were as-
sociated with seasonal influenza viruses and 1 with H5N1 
virus. Two SARI case-patients with severe influenza had a 
discharge diagnosis of suspected H5N1; both had seasonal 
influenza virus infection.

Collectively among ILI and SARI case-patients, in-
fluenza A(H1N1)pdm09, influenza A(H3N2), and influ-
enza B viruses were detected in all 3 years (Figure). The 
percentage of ILI case-patients who were influenza virus 

positive during year 1 (35%, 1,131/3,278) was slightly 
higher than the percentages positive during years 2 (27%, 
427/1,562) and 3 (27%, 317/1,168). The percentage of 
SARI case-patients who were influenza virus positive was 
consistent across all 3 years: 15% (276/1,787) in year 1, 
14% (153/1,122) in year 2, and 16% (142/902) in year 3. 
Each year, the percentage of samples positive for influenza 
virus per week started increasing in November, peaked in 
January or February, and declined in March but persisted 
through May. Influenza B virus infections were typically 
identified later in each season. Each year, the rate of in-
fluenza virus–positive samples per week peaked around 
72%–85% for ILI and 38%–50% for SARI.

Discussion
During this 3-year period of enhanced surveillance, influ-
enza viruses were commonly detected among ILI and SARI 
case-patients in East Jakarta, representing 31% of ILI visits 
and 15% of SARI hospitalizations, many of which were 
chest radiograph–confirmed pneumonia. Although many 
persons met the Indonesia case definition for suspected avi-
an H5N1 virus infection because of their interaction with 
poultry, only 1 case of H5N1 virus infection was identified. 
Within 7 days before illness onset, this H5N1 case-patient 
had visited a live bird market, a type of poultry exposure 
reported among other persons with H5N1 virus infection in 
Indonesia; this type of exposure was reported among only 
4% of SARI case-patients in this surveillance.

One of the primary objectives of this project was to 
systematically test both inpatients and outpatients for H5N1 
virus infection. Although the case-fatality proportion re-
ported for humans with H5N1 virus infection in Indonesia 
is high, underdetection in less severely ill patients was still 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019 2035

 
Table 4. Characteristics of SARI case-patients with severe influenza, East Jakarta, Indonesia, October 2011–September 2014* 
Case-
patient no. 

Age, 
y/sex 

Influenza virus 
detected Diagnosis 

Influenza vaccine 
in previous year Underlying conditions 

ICU or HCU 
admission Outcome 

1 50/M A(H3N2) Suspected A(H5N1) 
infection 

No Smoker, diabetes,  
heart disease 

Yes Recovered 

2 33/M A(H5N1) Pneumonia No Obesity Unknown Died 
3 83/M B Pneumonia No Smoker, diabetes,  

heart disease, asthma 
No Died 

4 70/M A(H3N2) Pneumonia No Smoker No Died 
5 66/M A(H1N1)pdm09 Pneumonia Unknown Unknown Yes Died 
6 0.5/F B Pneumonia No None recorded Yes Referred 
7 1/M A(H3N2) Pneumonia No None recorded Yes Recovered 
8 2/F A(H1N1)pdm09 Febrile illness No None recorded No Died 
9 64/F A(H3N2) Febrile illness No Diabetes, heart  

disease, asthma 
No Died 

10 59/M A(H3N2) Chronic obstructive 
pulmonary disease 

No Smoker, kidney 
disease, asthma 

No Died 

11 62/M A(H3N2) Congestive heart 
failure exacerbation 

No Smoker, heart disease, 
chronic lung disease 

No Died 

12 39/M A(H1N1)pdm09 Suspected A(H5N1) 
infection 

No Smoker Yes Died 

13 63/F A(H1N1)pdm09 Tuberculosis No Tuberculosis, asthma No Died 
14 1/M A(H1N1)pdm09 Anemia, malnutrition No None recorded Yes Recovered 
*SARI was defined as stated in the text. SARI case-patients with severe influenza were those who were admitted into the HCU or ICU, died, or both as a 
result of influenza virus infection. HCU, high care unit; ICU, intensive care unit; SARI, severe acute respiratory infection. 
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a possibility. Given that fatal outcomes are relatively rare, 
the ubiquity of exposure to poultry in parts of this country 
prohibits rigorous screening of all respiratory patients for 
H5N1 virus infection by sophisticated laboratory diagnos-
tic methods such as RT-PCR. Our detection of only 1 case-
patient with H5N1 virus infection in this high-risk district 
with endemic H5N1 virus circulation among poultry pro-
vides evidence to suggest that the likelihood of underas-
certainment in high-risk areas of Indonesia is low. Routine 
influenza surveillance in Indonesia involves inpatient and 
outpatient facilities, identification of SARI and ILI cases, 
and RT-PCR diagnostic testing; however, this surveillance 
is not specifically targeted to areas with endemic H5N1  

virus circulation, and the volume of samples tested is much 
lower than the volume tested in this project.

Contrary to the infrequent detection of avian H5N1 vi-
rus, seasonal influenza A and B viruses were major contrib-
utors to medically treated respiratory illnesses in this popu-
lation. Influenza A(H3N2), influenza A(H1N1)pdm09, and 
influenza B viruses were all identified, and no single vi-
rus type or influenza A virus subtype predominated in any 
year. In this region, influenza A and B viruses were most 
frequently detected during the beginning of each calendar 
year during the rainy season. Months of peak seasonal in-
fluenza virus circulation were consistent across all 3 years 
and covered at least half of each year. These long seasons 
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Figure. Seasonal and avian 
influenza A(H5N1) virus–
positive ILI (A) and SARI 
(B) case-patients by clinical 
presentation and epidemiologic 
week, East Jakarta, Indonesia, 
October 2011–September 2014. 
ILI and SARI were defined as 
stated in the text. ILI, influenza-
like illness; SARI, severe acute 
respiratory infection.
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comprised consecutive peaks of influenza A and B virus-
es, similar to the pattern seen in US surveillance systems 
(18). The correspondence of influenza virus circulation 
with the rainy season is also consistent with evidence from 
other tropical countries of southern and southeastern Asia, 
including India and Thailand (19), as well as with previ-
ous outpatient influenza surveillance data from other parts  
of Indonesia (3).

In the study population, ILI case-patients were typi-
cally young children, and SARI case-patients included both 
children and adults. This observation is consistent with the 
age distribution reported by influenza surveillance plat-
forms in other countries of Asia, such as the Philippines 
and Mongolia (20,21). Although older adults are more 
frequently identified in inpatient surveillance platforms in 
high-income settings (22), adults >65 years of age com-
prised only 6% of SARI case-patients in our platform. Sev-
eral factors should be considered when interpreting this 
finding. First, this finding is consistent with the relatively 
young age structure of the Jakarta population, where only 
5% of persons are >60 years of age (23). In addition, we 
conducted routine monitoring and validation activities to 
ensure enrollment of all eligible SARI case-patients, so the 
low number of case-patients enrolled in this age group is 
unlikely to be attributable to underenrollment. Instead, this 
trend might reflect differences in clinical presentation of 
older adults (who might not always meet the SARI case 
definition), decreased healthcare seeking by older adults, or 
a high threshold for admission by physicians. In this com-
munity, we previously conducted a survey on healthcare-
seeking practices and found reported hospitalizations to 
be higher in older adults than younger adults and children, 
although the older adult population comprised a small pro-
portion of the surveyed population (24).

In addition to age distribution differences between 
inpatients and outpatients, influenza virus detection sta-
tus also differed by age. The youngest children with ILI 
and SARI were less likely to be influenza virus positive; 
influenza virus detection was more frequent among older 
children and adults. This trend is consistent with findings 
from a global meta-analysis on pediatric influenza hospi-
talizations (25) and is likely driven by the high prevalence 
of respiratory syncytial virus among children <1 year of 
age; this virus causes a large proportion of hospitalizations 
among children <5 years of age. Although we did not test 
respiratory specimens for respiratory syncytial virus, this 
pathogen has been shown to differentially infect young 
children who are also at high risk for SARI.

Less than one quarter of influenza virus–positive 
SARI case-patients reported underlying conditions, such as 
asthma, tuberculosis, or diabetes, and a small number of 
SARI case-patients were pregnant women. These findings 
might be a reflection of care-seeking patterns, particularly 

of pregnant women, who might prefer to receive care in 
private maternity hospitals. Our observation of a low per-
centage of pregnant women with influenza is in contrast 
with other published findings, such as those from routine 
SARI surveillance in South Africa, where pregnancy was 
identified as a risk factor for influenza-associated hospi-
talization (26). Concurrent medical conditions were also 
more prevalent among influenza virus–positive SARI case-
patients in South Africa (35%), although surveillance in 
other locations, such as Damanhour, Egypt (27), revealed 
lower prevalences of concurrent conditions (19%) than that 
found in our study (22%). These differences might reflect 
baseline population variability in prevalence of diseases or 
variability in the types of persons seeking care at the facili-
ties participating in surveillance.

Although use of antibiotics was common among pa-
tients in this study, only 2% of influenza virus–positive 
and 1% of influenza virus–negative SARI case-patients re-
ceived antiviral treatment with oseltamivir. Oseltamivir is 
typically prescribed by physicians who suspect their patient 
has an H5N1 virus infection, per the Indonesia national 
policy for antiviral use (12). However, treating hospitalized 
influenza patients with oseltamivir is clinically beneficial 
regardless of whether the infection is seasonal or pandemic 
influenza virus, and recommendations outside of Indonesia 
include initiation of antiviral treatment as soon as possible 
for hospitalized patients with seasonal influenza (28,29). 
Likewise, the report of influenza vaccination among case-
patients was low, probably because of the lack of a national 
influenza vaccination program in Indonesia, aside from the 
recommendation for vaccination for Hajj travelers.

The surveillance platform in this study, involving an ur-
ban district within the capital province of Jakarta, was spe-
cifically selected for its high prevalence of H5N1 viruses in 
poultry (30); therefore, our findings cannot be generalized 
to all of Indonesia. Although routine surveillance in other 
districts might potentially detect even lower percentages of 
patients with H5N1 virus infection, likelihood of detection 
through a surveillance system varies by location and over 
time, and the true risk for infection cannot be known. Con-
firmed H5N1 virus infections in humans decreased in Indo-
nesia in the 2010s; infections peaked in 2006 with 55 cases, 
and only 3 cases were identified during 2015–2018. This 
decrease in H5N1 virus infections in humans has also been 
observed in other countries where the virus is endemic in 
poultry. In addition, only a fraction of patients with seasonal 
influenza or avian H5N1 virus infection will seek care, and 
those who do seek care might not meet the typical surveil-
lance case definition or might no longer be shedding detect-
able influenza virus in the upper respiratory tract by the time 
they provide a respiratory specimen. Avian H5N1 viruses, 
in particular, preferentially bind receptors in the lower re-
spiratory tract and can be missed in upper respiratory tract 
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specimen collection. Last, our results are reliant on self-
report of risk factors, such as poultry exposure and chronic 
medical conditions, meaning we could be underestimating 
the frequency of these risk factors, although recall is unlike-
ly to differ between those with and without influenza virus 
infection. Despite these limitations, we believe our findings 
provide valuable insight into patterns of seasonal influenza 
virus circulation and severe respiratory disease in this urban 
setting in Indonesia.

In conclusion, seasonal influenza was found to be 
a key contributor to outpatient and inpatient respiratory 
disease in this urban setting of Indonesia, where avian 
H5N1 viruses are frequently detected among poultry. In 
contrast, avian H5N1 virus infection was only detected 
in 1 SARI case-patient, despite rigorous and systematic 
screening of both inpatients with SARI and outpatients 
with ILI. In settings like East Jakarta, where poultry expo-
sure is common, our findings support restricting RT-PCR 
testing for H5N1 viruses to sick patients with unsubtype-
able influenza A virus infection and those with high-risk 
poultry exposures, such as a recent visit to a live bird 
market or close proximity to sick or dead poultry. Knowl-
edge about the prevalence of seasonal influenza and tim-
ing of the local influenza season could also be leveraged 
by policy makers, public health officials, and healthcare 
providers to improve risk communication and develop ap-
propriate prevention and control measures, such as early 
empiric antiviral use and optimally timed influenza vac-
cination activities.
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Increased nasopharyngeal pneumococcal (Streptococcus 
pneumoniae) colonization density has been associated with 
invasive pneumococcal disease, but factors that increase 
pneumococcal density are poorly understood. We evalu-
ated pneumococcal densities in nasopharyngeal samples 
from asymptomatic young children from Peru and their as-
sociation with subsequent acute respiratory illness (ARI). 
Total pneumococcal densities (encompassing all present 
serotypes) during asymptomatic periods were significantly 
higher when a respiratory virus was detected versus when 
no virus was detected (p<0.001). In adjusted analyses, 
increased pneumococcal density was significantly associ-
ated with the risk for a subsequent ARI (p<0.001), whereas 
asymptomatic viral detection alone was associated with 
lower risk for subsequent ARI. These findings suggest that 
interactions between viruses and pneumococci in the na-
sopharynx during asymptomatic periods might have a role 
in onset of subsequent ARI. The mechanisms for these in-
teractions, along with other potentially associated host and 
environmental factors, and their role in ARI pathogenesis 
and pneumococcal transmission require further elucidation.

Streptococcus pneumoniae (pneumococcus) is one of 
the most important bacterial causes of pneumonia 

among children and adults worldwide (1–3). Nasopha-
ryngeal pneumococcal colonization is common in young 
children and represents a critical initial step in the pro-
gression to invasive disease (4,5). Increases in the density 

of pneumococci in the nasopharynx have been associated 
with the onset of respiratory illness (6,7) and might also 
play a role in transmission of bacteria to others (8). Sever-
al studies have found higher nasopharyngeal pneumococ-
cal densities in patients with pneumonia than in healthy 
controls. However, no specific level of pneumococcal 
density has been identified that can establish the diagnosis 
of pneumococcal pneumonia (9–11).

The specific factors that drive increases in nasopha-
ryngeal pneumococcal density that might lead to pneumo-
nia or other invasive disease are not well characterized. 
Although an increase in density might represent expansion 
of a single preexisting serotype, it could also represent 
acquisition of a new colonizing pneumococcal serotype. 
New acquisition has been temporally associated with the 
acute onset of invasive disease (12,13). Co-detection of 
respiratory viruses has also been associated with increases 
in pneumococcal density during periods of acute respira-
tory illness (ARI), pneumonia, or both (6,7,14,15), sug-
gesting that respiratory viruses and pneumococci might 
work synergistically in pneumonia and invasive disease 
pathogenesis (16–20). In addition, younger children have 
been shown to have higher pneumococcal densities than 
older children, whereas children who had received pneu-
mococcal conjugate vaccines or lived in vaccinated com-
munities were reported to have lower pneumococcal den-
sities (21,22).

Respiratory viruses are frequently detected in the 
nasopharynx of young children during asymptomatic pe-
riods (23–26). A recent cross-sectional study of children 
4–7 years of age indicated similar pneumococcal densi-
ties in asymptomatic children who had respiratory viruses 
detected and in children with viral upper respiratory ill-
ness (27). However, whether viral detection or duration of 
viral carriage during asymptomatic periods is associated 
with increases in nasopharyngeal pneumococcal density or 
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subsequent ARI risk is unclear. This assessment requires 
longitudinal follow-up of individual young children. Our 
goal was to assess the association between viral detection 
and pneumococcal density during asymptomatic periods 
and determine whether viral–pneumococcal interactions 
during these periods predisposed to subsequent symptom-
atic ARI among young children.

Methods

Study Design and Setting
The Respiratory Infections in Andean Peruvian Children 
(RESPIRA-Peru) study is a prospective cohort study con-
ducted in the Province of San Marcos, Department of Caja-
marca, located in the northern highlands of Peru. Malaria 
is not endemic in this high-altitude study community (me-
dian altitude of study households 2,726 m). The population 
is primarily rural with low income and limited access to 
healthcare services, as previously described (6,7,16,23,28–
34). Nearly all residents of San Marcos descended from the 
same ethnic group of Spanish people who mixed with the 
local Quechua population. During May 2009–September 
2011, enrolled children <3 years of age residing in the study 
area were prospectively assessed for ARI symptoms dur-
ing weekly household visits. An ARI episode was defined 
as the presence of either cough or fever. This definition of 
ARI has been applied in many large surveillance studies 
(35,36). Although fever alone is not highly specific for the 
diagnosis of ARI, it is well established that fever is often 
the only sign of ARI, especially in young children (35). 
In addition to cough and fever, we collected data on other 
respiratory signs and symptoms, including rhinorrhea, ear 
pain, malaise, tachypnea, nasal flaring, stridor, wheezing, 
and accessory muscle retractions. We considered a child 
to be asymptomatic if the child had rhinorrhea alone or no 
ARI symptoms. 

The 7-valent pneumococcal conjugate vaccine (PCV7) 
was introduced in the study region in late 2009 in a 2+1 
schedule (2 primary doses at 3 and 5 months of age and 
a booster dose at 12 months). Very few children enrolled 
in 2009 had received any PCV7 doses at the time of en-
rollment. By the end of the study (September 2011), 62% 
of the study cohort had received >1 PCV7 dose (30). This 
study was approved by the Institutional Review Boards of 
Vanderbilt University (Nashville, Tennessee, USA) and 
the Instituto de Investigacion Nutricional (Lima, Peru).

Respiratory Sample Collection and Testing
We collected nasopharyngeal swabs from each child month-
ly, whether or not ARI symptoms were present, and tested 
the swabs at Emory University (Atlanta, GA, USA) by bac-
terial culture for pneumococcal identification and quantita-
tive PCR (qPCR) for pneumococcal density determinations 

(6,7,16,29,31). We also randomly selected a subset of naso-
pharyngeal samples collected during asymptomatic periods, 
>8 days apart from an ARI episode, to undergo real-time re-
verse transcription PCR (rRT-PCR) viral testing at Vander-
bilt University for influenza virus (types A, B, and C), re-
spiratory syncytial virus (RSV), human metapneumovirus 
(MPV), rhinovirus (HRV), adenovirus (AdV), and parain-
fluenza virus (PIV) types 1–3 (23,32). Because detections 
of respiratory viruses other than HRV and AdV were in-
frequent in nasopharyngeal samples collected during those 
asymptomatic periods (23), we classified viral detections 
into distinct groups: HRV only; AdV only; sole detection of 
other virus (influenza, RSV, MPV, or PIV); co-detection of 
>1 respiratory virus; and no virus detected.

Statistical Analysis
We transformed pneumococcal density values to stabilize 
their variance, as previously described (6,7), by applying 
log10(x + 1) transformation to colonization density values, 
where x represents the measured density. We performed 
unadjusted group comparisons by using the Wilcoxon 
rank-sum test, Kruskal-Wallis test, or median test with 
Bonferroni adjustments, as appropriate. We used multivari-
able linear quantile mixed effects regression to model the 
median of log-transformed pneumococcal density against 
viral detection group, with random effects to account for 
correlation among multiple measurements collected from 
the same child. Other covariates included age at the time of 
sample collection, sex, recent exposure to antibiotics (i.e., 
aminopenicillins, cephalosporins, co-trimoxazole, chlor-
amphenicol, or furazolidone within the previous 7 days), 
pneumococcal vaccination status (receipt of >1 dose of 
PCV7), and calendar month. Because viral infections could 
lead to rhinorrhea, we did not directly include this variable 
in our main regression model, and rhinorrhea was consid-
ered as a potential variable in the causal pathway between 
viral infections and pneumococcal density changes. To 
examine the association of pneumococcal densities during 
asymptomatic periods with the risk for subsequent ARI, we 
conducted a survival analysis by using a frailty model and 
accounted for repeated measurements from individual chil-
dren. Because severe ARI occurred uncommonly in this 
household surveillance study, we did not stratify the out-
come variable (ARI) by severity (28). For this assessment, 
follow-up extended from the date of an asymptomatic na-
sopharyngeal sample collection (>8 days after the last day 
of ARI symptoms) through the earliest of the following: 
ARI, the collection of another nasopharyngeal sample, or 
60 days after collection of the initial asymptomatic naso-
pharyngeal sample. These censoring criteria were imple-
mented on the basis of our monthly nasopharyngeal col-
lection strategy and the anticipated transient duration of 
colonization with an individual serotype in young children, 
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typically 6–8 weeks or less (37–40). Because viral infec-
tion or its manifestation as rhinorrhea could modify the risk 
for subsequent ARI (41), alternate models accounted for 
either viral infections or rhinorrhea in addition to the afore-
mentioned covariates. We applied restricted cubic splines 
(RCS) to log-transformed pneumococcal densities in our 
frailty model to relax the assumption of linearity in our 
models (42,43). The estimated effects of RCS-transformed 
densities are presented in figures. The proportional hazards 
assumption of the frailty model was examined and satis-
fied by using a Schoenfeld’s global test. Statistical analyses 
were done in Stata version 14.2 (https://www.stata.com) 
and R version 3.5.0 (https://www.r-project.org), including 
lqmm and survival packages.

Results

Pneumococcal Colonization and Viral Detections
In total, 849 nasopharyngeal samples collected during as-
ymptomatic periods from 480 children underwent both viral 
testing and pneumococcal density determinations (Appen-
dix Figure 1, https://wwwnc.cdc.gov/EID/article/25/11/19-
0157-App1.pdf). Relevant demographic characteristics of 
study children are shown in the Table. Pneumococcus was 
detected in 566/849 (67%) nasopharyngeal samples from 
asymptomatic children. At least 1 respiratory virus was 
detected in 357/849 (42%) samples from asymptomatic 
children, most commonly HRV (31%) and AdV (11%), 
whereas detections of influenza, MPV, PIV, and RSV in 
asymptomatic children were uncommon (<3%), as previ-
ously reported (23). 

Co-detection of >1 respiratory virus occurred in 
48/849 (6%) samples. HRV was present in 40/48 (83%) 
co-detections, most commonly in combination with AdV, 
with or without an additional virus (36/40 [90%]). Colo-
nization with pneumococcus was more common in sam-
ples in which >1 respiratory virus was detected (280/357 

[78%]) than in those in which a respiratory virus was not 
detected (286/492 [58%]) (p<0.001). Rhinorrhea was re-
ported in 219/357 (61%) children in whom a virus was 
detected, compared with 227/492 (46%) in whom a virus 
was not detected (p<0.001). At least 1 respiratory virus 
was detected in 219/446 (49%) children with rhinorrhea, 
compared to 138/403 (34%) without rhinorrhea. Antibi-
otic exposure preceding collection of each asymptomatic 
nasopharyngeal sample was uncommon, occurring in only 
12/849 (1%) samples (antibiotic exposure was unknown in 
9/849 samples [1%]).

Pneumococcal Densities and Associated Factors
In unadjusted comparisons, log10-transformed pneumo-
coccal densities were higher during asymptomatic periods 
when >1 respiratory virus was detected (median 4.95 [in-
terquartile range (IQR) 3.11–6.35]) than when no respira-
tory viruses were detected (median 3.35 [IQR 0–4.95]; 
p<0.001). When densities were examined according to 
detection of specific viruses, densities differed significant-
ly by viral group (p<0.001); the highest densities were 
observed in the HRV-only group. In Bonferroni-adjusted 
pairwise median comparisons, pneumococcal densities 
were significantly higher when HRV only (median 5.18 
[IQR 3.40–6.43]; p<0.001) or viral co-detections (me-
dian 4.71 [IQR 3.46–6.35]; p = 0.003) were present com-
pared with samples that were virus-negative (3.35 [IQR 
0–4.95]). In Bonferroni-adjusted median comparisons, 
pneumococcal density from samples with AdV-only in-
fection (median 4.39 [IQR 3.15–6.08]) was not signifi-
cantly different from that from samples with no respira-
tory viruses detected (p = 0.087).

In the multivariable mixed effects quantile regression 
model, pneumococcal densities during asymptomatic pe-
riods were not associated with age, sex, antibiotic expo-
sure, or history of pneumococcal vaccination. However, 
detection of any (>1) virus was significantly associated 
with higher log10-transformed pneumococcal densities 
(Appendix Table 1). The addition of rhinorrhea, a com-
mon manifestation of viral infections, to the model atten-
uated the observed association between viral infections 
and pneumococcal density, but the association remained 
statistically significant. 

We compiled violin plots of predicted pneumococcal 
densities according to detection of any respiratory virus 
as estimated from the multivariable linear quantile mixed 
effects model (Figure 1). When specific viruses were ex-
amined in multivariable analyses, detection of HRV only, 
detection of AdV only, or co-detection of >1 virus were 
significantly associated with increased pneumococcal den-
sities compared with densities in samples that were virus-
negative. We observed no significant association between 
detection of other less frequently detected viruses (RSV, 
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Table. Selected demographic characteristics of 480 children from 
whom nasopharyngeal samples were obtained during 
asymptomatic periods, Respiratory Infections in Andean Peruvian 
Children study, May 2009–September 2011* 
Characteristic Value 
Sex  
 M 253 (53) 
 F 227 (47) 
Median age at enrollment (IQR), mo 7.7 (1.0–18.8) 
No. samples per child (IQR) 2 (1–2) 
No. persons per household (IQR), n = 476 5 (4–6) 
No. children age <5 y in household, n = 476  
 1 323 (68) 
 2 140 (29) 
 >3 13 (3) 
Shares a bed, n = 473 461 (97) 
Received >1 PCV7 dose, n = 468 262 (56) 
*Values are no. (%) children unless indicated otherwise. IQR, interquartile 
range; PCV7, 7-valent pneumococcal conjugate vaccine. 
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PIV, influenza, MPV) and pneumococcal densities (Ap-
pendix Table 2). As in the main analysis, the addition of 
rhinorrhea to the model slightly attenuated, but did not 
eliminate, the observed associations. We compiled pre-
dicted densities associated with specific viral infections as 
estimated from the multivariable linear quantile mixed ef-
fects model (Figure 2).

Exploration of Asymptomatic Pneumococcal  
Densities and Risk for Subsequent ARI
We explored the association of pneumococcal density dur-
ing asymptomatic periods and the time to next ARI by us-
ing log-transformed pneumococcal density as the exposure 
of interest and ARI as the outcome in a frailty model. Com-
pared with the lowest pneumococcal density, increases in 
pneumococcal density were significantly associated with 
increased incidence of subsequent ARI (Figure 3; Appen-
dix Table 3) (p<0.001). Younger age, receipt of >1 PCV7 
dose, and detection of >1 respiratory virus during asymp-
tomatic periods were significantly associated with lower 
incidence of ARI. In addition, sample collection during 
the middle months of spring (October and November) was 
associated with lower incidence of subsequent ARI. Simi-
lar findings were observed when rhinorrhea was included 
in the model instead of viral detection (Appendix Table 
4, Figure 2), suggesting that the association between vi-
ral detection and ARI might be at least partially mediated  
by rhinorrhea.

Discussion
Our findings demonstrate that viral detections during as-
ymptomatic periods are associated with increases in naso-
pharyngeal pneumococcal colonization density, and further, 
that higher pneumococcal density during asymptomatic pe-
riods is associated with subsequent onset of an ARI. These 
findings expand upon earlier observations from our group 
and others that increases in nasopharyngeal pneumococ-
cal colonization density are associated with symptomatic 
respiratory illness and pneumonia and with the detection 
of respiratory viruses during ARI periods (6,7,14,15). We 
now report that those associations are not restricted to peri-
ods of symptomatic disease and demonstrate an increased 
risk for ARI with increasing pneumococcal density during 
asymptomatic periods as well. Of interest, increased pneu-
mococcal density was associated with the risk for subse-
quent ARI in a nonlinear manner and appeared particularly 
evident at higher pneumococcal densities (>104). These 
findings suggest that asymptomatic viral infection during 
asymptomatic periods might present colonizing pneumo-
cocci with an opportunity to expand.

Most ARI episodes in our study were mild, self-limited 
without antibiotic use, and associated with respiratory virus 
detection (28). Our finding that increases in pneumococcal 

density during asymptomatic episodes were associated with 
increased likelihood of subsequent onset of these mostly 
mild, viral ARI might suggest a contributing role of colo-
nizing pneumococci in these illnesses. Of note, this associa-
tion only became significant at the highest levels of pneu-
mococcal density. A previous study of young children with 
nasopharyngeal pneumococcal colonization indicated that 
higher colonization density was associated with high levels 
of markers of nasopharyngeal inflammation compared with 
children with lower-density colonization (44). We postulate 
that increased nasopharyngeal inflammation from increased 
pneumococcal density might facilitate viral infection of an 
exposed susceptible person. The hypothesis that nasopharyn-
geal pneumococcal colonization patterns and density might 
influence subsequent onset of nonpneumococcal ARI is also  
consistent with our observation that children who had re-
ceived >1 PCV vaccination had a reduced risk for ARI fol-
lowing asymptomatic viral detection compared with unvac-
cinated children.

A recent study by DeMuri et al. (27) examined colo-
nization density with pneumococci and other respiratory 
bacteria during asymptomatic periods in children 4–7 years 
of age. They found that the densities of pneumococcus, 
Moraxella catarrhalis, and Haemophilus influenzae all in-
creased when respiratory viruses were detected, although 
the study design did not allow determination of subsequent 
ARI risk (27). In that study, the association of viral detec-
tion and nasopharyngeal bacterial density was strongest 
with pneumococcus; pneumococcal densities approached 
those observed during periods of viral upper respiratory 
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Figure 1. Violin plots of predicted log10-transformed pneumococcal 
colonization densities by any viral detection among children 
<3 years of age, Respiratory Infections in Andean Peruvian 
Children study, May 2009–September 2011. Predicted densities 
were estimated from the final multivariable linear quantile mixed 
effects model. Circles indicate median densities, boxes represent 
interquartile range, lines extend through the upper and lower 
adjacent values, and the density plot width indicates the predicted 
frequency of observations. ***p<0.001.
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illness. HRV, coronaviruses, and viral co-detections (≥1 
virus present) were also significantly associated with high-
er densities than when no virus was detected. Detection 
of AdV in their patients was not significantly associated 
with increased pneumococcal densities during asymptom-
atic periods, but those observations were limited to only 4 
AdV-positive samples.

Although both viral detection and rhinorrhea were 
associated with increased pneumococcal density, both 
were also associated with a lower incidence of subse-
quent ARI. Specifically, children with viral infection 
or rhinorrhea had a lower incidence of subsequent ARI 
than children without viral infection or rhinorrhea. The 
mechanism of this association is unclear but might in-
volve the phenomenon of viral interference, in which 
infection with 1 virus prevents or mitigates infection 
with a different virus, perhaps through the induction of 
proinflammatory cytokines or other immune mediators 
(41), because the presence of rhinorrhea might indicate 
a viral infection with a virus detected or not detected in 
our study. Rhinitis has also been shown to occur after in-
tranasal inoculation of pneumococcus in healthy adults 
and in mouse models (45), and nasal discharge has been 
associated with pneumococcal detection even in the ab-
sence of respiratory viral infection (46), suggesting that 
an inflammatory response might be an important compo-
nent of early pneumococcal colonization, which might 
have important host consequences. Furthermore, several 
studies have also demonstrated the role of normal airway 
mucus and nasal secretions in lining epithelial surfaces 
and trapping and removing pathogens from the airway 

through mucociliary clearance (47,48), potentially pro-
viding an effective barrier to acquisition of new respira-
tory viruses, bacteria, or both.

In spite of the strengths of our longitudinal design, 
our study has several limitations. Because detection of 
viruses other than HRV and AdV during asymptomatic 
periods was uncommon in our cohort, the power to de-
tect associations with these other specific viruses and 
pneumococcal densities was low. HRV was detected in 
>80% of samples in which >1 virus was detected, lim-
iting inferences about co-detections with other viruses. 
Because of enhanced sensitivity of rRT-PCR for detec-
tion of respiratory viruses relative to culture, it might be 
difficult to interpret the clinical significance of detection 
of HRV and AdV by PCR in asymptomatic children (i.e., 
whether these detections might represent prolonged shed-
ding from a prior illness or a recent asymptomatic infec-
tion). The study was conducted in a rural region in which 
the incidence of pneumonia is higher than national rates 
(28,49). However, incidence of other common respiratory 
diseases, such as otitis media, sinusitis, and other types of 
respiratory illnesses, was not available. Highest densities 
were observed during the 2009 mid-spring season, but ex-
amination of several consecutive seasons would be useful 
to clarify the role of seasonality in our observations. In 
our assessment of the role of colonization density during 
asymptomatic periods on the risk for subsequent ARI, we 
did not systematically assess for pneumococcal coloniza-
tion or density during the subsequent ARI, so direct densi-
ty comparisons were not possible between the asymptom-
atic and subsequent ARI periods. Furthermore, we must 
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Figure 2. Violin plots of predicted 
log10-transformed pneumococcal 
colonization densities by 
detection of specific viruses 
among children <3 years of age, 
Respiratory Infections in Andean 
Peruvian Children study, May 
2009–September 2011. Predicted 
densities were estimated from the 
final multivariable linear quantile 
mixed effects model. Circles 
indicate median densities, boxes 
represent interquartile range, 
lines extend through the upper 
and lower adjacent values, and 
the density plot width indicates 
the predicted frequency of 
observations. *p<0.05; ***p<0.001. 
AdV, adenovirus; HRV, rhinovirus.
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note that several factors might play a role in increases in 
pneumococcal colonization density. A recent study from 
Kenya found that increases in density associated with viral 
detection were modest relative to the baseline variation in 
density in individual patients (50) and postulated that other 
factors, such as the host immune response to previous viral 
infections (6,7,27), also play an important role in the asso-
ciation between high levels of pneumococcal density and 
risk for subsequent ARI. However, the potential influence 
of immune, genetic, or other environmental factors on sub-
sequent ARI risk was not measured in our study. Also, the 
associations observed with pneumococcal density might be 
serotype-specific, but serotype information was not avail-
able for those samples from patients with subsequent ARI. 
Furthermore, interactions between pneumococcus and 
other colonizing nasopharyngeal bacteria might play an 
important role in the host response to pneumococcal acqui-
sition as well as the dynamics of pneumococcal density and 
pathogenesis (29), but associated changes in the nasopha-
ryngeal microbiome were not assessed in this study. The 
presence of an asymptomatic viral infection was associated 
with a lower risk for subsequent symptomatic ARI in this 
study. Although we postulate that such a relationship might 
have a time-limited impact, our study was set up with a 
short follow-up time and was not designed to determine 

the duration of this association. Additional studies that 
have a longer follow-up time and are specifically designed 
to determine the temporality of the observed association 
would be useful. Future studies will assess the relationship 
between viral detection and serotype and density patterns 
over time in individual patients, along with associated 
changes in the respiratory microbiome during both asymp-
tomatic and ARI periods. Finally, our study did not assess 
transmission patterns of colonizing pneumococci. Whether 
the increase in densities associated with viral detection 
have an impact on transmission is unclear.

In summary, we found that viral detections during 
asymptomatic periods are associated with increases in na-
sopharyngeal pneumococcal colonization density. Further-
more, we found that pneumococcal density, especially at 
high levels, is associated with subsequent development of 
ARI in young children in Peru. These findings suggest that 
interactions between viruses and pneumococci in the naso-
pharynx during asymptomatic periods might have a role in 
onset of subsequent ARI.
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Figure 3. Association between asymptomatic pneumococcal 
densities and risk of subsequent acute respiratory illness 
among children <3 years of age, Respiratory Infections in 
Andean Peruvian Children study, May 2009–September 2011. 
Estimated hazard ratios correspond to comparisons of increasing 
log10-transformed pneumococcal density relative to the lowest 
detectable densities (p = 0.013). Solid lines represent the point 
estimates for the hazard ratio by log-transformed pneumococcal 
density; dashed lines represent 95% CIs. Estimates were 
obtained from a frailty model that adjusted for age, sex, month, 
prior antibiotic exposure, viral detection, and pneumococcal 
conjugate vaccination status. Pneumococcal densities were 
modeled by using restricted cubic splines to allow examination of 
nonlinear associations.
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Pertussis resurgence had been attributed to waning vac-
cine immunity and Bordetella pertussis adaptation to es-
cape vaccine-induced immunity. Circulating bacteria differ 
genotypically from strains used in production of pertussis 
vaccine. Pertactin-deficient strains are highly prevalent 
in countries that use acellular vaccine (aP), suggesting 
strong aP-imposed selection of circulating bacteria. To 
corroborate this hypothesis, systematic studies on pertac-
tin prevalence of infection in countries using whole-cell 
vaccine are needed. We provide pertussis epidemiologic 
data and molecular characterization of B. pertussis iso-
lates from Buenos Aires, Argentina, during 2000–2017. 
This area used primary vaccination with whole-cell vac-
cine. Since 2002, pertussis case incidences increased at 
regular 4-year outbreaks; most cases were in infants <1 
year of age. Of the B. pertussis isolates analyzed, 90.6% 
(317/350) contained the ptxP3-ptxA1-prn2-fim3-2 allelic 
profile. Immunoblotting and sequencing techniques de-
tected only the 2 pertactin-deficient isolates. The low prev-
alence of pertactin-deficient strains in Argentina suggests 
that loss of pertactin gene expression might be driven by 
aP vaccine.

Vaccination against pertussis is mandatory world-
wide. Two types of vaccines are currently in use: 

whole-cell vaccine (wP), which was the first vaccine 
developed, and acellular vaccine (aP), which contains 
purified components of Bordetella pertussis and was 
formulated because of adverse reactions associated with 
wP (1). Many countries continue to use wP for the pri-
mary vaccination series and for boosters recommended 
for children <7 years of age. Industrialized countries 
have switched to vaccination with aP. However, in the 
past 2 decades, the number of pertussis cases detected 
increased to ≈24.1 million/year; ≈161,000 deaths oc-
curred during 2014 (2,3). Although most cases occur in 

developing countries, industrialized countries have also 
had large-scale outbreaks, even nations with high vac-
cination rates (2,4–6).

The main causes proposed for this changing pertussis 
epidemiology are vaccination coverage rates lower than 
the 90% recommended by the World Health Organiza-
tion, waning of vaccine-induced immunity (7,8) (which 
occurs faster in the aP-vaccinated population), and evolu-
tion of circulating bacteria to vaccine immunity–evasive 
phenotypes (9,10). The first reports on bacterial evolution 
documented genetic polymorphisms encoding proteins 
included in the vaccines (e.g., pertactin [PRN], pertussis 
toxin, and the pertussis toxin promoter [ptxP]) (11,12). 
More recently, a major increase in the isolation of B. per-
tussis bacteria that do not express certain vaccine antigens 
was reported (10,13,14). In countries using PRN-contain-
ing aP vaccines, such as the United States, Canada, and 
Australia, the PRN-deficient isolates have increased sub-
stantially in the past 4 years (10,15,16). The expansion of 
strains deficient in PRN in populations vaccinated with 
PRN-containing aP vaccines indicates that such strains 
apparently have a selective advantage in populations vac-
cinated with aP vaccine (17).

To corroborate this hypothesis, we conducted system-
atic studies on PRN prevalence in Argentina, a country that 
uses wP vaccine. We monitored and analyzed B. pertus-
sis population dynamics in Buenos Aires. Our aim was to 
assess whether PRN-deficient strains were circulating in 
Buenos Aires and to analyze the results obtained in relation 
to the vaccine used and the epidemiologic situation of the 
disease during 2000–2017.

Materials and Methods

Population Studied, Clinical Case Definition,  
and Laboratory Diagnosis
We used pertussis epidemiologic data and samples col-
lected during 2000–2017 from the Pertussis Reference 
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Laboratory (La Plata, Argentina). We collected data on 
patient sex, age, duration of symptoms, vaccination sta-
tus, and laboratory results.

We confirmed clinical cases of pertussis in patients by 
isolation of B. pertussis culture, amplification of B. pertus-
sis–specific DNA by using PCR, or serologic analysis (IgG 
titer to pertussis toxin >120 IU/mL). We defined a con-
firmed case of pertussis as one that meets the clinical case 
definition and is epidemiologically linked to a laboratory-
confirmed case (18–20).

Vaccine Schedule in Buenos Aires
The wP vaccine was introduced in Argentina (popula-
tion 44.9 million) during the 1970s and is still used for 
the 3 primary doses at 2, 4, and 6 months of age; for 
the 2 boosters at 18 months of age; and at school en-
try (5–6 years of age) in the public sector (≈90% of the 
population). The aP vaccine is used in the private sec-
tor and for the recommended boosters in adolescents, 
healthcare workers in contact with infants <12 months 
of age, household contacts of low-birthweight infants, 
and pregnant women.

In most of Argentina, the diphtheria–tetanus–pertus-
sis vaccine is used as a third dose; coverage during recent 
years ranged from 91.0% to 95.0%; in certain jurisdictions, 
this value was <80.0% (21). Official coverage rates for ad-
olescent boosters were 75.3% during 2015, 81.9% during 
2016, and 88.0% during 2017. Official coverage rates for 
maternal immunization were 61.7% during 2015, 65.6% 
during 2016, and 67.0% during 2017.

Samples and Bacterial Growth Conditions
The Pertussis Reference Laboratory samples included 
nasopharyngeal specimens from 16,151 hospitalized pa-
tients from Buenos Aires with signs/symptoms of per-
tussis infection. These samples were routinely screened 
for B. pertussis by culture and PCR. B. pertussis cul-
ture was performed on Regan-Lowe agar (Difco, https://
www.fishersci.com) supplemented with 15% (vol/vol) 
defibrinated fresh sheep blood at 36.5°C and monitored 
for 10 days. Suspected colonies were replicated in Bor-
det-Gengou agar (Difco) supplemented with 15% (vol/
vol) defibrinated fresh sheep blood. Colonies exhibiting 
hemolysis were gram-stained and tested by using ag-
glutination with B. pertussis–specific antiserum (Murex 
Diagnostic Products, https:///www.murex-ph.com) and 
PCR (22,23). The isolates were also biochemically typed 
by using the API-20-NE system (bioMérieux, https://
www.biomerieux.com).

Isolates were stored at –80°C in 1% (wt/vol) casamino-
acid solution containing 20% (vol/vol) glycerol. B. pertus-
sis strain Tohama phase I (Collection de l’Institut Pasteur) 
was also grown on Bordet-Gengou agar at 36.5°C for 72 h.

B. pertussis Isolate Characterization

Genotyping
A total of 350 B. pertussis isolates collected in Buenos Ai-
res during January 2000–December 2017 were included 
in the analyses (Table 1). For genetic typing, we ampli-
fied ptxP, pertussis toxin A subunit (ptxA), prn, and fim-
briae type 3 (fim3) loci by using PCR with specific primers 
(Table 2) and sequenced them as described (24–32). We 
also screened isolates for an array of mutations causing 
deficiency in the immunogen PRN by using PCR ampli-
fication and molecular sequencing (26,27). We used prim-
ers 5′-CCCATTCTTCCCTGTTCCAT-3′ and 5′-CCT-
GAGCCTGGAGACTGG-3′ (27) to amplify the complete 
prn gene (27), and these primers in combination with inter-
nal primers to sequence the complete gene.

We calculated by year the discriminatory power of the 
multilocus sequence typing technique by using the equation 
reported by Hunter and Gaston (33). This equation is based 
on the probability that 2 unrelated strains sampled from the 
test population will be placed into different typing groups. 
Thus, the index can have any value between 0 and 1, with 0 
representing the lowest discriminatory capacity, indicating 
that all the strains are in a single genotyping group (low di-
versity), and 1 representing the highest discriminatory capac-
ity, indicating high genotypic diversity among the isolates.

PRN Immunoblotting
For this assay, we treated 2 ×1010 CFUs of B. pertussis iso-
lates with Laemmli sample buffer, and subjected extracts 
to electrophoresis on 12.5% (wt/vol) sodium dodecyl sul-
fate–polyacrylamide gels. After electrophoresis, we trans-
ferred the proteins to a polyvinylidene phosphate mem-
brane (Immobilon P; Millipore, http://www.emdmillipore.
com) and incubated with a 1:2,500 dilution of PRN-spe-
cific polyclonal immune serum. This serum was obtained 
from BALB/c mice immunized with purified B. pertussis 
69-kDa PRN (National Institute for Biological Standards 
and Control [NIBSC] code no. 90/654 version 4). We used 
alkaline phosphatase–labeled sheep anti-mouse immuno-
globulins for detecting immune complexes and nitroblue 
tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate as 
phosphatase chromogenic substrates (Biodynamics SRL, 
https://www.biodynamics.com.ar). The B. pertussis To-
hama strain served as a PRN-positive control.

Serotype Analysis
We performed serotype analysis by using an agglutination 
assay with monoclonal antibodies (mABs) against fimbriae 
type 2 (anti-Fim2 mAb; NIBSC code no. 04/154) and fim-
briae type 3 (anti-Fim3 mAb, NIBSC code no. 04/156). 
These analyses followed European Union laboratory group 
recommendations (34).
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Results

Pertussis Epidemiology in Buenos Aires
During 2000–2017, the Pertussis Reference Laboratory re-
ceived 75% of total clinical samples (nasopharyngeal swab 
samples) from pertussis-suspected case-patients identified 
in Buenos Aires and reported to the Ministry of Health. Of 
these 16,151 samples, 3,220 (19.9%) were from laboratory-
confirmed cases. A total of 2,870 samples were positive by 
PCR for B. pertussis–specific genes, and 350 samples were 
positive by PCR and culture.

The provincial cases per year distribution reflected the 
pattern of the entire country; 3 outbreaks were detected, in 
2008, 2011, and 2016 (Figure 1). In each year of the period 
analyzed, most cases were detected in infants <1–2 months 
of age and those >2–4 months of age (Figure 2). The high 
proportion of cases recorded in patients <6 months of age was 
expected because pertussis is most severe in that age group.

We obtained the distribution of confirmed pertussis 
cases by patient age and vaccination status. Of confirmed 
cases, data were complete for 72.6% (2,338/3,220) of  

vaccinated persons and for 26.5% (619/2,338) of nonvac-
cinated persons <2 months of age. For infants <6 months of 
age, 45.3% had complete age-specific vaccination sched-
ules. The percentage of patients with complete schedules 
was 53.7% for children >6 months of age and 6.4% for 
adolescents >11 years of age. Although this percentage for 
adolescents was low, this age group contained considerably 
fewer persons than those <6 months of age (44 infants vs. 
1,590 children >6 months of age).

B. pertussis Genotyping
Almost all (99.7%) B. pertussis isolates analyzed contained 
the ptxA1 and prn2 alleles. Clinical isolates obtained dur-
ing 2000–2004 had up to 4 different multilocus sequence 
typing genotypes (Figure 3). The index of discrimina-
tion calculated by year for this period ranged from 0.25 
to 0.80. The highest value (higher diversity) was detected 
in 2000. The ptxP1 or ptxP4 variants were detected before 
2004; thereafter, the ptxP3 locus prevailed. Most (291/350, 
83.1%) isolates obtained after 2004 had the ptxP3-ptxA1-
prn2-fim3–2 genotype. For 2004–2017, the index of  
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Table 1. Immunization status of patients infected with Bordetella pertussis strains studied, Argentina, 2000–2017* 

Year 
No. 

strains 

Patient information 
<2 mo of age <6 mo of age 6–12 mo of age >12 mo of age 

Unvaccinated 
because of age 

Incomplete 
vaccination 
schedule 

Complete 
vaccination 
schedule 

Incomplete 
vaccination 
schedule 

Complete 
vaccination 
schedule 

Incomplete 
vaccination 
schedule 

Complete 
vaccination 
schedule 

2000 7 3 1 1 2 0 0 0 
2001 7 2 1 1 3 0 0 0 
2002 5 3 1 1 0 0 0 0 
2003 9 4 2 2 1 0 0 0 
2004 9 3 2 2 2 0 0 0 
2005 6 3 1 1 1 0 0 0 
2006 6 0 3 0 3 0 0 0 
2007 38 10 10 9 6 3 0 0 
2008 45 21 10 6 4 0 4 0 
2009 7 3 2 2 0 0 0 0 
2010 6 4 2 0 0 0 0 0 
2011 86 40 20 16 2 4 0 4 
2012 59 20 15 10 0 9 5 0 
2013 6 3 0 0 0 3 0 0 
2014 3 0 2 0 0 1 0 0 
2015 6 3 1 1 0 0 1 0 
2016 32 12 1 8 2 0 1 8 
2017 13 3 1 1 0 2 0 6 
*Complete vaccination schedule indicates that a person according to his or her age received the total number of doses indicated in the National 
Vaccination Calendar. Incomplete vaccination schedule indicates that a person according to his or her age did not receive the total number of doses 
indicated in the National Vaccine Calendar.    

 

 
Table 2. Primers used in PCR for Bordetella pertussis strains studied, Argentina, 2000–2017* 
Gene† Primer sequence, 5′3′ Reference(s) 
ptxP F: AATCGTCCTGCTCAACCGCC (27,28) 
 R: GGTATACGGTGGCGGGAGGA  
ptxA F: CCCCTGCCATGGTGTGATC  (29) 
 R: TCAATTACCGGAGTTGGGCG  
prn F: CAATGTCACGGTCCAA (26) 
 R: GCAAGGTGATCGACAGGG  
fim3 F: GACCTGATATTCTGATGCCG (31) 
 R: AAGGCTTGCCGGTTTTTTTTGG  
*F, forward; R, reverse. 
†fim3, fimbriae type 3; prn, pertactin; ptxA, pertussis toxin subunit A, ptxP, pertussis toxin promoter. 
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discrimination ranged from 0 to 0.24, indicating the lowest 
diversity detected.

Fimbriae Serotyping
Of 350 isolates tested, only 1 obtained during 2016 was classi-
fied as Fim2. The remaining isolates were classified as Fim3.

PRN Immunoblots
Only 2 of the B. pertussis isolates included in this study 
were PRN deficient. Both strains were obtained from 
patients <1 year of age who had typical pertussis signs/
symptoms. These 2 case-patients were linked in time 
(2016) but not geographically. One of these patients was 
born to a mother vaccinated with a PRN-containing aP 
vaccine and the other to a nonvaccinated mother. For 
these 2 strains, we detected insertion sequence 481 se-
quence (forward sense) at position 1613–1614 of prn, 
which disrupted the gene.

Discussion
We conducted molecular genetic characterization of 350 
B. pertussis isolates obtained during 2000–2017 from hos-
pitalized patients in Buenos Aires, Argentina. Buenos Ai-
res, similar to the entire country of Argentina, uses only 
wP vaccine for primary series of pertussis vaccinations. 
Most B. pertussis isolates were obtained during the out-
breaks detected during 2007–2008 (83), 2011–2012 (145), 
and 2016–2017 (45). A total of 78% of isolates were 
obtained from patients <6 months of age, 13.7% from  

patients 6–12 months of age, and 8.3% from patients >12 
months of age. As expected, most B. pertussis isolates 
were from unvaccinated persons. As detected in other 
countries, we found that almost all isolates characterized 
had the Fim3 serotype (35).

Of 350 isolates, variants ptxP1 and ptxP4 and the allele 
prn1 were detected before 2004. Starting in 2004, a total of 
313 isolates obtained had the ptxP3-ptxA1-prn2 alleles with 
either fim3–1 or fim3–2. These genotypes differed from those 
of the vaccine-production strains (36) and were the most com-
mon in other countries that had vaccinated populations (35).

The polymorphism in PRN and subsequent spread of 
PRN-deficient isolates have elicited a deep concern in the 
healthcare system because these changes hypothetically might 
represent a selective avoidance by the bacteria of the immunity 
induced by the vaccines. The predominance of prn2 detected 
in more recent isolates from Buenos Aires is consistent with 
the hypothesis that strains in the vaccinated population with 
that allele are fitter than those harboring other prn alleles (37).

Regarding a deficiency in PRN expression, we detect-
ed only 2 isolates containing insertion sequence 481 in the 
coding region of prn. These isolates were obtained from 
infants <1 year of age that were linked in time (2016) but 
not location. One of these patients was born to a mother 
vaccinated with a PRN-containing aP vaccine and the other 
patient was born to a nonvaccinated mother.

There are no reports of pertactin deficiency in a 
country such as Argentina that includes wP vaccine as the 
only vaccine for primary pertussis vaccination. Recently,  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019 2051

Figure 1. Pertussis cases per 
year reported to the Pertussis 
Reference Laboratory, Buenos 
Aires, Argentina, 2000–2017. 
A) No. suspected cases. B) 
No. laboratory-positive cases. 
Numbers above the bars 
indicate actual values.
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Poland, the only country in Europe that still uses the 
wP vaccine but also the aP vaccine for primary series, 
has reported detection of PRN-deficient clinical isolates 
(38). The percentage of those isolates was lower (15%) 
than that detected in the United States, Canada, or Aus-
tralia (>65%), which only use aP vaccines (10,39,40). 
Detection of these isolates might be a consequence of 
the increase in the use of aP vaccines in Poland. Within  
this context, our study is apparently unique because Ar-
gentina uses only wP vaccine for the primary series of 
pertussis vaccinations.

This low frequency of PRN-deficient strains in regions 
where wP vaccine is still used supports the hypothesis 
that PRN-deficient clinical isolates have an advantage in 
aP vaccine–primed immunity (41). Accordingly, PRN-
deficient clinical isolates were able to overcome an anti-
PRN–mediated inhibition of macrophage cytotoxicity in 
vitro (42). Moreover, this study also showed that recently 
collected PRN-deficient B. pertussis clinical isolates har-
boring a ptxP3 variant and the prn2 allele had higher CFUs 
per lung and were capable of sustaining infection longer in 
aP vaccine–immunized mice than isolates still producing  
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Figure 3. Percentage of 
multilocus sequence typing 
genotypes of Bordetella 
pertussis among isolates 
collected in Buenos Aires, 
Argentina, 2000–2017. fim, 
fimbriae; prn, pertactin; ptxA, 
pertussis toxin subunit A, ptxP, 
pertussis toxin promoter.

Figure 2. Number of laboratory-
positive pertussis cases for 
7 age cohorts, Buenos Aires, 
Argentina, 2000–2017.
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the protein. The investigators of that study speculated that 
these particular isolates might be capable of infecting im-
munized persons at an earlier stage of waning immunity 
after aP vaccine immunization or postinfection, thus hav-
ing an advantage over isolates producing PRN. The find-
ings of Hegerle et al. (42) are consistent with those recently 
reported by Safarchi et al. (17), which indicated a higher 
fitness of Prn-negative strains in aP vaccine–immunized 
mice. These investigators demonstrated in a mixed-infec-
tion model that PRN-negative B. pertussis colonized the re-
spiratory tract of aP-immunized mice more effectively than 
the PRN-positive strain, thus outcompeting that strain (17).

Regarding a possible association between clinical 
findings and the PRN expression of the bacterial isolates 
that caused the human infections, recent studies suggest 
that symptoms (with the exception of apneas, which were 
less likely in PRN-deficient infections) and clinical course 
were similar regardless of PRN expression (14,41). Clarke 
et al. provide new data on this subject, which suggest that 
rapid emergence of PRN-deficient B. pertussis variants is 
unlikely to contribute to any greater risk for death or severe 
outcomes from infections in young, vulnerable infants (43).

Our study supports the hypothesis regarding pathogen 
adaptation of B. pertussis to the type of vaccine used. A key 
finding in this study was that use of the wP vaccine in the pri-
mary series of vaccinations correlated with a near complete 
absence of PRN-deficient strains, although the aP vaccine was 
used in subsequent vaccine regimens. Continued surveillance 
for PRN production in circulating B. pertussis is needed, as 
well as monitoring of other possible genotypic changes in the 
B. pertussis population, including a lack of expression of other 
immunogens contained in acellular vaccines.
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Enterovirus D68 (EV-D68) causes respiratory tract infections 
and neurologic manifestations. We compared the clinical 
manifestations from 2 EV-D68 outbreaks in 2014 and 2018 
and a low-activity period in 2016 among hospitalized chil-
dren in central Ohio, USA, and used PCR and sequencing 
to enable phylogenetic comparisons. During both outbreak 
periods, infected children had respiratory manifestations 
that led to an increase in hospital admissions for asthma. 
The 2018 EV-D68 outbreak appeared to be milder in terms 
of respiratory illness, as shown by lower rates of pediatric 
intensive care unit admission. However, the frequency of 
severe neurologic manifestations was higher in 2018 than 
in 2014. During the same period in 2016, we noted neither 
an increase in EV-D68 nor a significant increase in asthma-
related admissions. Phylogenetic analyses showed that 
EV-D68 isolates from 2018 clustered differently within clade 
B than did isolates from 2014 and are perhaps associated 
with a different EV-D68 subclade.

Enterovirus D68 (EV-D68) was originally identified in 
1962 in children with severe respiratory tract infec-

tions in California, USA (1). The virus shares biological 
features with enteroviruses and rhinoviruses and was re-
ported sporadically after these initial reports (2). However, 
EV-D68 gained epidemiologic and clinical relevance in 
2014 after it was identified as an important pathogen asso-
ciated with severe lower respiratory tract infections and, in 
some cases, with central nervous system disease (i.e., acute 
flaccid myelitis [AFM]) (3–5).

Nationwide Children’s Hospital (NCH) in Colum-
bus, Ohio, USA, experienced a first outbreak of EV-D68 

in 2014 that was associated with respiratory distress and 
disproportionately affected children with asthma; no case 
of AFM was identified (3). Although EV-D68 reportedly 
has a biennial seasonality, NCH did not have an EV-D68 
outbreak in 2016. EV-D68 emerged again in 2018 and 
caused respiratory infections and, in some cases, neuro-
logic manifestations.

The objective of this study was to compare differences 
in clinical characteristics and disease severity among chil-
dren hospitalized with EV-D68 infection at NCH in 2018 
with those identified during the 2014 outbreak and during 
a low-activity period (2016). We also sought to define the 
overlap between EV-D68 circulation and hospitalizations 
for asthma and compare the sequence variation of EV-D68 
strains identified during the 2018 outbreak with strains 
identified in previous years.

Materials and Methods

Sample Collection and Testing Algorithms
We identified children hospitalized at NCH who had EV-
D68 infection during the 2018 outbreak and during a non-
outbreak period (2016) and compared their clinical mani-
festations and characteristics with those identified during 
the 2014 outbreak as previously described (3). In brief, dur-
ing June 1–October 19, 2018, we collected nasopharyngeal 
samples using flock swabs that went into viral transport 
media. All samples were obtained in accordance with stan-
dard of care for patients <21 years of age who tested posi-
tive for rhinovirus/enterovirus (RV/EV) on the FilmArray 
Respiratory Panel version 1.7 (6) and were stored at −80°C 
for further testing. We retrospectively identified samples 
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from 2016, collected during the same period, and retrieved 
them from −80°C storage for testing. After excluding du-
plicates, we selected samples on the basis of availability, 
amount of remnant, and integrity for EV-D68 testing us-
ing a laboratory-developed real-time reverse transcription 
PCR (rRT-PCR) targeting the 5′ nontranslated region of the 
human enterovirus genome as described (3). Because we 
conducted EV-D68 testing after patient encounters, results 
were not available to the treating physician.

The sampling selection criteria differed between the 2 
outbreak periods (Figure 1). During 2014, we screened a 
smaller set of samples for EV-D68 and focused on hospi-
talized patients. In 2018, we screened samples from both 
outpatients and inpatients. However, for both periods the 
clinical analyses focused on hospitalized patients only.

We reviewed electronic healthcare records from pa-
tients positive for EV-D68 for data collection. Patients in 
whom EV-D68 was identified but for whom clinical data 
were not available, those evaluated in the outpatient set-
ting, those >21 years of age, and patients who acquired 
RV/EV infection during hospitalization were exclud-
ed from analyses. We compared differences in clinical  

characteristics and disease severity parameters among pa-
tients from the 2018 EV-D68 outbreak, those identified in 
2016, and patients during the 2014 outbreak. The clinical 
characteristics of patients during the 2014 outbreak were 
previously reported (3). The Institutional Review Board of 
NCH approved the study.

Admissions for Asthma
We retrieved data related to admissions for asthma during 
the same time periods in 2014, 2016, and 2018 from the 
electronic data warehouse. We included patients <21 years 
of age who were hospitalized with an asthma diagnosis in 
any NCH inpatient unit. We used the following codes from 
the International Classification Diseases, Ninth (ICD-9) or 
Tenth (ICD-10) Revision, for asthma: ICD-9, 493.*; ICD-
10, J45.20–J45.998.

EV-D68 rRT-PCR Testing and Sequencing
For EV-D68 detection and quantitation, we used a labora-
tory-developed rRT-PCR as described previously (3). We 
selected a subset of EV-D68–positive samples for partial 
viral protein (VP) 1 gene sequencing of an 805-bp PCR 
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Figure 1. Sample and patient selection for investigation of EV-D68 outbreaks, Columbus, Ohio, USA. Viral testing was conducted at 
Nationwide Children’s Hospital Department of Pathology. During May–November 2014, a total of 3,540 samples underwent viral testing, 
of which 41% tested positive for RV/EV by a single or multiplex PCR. Four hundred fifty-nine samples were selected randomly on the 
basis of availability, integrity, and amount of specimen, of which 44% were positive for EV-D68. During May–October 2018, a total of 
3,633 samples were tested for RV/EV by FilmArray Respiratory Panel v1.7 (6); 1,987 (55%) were positive. Of the 1,025 convenience 
samples, 401 (39%) were positive for EV-D68. After samples for which clinical data were not available, for which patient age was >21 
years, or for which EV-D68 was acquired nosocomially were excluded, 192 case-patients from the 2014 outbreak and 278 from the 2018 
outbreak were included in the analyses. EV-D68, enterovirus D68; RV/EV, rhinovirus/enterovirus.
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product, as described (7). We performed cycle sequenc-
ing with BigDye Terminator v3.1 Cycle Sequencing Kit 
(Applied Biosystems, https://www.thermofisher.com) on 
the automated sequencer 3130xl Genetic Analyzer (Ap-
plied Biosystems) bidirectionally. We generated multiple 
sequence alignments and phylogenetic trees and compared 
the amino acid sequences (including BE, DC, and GH 
loops) of partial VP1 as described (3,8,9).

Statistical Analysis
We conducted descriptive analyses using frequency distri-
butions or rates and used medians and interquartile ranges 
to summarize the demographic data and patients’ baseline 
characteristics. We analyzed associations between categor-
ical variables using the Fisher exact or χ2 test and assessed 
normality for continuous variables using the Shapiro-Wilk 
test and 2-tailed Student t tests, Mann-Whitney test, 1-way 
ANOVA (analysis of variance), or Kruskal-Wallis tests 
where used as appropriate. Two-tailed p values <0.05 were 
considered significant. We performed statistical analyses 
using GraphPad Prism 8 (https://www.graphpad.com).

Results

Sample Selection and Clinical Characteristics of  
EV-D68–Infected Patients during the 2018 Outbreak
During the 2018 outbreak, of 3,633 samples tested by the 
FilmArray panel 1,987 (55%) were positive for RV/EV. 
We further evaluated 1,028 samples, of which 401 (39%) 
tested positive for EV-D68. This number compares with 
213 (46%) EV-D68–positive samples of 459 in the 2014 
outbreak (Figure 1).

Of the 401 patient samples that tested positive for 
EV-D68 in 2018, we excluded 124 (122 because patients 
were evaluated in the outpatient setting or clinical data 

were not available and 2 from children with nosocomial 
EV-D68 infection), leaving a total of 277 patients hospi-
talized with EV-D68 infection. Of those, 67 (24%) chil-
dren were previously healthy, 146 (53%) had preexist-
ing asthma or a history of wheezing, and 64 (23%) had 
another underlying chronic medical condition (Table 1). 
Children with a history of asthma or wheezing were older 
(median age 4.1 years) than children who had complex 
medical conditions (median 2.5 years) or were previously 
healthy (median 1.4 years; p<0.01); findings did not differ 
by sex or race. Most children had respiratory symptoms 
(94%–100%) with or without fever, followed by gastroin-
testinal manifestations (27%–32%). Eight (2.9%) children 
had neurologic manifestations, 2 AFM, and 1 opsoclonus/
myoclonus syndrome (OMS). 

Overall, children with asthma required pediatric in-
tensive care unit (PICU) admission more frequently (63%) 
than did previously healthy children (37%) or children with 
chronic medical conditions (29%; p<0.0001); however, du-
ration of hospitalization was longer for children with un-
derlying conditions. The EV-D68 semiquantitative viral 
load (cycle threshold) ranged from an average of 25.1 to 
26.1 and did not differ significantly between groups.

Clinical Manifestations during the 2014 and 2018  
EV-D68 Outbreaks and the 2016 Low-Activity Period
We compared the demographic and clinical character-
istics of children from the 2014 and 2018 EV-D68 out-
breaks (Table 2). Overall, children with EV-D68 infec-
tion identified in 2018 were significantly younger and 
more often of white race; we found no differences in sex 
or presence of asthma or other chronic medical condi-
tions. During the 2018 outbreak, children with EV-D68 
infection more commonly had gastrointestinal symptoms 
than during the 2014 outbreak (28% in 2018 vs. 12% in 
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Table 1. Demographic and clinical characteristics of children with EV-D68 infection, Nationwide Children’s Hospital, Columbus, Ohio, 
USA, 2018* 
Characteristics Previously healthy, n = 67 Chronic medical condition, n = 64 Asthma, n = 146 p value 
Median age, y (IQR) 1.4 (0.9–4.0) 2.5 (1.1–6.9) 4.1 (2.1–7.5) <0.0001 
Sex, no. (%)     
 M 31 (46.3) 36 (56.2) 84 (57.5) 0.29 
 F 36 (53.7) 28 (43.8) 62 (42.5)  
Race, no. (%) 

    

 White 42 (62.7) 43 (67.2) 84 (57.5) 0.12 
 Black 14 (20.9) 13 (20.3) 50 (33.5)  
 Other 11 (16.4) 8 (12.5) 13 (8.9)  
PICU admission, no. (%) 25 (37.3) 19 (29.7) 92 (63) <0.0001 
Median hospitalization, d (IQR) 1.8 (1–3) 3.2 (1.5–8) 2.5 (1.7–3.5) 0.003 
Signs/symptoms, no. (%)     
 Respiratory 64 (95.5) 60 (93.8) 146 (100) 0.01 
 Fever 39 (58.2) 36 (56.3) 67 (45.8) 0.16 
 Neurologic 4 (5.9) 3 (4.7) 1 (0.7) 0.06 
 Gastrointestinal 18 (26.8) 20 (31.3) 40 (27.4) 0.81 
 Rash 3 (4.5) 0 1 (0.7) 0.05 
Median EV-D68 Ct (IQR) 26.1 (22.2–30.3) 25.5 (22.2–28.8) 25.1 (22–38.5) 0.67 
*Bold indicates significance. Ct, cycle threshold; EV-D68, enterovirus D68; IQR, interquartile range; PICU, pediatric intensive care unit. 
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2014; p<0.001); symptoms included emesis, abdominal 
pain, and diarrhea. On the other hand, children with EV-
D68 infection identified during the 2014 outbreak had re-
spiratory symptoms and skin rashes more frequently than 
did children during the 2018 outbreak. The proportion 
of children who required PICU admission was lower in 
2018 (49%) than in 2014 (68%; p<0.0001), and duration 
of hospitalization was shorter in 2018 (2.5 days) than in 
2014 (2.8 days; p = 0.01).

Severe neurologic manifestations occurred more often 
during the 2018 outbreak. In the 2014 cohort, 4 (2%) pa-
tients had febrile seizures, but no other neurologic findings 
were documented, and no case of AFM was identified. In 
2018, however, 8 (2.9%) patients had neurologic manifes-
tations; 2 had AFM and 1 OMS. Two of these 3 children 
were previously healthy; 1 had underlying asthma. Four 
additional children sought treatment for complex febrile 
seizures (3 of these patients had a history of epilepsy), and 
1 infant had viral meningitis. In this infant, parechovirus 
was identified by rRT-PCR in cerebrospinal fluid (Appen-
dix Table 1, https://wwwnc.cdc.gov/EID/article/25/11/19-
0973-App1.pdf).

During 2016, of 3,098 samples tested by the FilmArray 
panel, 1,293 (42%) were positive for RV/EV. Of those, 211 
were further tested for EV-D68, and 14 (7%) yielded posi-
tive results. Nine of the 14 patients identified with EV-D68 
infection were hospitalized; all had respiratory symptoms, 
and none had neurologic manifestations. Equal proportions 
of children had asthma or chronic medical conditions or 
were previously healthy (3 [33%] each).

EV-D68 Seasonality and Asthma
We also compared the proportion of samples in which we 
detected EV-D68 during June–October 2014, 2016, and 
2018 and analyzed the seasonality of EV-D68 in relation 
to admissions for asthma (Figure 2). The proportion of RV/
EV detected from all nasopharyngeal samples analyzed ac-
cording to the standard of care was 41% in 2014 and 2016 
and 55% in 2018; overall EV-D68 detection was 44% in 
2014, 7% in 2016, and 39% in 2018. The proportion of EV-
D68 detected among RV/EV-positive samples (Figure 2, 
panel A) and the number of admissions for asthma (Figure 
2, panel B) were calculated weekly during the 3 periods. 
The duration of the 2014 outbreak was shorter (mid-July 
through early October, 13 weeks), and peaked the last week 
of August, coinciding with a disproportionate number of 
admissions for asthma. In 2018, the first cases of EV-D68 
were identified earlier (mid-June) and ended the first week 
of October (total of 16 weeks), peaking the last week of 
July/first week of August. In parallel, the number of ad-
missions for asthma increased during July and August but 
peaked during the last week of August, which was delayed 
in relation to EV-D68 circulation. Admissions for asthma 
during the same time period in 2016 were substantially 
lower, as was EV-D68 detection.

Molecular Characteristics of EV-D68 2018 Strains
We sequenced 130 EV-D68–positive samples from 2018 
and aligned them to both NCH strains from prior years and 
to EV-D68 sequences available at the National Center for 
Biotechnology Information website. The NCH 2018 strains 
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Table 2. Demographic and clinical characteristics of children with EV-D68 infection, Nationwide Children’s Hospital, Columbus, Ohio, 
USA, 2014 and 2018 outbreaks* 
Characteristic 2014, n = 192 2018, n = 277 p value 
Demographics 
 Median age, y (IQR) 5 (2–7.7) 3.1 (1.2–6.8) 0.0008 
 Sex, no. (%)    
  M 112 (58.3) 153 (55.2) 0.50 
  F 80 41.7) 124 (44.6)  
 Race, no. (%)    
  White 79 (41.1) 169 (61.0)  
  Black 75 (39.1) 76 (27.4)  
  Other 38 (19.8) 32 (11.5) <0.0001 
Illness, no. (%)    
 Previously healthy 48 (25) 67 (24.2) 0.09 
 Chronic condition† 60 (31.2) 64 (23.1)  
 Asthma 84 (43.8) 146 (52.7)  
Clinical presentation and disease severity, no. (%) 
 Respiratory 192 (100) 271 (97.8) 0.08 
 Fever 106 (55.2) 142 (51.3) 0.45 
 Neurologic 4 (2.1) 8 (2.9) 0.57 
 AFM/OMS 0 3 (1.1) 0.27 
 Other: seizures 4 (2.1) 5 (1.8) >0.99 
 Gastrointestinal 24 (12.5) 79 (28.5) <0.0001 
 Rash 10 (5.2) 4 (1.4) 0.02 
PICU admission, no. (%) 131 (68.2) 136 (49.1) <0.0001 
Hospitalization, d (IQR) 2.8 (1.9–4.2) 2.5 (1.6–3.8) 0.01 
*Bold indicates significance. AFM/OMS, acute flaccid myelitis/opsoclonus/myoclonus syndrome; EV-D68, enterovirus D68; IQR, interquartile range; PICU, 
pediatric intensive care unit. 
†Comprises genetic syndromes, congenital heart disease, history of prematurity, neurologic disorders, neuromuscular disorders. 
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were >98.5% identical to each other and demonstrated 
>85% sequence identity to the VP1 regions of the proto-
type Fermon strain (GenBank accession no. NC_038308). 
These 2018 strains were also 92%–94% identical to the 
2014 and 2011 NCH strains previously reported (3). The 
most closely related sequences to the NCH 2018 strains 
were those isolated in 2016 and 2015 from different geo-
graphic regions (10,11).

We used 17 NCH strains (10 from 2018, 5 from 2014, 
and 2 from 2011) for further genetic characterization. Phy-
logenetic analyses followed by bootstrap analyses indicat-
ed that all NCH strains identified during the 2018 outbreak 
clustered into a new sublineage within major clade B, dif-
ferently from the 2011 and 2014 NCH strains (Figure 3). 
Amino acid sequence alignment for the BC, DE, and GH 
loops (Figure 4) showed that the NCH 2018 strains dis-
played a unique amino acid signature, and all contained the 
amino acid residue (218T) that characterizes the EV-D68 
clade B3 (10).

Discussion
The recent emergence of EV-D68 as a cause of severe re-
spiratory disease, coupled with its association with AFM, 
suggests that a deeper understanding of this virus is needed 
(12–14). In this study, we examined >1,000 patient speci-
mens from 2 outbreaks and from 1 period with low EV-D68 
activity and conducted both molecular and clinical analyses 
to compare these periods. Although the 2018 EV-D68 out-
break appeared to be milder, as shown by the lower number 
of hospital admissions for asthma and lower rates of PICU 
admissions, we observed severe neurologic manifestations 
only in 2018.

The comparative clinical analyses between outbreaks 
showed that hospitalized children during 2018 were young-
er, but the proportion with underling medical conditions, 
including asthma, was comparable between periods. Symp-
toms also were similar in the 2 outbreaks, with the notable 

exceptions of greater gastrointestinal manifestations in 
2018, as well as 3 children with severe neurologic manifes-
tations (2 with AFM and 1 with OMS), which we did not 
observe during 2014 or 2016.

Since 2014, concurrent with the surge of EV-D68 re-
spiratory-associated illness, children with severe neurolog-
ic manifestations have been reported in the United States 
and elsewhere; episodic increases were identified in 2016 
and 2018 (5,12,14–21). The cause of AFM has not been 
established in most cases, despite extensive pathogen-spe-
cific or metagenomic sequencing tests. Although a direct 
link between AFM and EV-D68 has not been established, 
observational and animal studies suggest a strong associa-
tion. On the one hand, EV-D68 causes paralytic myelitis in 
mice; AFM cases have been shown to cluster during peri-
ods of EV-D68 circulation, and EV-D68 has been the most 
common virus detected in respiratory specimens from chil-
dren with AFM, albeit rarely in cerebrospinal fluid (22–25). 
Other neurologic conditions associated with EV-D68 have 
been described, but to our knowledge, no other cases of 
OMS have been reported in the literature (26,27). Further 
studies are ongoing, but our findings agree with others and 
highlight the importance of comprehensive surveillance 
and research to further characterize the role of EV-D68 in 
AFM that will enable pursuit of effective therapies and pre-
vention strategies.

Although the EV-D68 rRT-PCR testing in this study 
was not designed to determine true incidence, it did help 
to monitor EV-D68 activity and showed a marked increase 
in EV-D68 circulation during the summers of 2014 and 
2018 and little or no activity during the same period in 
2016. The increase in EV-D68 activity during 2014 and 
2018 mirrored an increase in the number of admissions 
for asthma during those periods, and although the 2014 
outbreak had a sharper increase at the end of August, the 
duration of the 2018 outbreak was longer. Nonetheless, 
in both periods admissions for asthma were significantly 
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Figure 2. Percentage of EV-D68 (A) and number of admissions for asthma per 1,000 hospital admissions (B) among rhinovirus/
enterovirus-positive (RV/EV) samples, Nationwide Children’s Hospital, Columbus, Ohio, USA, June–October 2014, 2016, and 2018.  
EV-D68, enterovirus D68.
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higher than during 2016. Although reported to have a bi-
ennial seasonality (20,24,28–31), the peaks of EV-D68 in 
2014 and 2018 were related to an increase in summertime 

hospitalizations for asthma, which agrees with a recent 
study conducted in Japan (32). During the same period in 
2016, admissions for asthma were low and no peak was 
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Figure 3. Phylogenetic analysis of EV-D68 from samples from children at Nationwide Children’s Hospital, Columbus, Ohio, USA, 2011, 
2014, and 2018. Phylogenetic tree was constructed using partial viral protein 1 gene sequences. Scale bar indicates changes in base 
substitutions per site. EV-D68, enterovirus D68.



 EV-D68 Outbreaks among Hospitalized Children, Ohio

observed, nor was there evidence of high EV-D68 circula-
tion based on surveillance testing in our laboratory, which 
differs from data reported from other states (28,33). The 
magnitude of the increase in asthma hospitalizations was 
higher in 2014 than in 2018 (peak of 128 admissions dur-
ing the peak week in 2014 vs. 61 during 2018). Whether 
these decreases in EV-D68 activity and severity are con-
tinued in subsequent EV-D68 outbreaks in the population 
studied here needs be determined. Nevertheless, EV-D68 
should be suspected when summertime admissions related 
to asthma increase above baseline.

Phylogenetic analyses showed that EV-D68 isolates 
from 2014 and 2018 clustered differently within clade 
B (10,29,34,35). The relationship of these changes in se-
quence and the pathogenicity of the virus are unclear (36). 
Nevertheless, at NCH, no AFM cases were identified in 
2014, but 2 AFM cases and 1 OMS case occurred in 2018. 
The pathogenicity and virulence of this new clade needs to 
be monitored and confirmed by active surveillance, which 
was implemented at NCH after the 2014 outbreak. Based on 
our experience, we have made the EV-D68 rRT-PCR test 
available for respiratory specimens in real time. This test 
will be used on the basis of clinician orders particularly as 
it relates to unexplained acute paralysis/muscle weakness.

This study has limitations. We did not test every 
specimen that was RV/EV-positive for EV-D68; we did, 
however, test >40% of all samples that tested positive for 
RV/EV during these 2 outbreaks and a low-activity pe-
riod, which provides a good representation of EV-D68 
circulation during those periods. The clinical analysis was 

limited to inpatients, thus possibly biasing the apparent se-
verity of the EV-D68 infections; however, data were com-
parable between the 3 periods, which was the main study 
objective. Unfortunately, the samples associated with the 
2 AFM cases were not available for sequencing, and thus 
we cannot make any definitive conclusions about different 
or more pathogenic viral strains.

In summary, EV-D68 circulation was associated with 
a significant medical burden. By more consistent and 
specific testing for EV-D68, a better understanding of 
the epidemiology of this emerging virus will help inform 
clinical care (37).
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High-Titered Immunoglobulin for West Nile Virus 

West Nile Virus (WNV) can result in clinically severe neu-
rologic disease. There is no treatment for WNV infection, 
but administration of anti-WNV polyclonal human antibody 
has demonstrated efficacy in animal models. We com-
pared Omr-IgG-am, an immunoglobulin product with high 
titers of anti-WNV antibody, with intravenous immunoglob-
ulin (IVIG) and normal saline to assess safety and efficacy 
in patients with WNV neuroinvasive disease as part of a 
phase I/II, randomized, double-blind, multicenter study in 
North America. During 2003–2006, a total of 62 hospital-
ized patients were randomized to receive Omr-IgG-am, 
standard IVIG, or normal saline (3:1:1). The primary end-
point was medication safety. Secondary endpoints were 
morbidity and mortality, measured using 4 standardized 
assessments of cognitive and functional status. The death 
rate in the study population was 12.9%. No significant dif-
ferences were found between groups receiving Omr-IgG-
am compared with IVIG or saline for either the safety or 
efficacy endpoints.

West Nile virus (WNV) is a mosquitoborne flavivirus 
that causes a spectrum of human illnesses, rang-

ing from asymptomatic infection to an undifferentiated 
febrile syndrome (West Nile fever) and potentially lethal 
neuroinvasive diseases, including encephalitis and myelitis 
(1–5). Since its appearance in New York, USA, in 1999, 
WNV has become a seasonal endemic infection across 
North America (5–7). During 1999–2017, a total of 48,183 
cases of WNV infection were reported to the Centers for 
Disease Control and Prevention (CDC), of which 22,999 
were defined as neuroinvasive disease (8). Among patients 
with neuroinvasive disease, the mortality rate is 8%–12% 
(5,8,9). The number of reported cases of WNV disease in 
the United States averaged ≈2,200 cases annually during 
2013–2017, although the true incidence is certainly much 
higher (8,10,11). Currently, no vaccine or drug has been 

approved by the Food and Drug Administration for preven-
tion or treatment of human WNV infection.

The National Institute of Allergy and Infectious Dis-
eases Collaborative Antiviral Study Group initiated a 
clinical trial of immunotherapy for patients with WNV 
encephalitis or myelitis using Omr-IgG-am (OMRIX Bio-
pharmaceuticals, Tel Aviv, Israel), an immunoglobulin 
product that contains high titers of WNV IgG. Murine 
model experiments demonstrated that anti-WNV globulin 
administered near the time of infection was highly effective 
at preventing disease and death (12). Anecdotal cases of 
successful treatment of human WNV with passive immu-
notherapy have been reported (13–16). We conducted this 
phase I/II study to assess the safety and potential efficacy 
of Omr-IgG-am for treatment for hospitalized adults with 
WNV neuroinvasive disease.

Methods

Design
During 2003–2006, we enrolled patients into a prospec-
tive, randomized, double-blind, placebo-controlled trial of 
Omr-IgG-am, a human immunoglobulin preparation that 
had a WNV plaque-reduction neutralization titer of 1:200. 
We compared Omr-IgG-am with 2 controls: standard in-
travenous (IV) immunoglobulin (IVIG) (Polygam S/D; 
Baxter, https://www.baxter.com), derived from US sources 
and containing no detectable WNV IgG; and normal saline 
(NS) for IV administration. One hundred patients meeting 
entry criteria were to be randomized in a 3:1:1 ratio (60 for 
Omr-IgG-am, 20 for Polygam, and 20 for NS) in blocks of 
5. Randomization was implemented with a web-based sys-
tem developed and maintained by the Data Coordinating 
Center at the University of Alabama at Birmingham (Bir-
mingham, AL, USA). Randomized patients received a sin-
gle intravenous dose of study medication on day 1. Patients 
were followed for 90 days after dosing. All investigators 
and patients remained blinded for the duration of the study.

The 2 active dosage cohorts (0.5 g/kg and 1.0 g/kg of 
Omr-IgG-am) were to accrue sequentially. However, be-
cause of slow enrollment, impending expiration of Omr-
IgG-am stock, and difficulty locating supplies of Polygam 
free of WNV IgG, the protocol was amended in 2006 to 
allow continued enrollment in the 0.5 g/kg cohort and to 
forgo the planned 1.0 g/kg cohort.

Endpoints
The primary endpoint was safety and tolerability of the 
study medications at day 90 postenrollment. The safety 
endpoint was defined by the number of serious adverse 
events (SAEs), regardless of relationship to study drug. 
The estimated efficacy of Omr-IgG-am in reducing illness 
and death among patients with confirmed WNV disease (a 
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secondary endpoint) was defined by a functional score (on 
day 90 after randomization) based on the results of 4 stan-
dardized assessments of cognitive and functional status: the 
Barthel Index (BI), the Modified Rankin Scale (MRS), the 
Glasgow Outcome Score (GOS), and the Modified Mini 
Mental State Examination (3MS) (17–19). We compared 
outcomes for the patients receiving Omr-IgG-am and those 
who received control interventions. Other secondary end-
points included the proportion of patients in each group 
returning to preillness baseline function as assessed by the 
BI and MRS, and each patient’s improvement at 3 months 
compared with the patient’s worst prior evaluation.

Study Population
Participants were enrolled while hospitalized at community 
or academic medical centers; follow-up visits occurred at 
outpatient clinics. Two categories of participants were en-
rolled. The first included hospitalized patients >18 years 
of age with new-onset (<4 days’ duration) encephalitis 
(altered level of consciousness, dysarthria, or dysphagia), 
myelitis (asymmetric extremity weakness without sensory 
abnormality), or both. In addition, the cerebrospinal fluid 
(CSF) analyses (performed within the previous 96 hours) 
were required to show pleocytosis (>4 leukocytes/mm3) 
and negative tests for other pathogens. The second eligibil-
ity category included adults who were hospitalized without 
encephalitis or myelitis but who had positive WNV IgM or 
PCR results, as well as clinical findings compatible with 
WNV infection and a risk factor for the development of 
WNV neurologic disease (>40 years of age or immuno-
compromised patient >18 years of age). Confirmation of 
acute WNV infection by positive WNV IgM serologic re-
sults or PCR detection of WNV RNA in blood or CSF was 
required for inclusion in the efficacy analyses (20–22).

Study Procedures
After verifying inclusion and exclusion criteria and obtain-
ing informed consent, patients were randomized to 1 of the 
3 treatment arms. Medical history and physical examina-
tion were recorded. Detailed neurologic examinations were 
conducted (BI, MRS, the GOS, and the 3MS), along with 
an evaluation of pre-illness functional status.

We obtained CSF samples for WNV serologic test-
ing and PCR before starting the study and performed brain 
magnetic resonance imaging (MRI) studies before the 
study and on day 30. We examined participants on days 
1–7, 14, 30, and 90. We obtained blood samples for safety 
laboratory studies (including complete blood count, hemo-
globin A1c, platelet count, blood urea nitrogen, creatinine, 
creatinine phosphokinase, liver enzymes, international nor-
malized ratio, glucose, electrolytes, amylase, and lipase); 
WNV, HIV, HBV, and parvovirus B19 serologic testing; 
and PCR for WNV, HIV, HBV, HCV, and parvovirus B19.

The unblinded research pharmacist calculated the vol-
ume of study medication. Bottles of study medication and 
tubing were covered with opaque plastic covers to maintain 
blinding. We infused study medication intravenously using 
a 15-µ filter at an initial rate of 0.0083 mL/kg/min, gradu-
ally increased to a maximum rate of 3 mL/min.

Site Monitoring and Regulatory Oversight
A total of 71 sites in the United States and Canada com-
pleted regulatory requirements for enrollment (although 
the list of active sites varied from year to year); participants 
were successfully enrolled at 24 sites. The clinical trial was 
conducted in accordance with the ethical standards of the 
Helsinki Declaration. The protocol required approval by a 
local institutional review board (IRB) or ethics committee 
before enrollment could proceed; we obtained written in-
formed consent from each participant or a legal guardian. 
All sites were independently monitored at selected time 
points and at the completion of the study. A data and safety 
monitoring board oversaw the study.

Statistical Analyses
We performed statistical analyses using SAS 9.1 software 
(https://www.sas.com) and StaXact 4.0 (https://www.cytel.
com/software/statxact) for exact statistical methods. We 
analyzed data using standard descriptive statistics and used 
Fisher’s exact test to explore associations for categori-
cal variables between the treatment arm and the 2 control 
arms. Nonparametric statistical methods used a Wilcoxon 
test for comparison of continuous variables between the 
treatment arm and the 2 control arms. No interim analyses 
were planned.

Sample Size Determinations
Because the study was a phase I/II safety study with a pri-
mary objective of estimating the rate of serious adverse 
events, we did not plan formal tests of hypotheses. Thus, 
we did not determine the sample size by power analysis. A 
total sample size of 100 participants was planned (60 Omr-
IgG-am, 20 Polygam, and 20 NS). With the assumption 
that the true adverse event rate was no more than 30%, the 
2-sided 95% CIs of the estimated SAE rates were expected 
to be 18.4%–41.6% for Omr-IgG-am and 9.9%–50.1% for 
the 2 control arms.

Data Analyses
We included all 62 randomized participants in the safety 
analysis (intent-to-treat) and calculated estimates of ad-
verse event rates with 2-sided exact 95% CIs for each treat-
ment arm. We performed efficacy analyses on 55 study 
participants with confirmed WNV infection, although this 
phase I/II safety study was not sufficiently powered to de-
tect small-to moderate differences in outcome among the 
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treatment groups. The efficacy endpoint was a combina-
tion of illness and death as defined by a functional score 
calculated 90 days after randomization. The endpoint was 
based on the results of the BI, GOS, MRS, and 3MS. We 
placed each participant into 1 of 4 categories: dead, se-
verely impaired, mildly or moderately impaired (but still 
able to function independently), and normal. We further di-
chotomized each category into unfavorable and favorable 
medical outcomes, according to predetermined cut points. 
Scoring in the unfavorable category on any of the 4 scales 
placed that participant in the unfavorable category overall.

Conduct of the Study
The first participant was enrolled in September 2003 and 
the last was enrolled in September 2006. Because of slow 
accrual and other factors, the study was terminated in De-
cember 2006 at the recommendation of the data and safety 
monitoring board.

Results

Patient Disposition
A total of 242 patients were screened, but only 64 (26%) 
met the entry criteria. We did not tabulate reasons for 
study exclusion. Two potential participants were with-
drawn before randomization. Thus, we randomized 37 
patients to Omr-IgG-am, 12 to Polygam, and 13 to NS 
(Figure). Thirty-three of the patients in the Omr-IgG-am 
group, 11 in the Polygam group, and 11 in the NS group 
were available for follow-up at day 90. Of the 62 pa-
tients randomized, 11 terminated prematurely, 8 because 
of death (mortality rate 12.9%). Three (42.9%) of the 7  

participants who did not have laboratory evidence of 
acute WNV infection died.

Study Population
Most of the patients were Caucasian (73%) and male 
(66%); mean age was 56 years (Table 1). We noted no 
baseline differences among any of the 3 randomization 
groups. Diagnosis of acute WNV infection was serologi-
cally confirmed in 55 patients; only 3 were positive for 
WNV by blood PCR. Most participants already carried a 
laboratory-confirmed diagnosis of WNV infection at the 
time of referral to the study.

Clinical Characteristics
Because we found no differences among any of the 3 ran-
domization groups, we summarized the clinical character-
ization for all 55 patients with confirmed WNV infection. 
The most common symptoms were fever >38°C (80%), 
chills/rigors (75%), headache (78%), nuchal rigidity (47%), 
photophobia (33%), myalgia (78%), arthralgia (33%), nau-
sea (76%), vomiting (60%), diarrhea (46%), shortness of 
breath (24%), and rash (27%). Detailed descriptions of the 
neurologic findings in this study cohort were published 
previously (23). Of the 44 participants with abnormal CSF 
findings at initial evaluation, median values were protein 
90 mg/dL, glucose 62 mg/dL, erythrocytes 10 cells/mm3, 
and leukocytes 96 cells/mm3 (lymphocytes 62%, neutro-
phils 38%).

Safety and Tolerability
As expected for this population of seriously ill patients, large 
numbers of adverse events (AEs) were recorded (Table 2). 
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Figure. Patient enrollment, 
allocation, and final status in study 
of treatments for West Nile virus 
central nervous system disease.
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A total of 738 AEs were reported for 58 participants (12.72 
AEs/person). The most commonly reported treatment-
related AE was hypertension occurring during infusion of 
the test drug (Table 3). Two grade 3–4 laboratory toxicities 
(both decreased hematocrit) were reported, both occurring 
in Omr-IgG-am recipients.

Safety was defined by the total number of SAEs 
among the 62 randomized participants, regardless of re-
latedness to study drug administration. Overall, 29 partici-
pants (46.8%) experienced 63 SAEs (29 with Omr-IgG-am, 
25 with Polygam, 9 with NS; Table 4). The estimated SAE 
rates (with 2-sided 95% confidence intervals) were 51.4% 
(range 35.3%–67.7%) for recipients of Omr-IgG-am, 
58.3% (range 30.4%–86.2%) for recipients of Polygam, 
and 23.1% (range 0.2%–46.0%) for those who received 
NS. The differences in frequency of SAEs among the 3 

treatment groups were not statistically significant. A larger 
number of neurologic SAEs were reported in the Polygam 
group (Table 5), although the types of events were highly 
divergent (declining mental status, quadriparesis, cranial 
nerve palsies, tremor, seizures) and likely attributable to 
WNV neuroinvasive disease.

Five SAEs were assessed by the investigator to be pos-
sibly, probably, or definitely related to the study medica-
tion (Table 4). Two events (chest pain and leukopenia, both 
assessed as possibly) occurred in Omr-IgG-am recipients; 
both resolved. One SAE (respiratory distress, assessed as 
probably) occurred in a Polygam recipient and resolved. 
Two instances of neutropenia (both assessed as possibly) 
were reported in NS recipients and resolved.

To monitor the possibility of transmission of other viral 
pathogens by the immunoglobulin preparations, participants  
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Table 1. Demographics and clinical characteristics of patients in study of treatments for West Nile virus central nervous system 
disease, by treatment arm* 
Characteristic Omr-IgG-am, n = 37 Polygam, n = 12 Normal saline, n = 13 Total, n = 62 
Race     
 Caucasian/not Hispanic 24 (64.9) 10 (83.3) 11 (84.6) 45 (72.6) 
 Black/not Hispanic 2 (5.4) 0 1 (7.7) 3 (4.8) 
 Hispanic 8 (21.6) 1 (8.3) 1 (7.7) 10 (16.1) 
 Other 3 (8.1) 1 (8.3) 0 (0) 4 (6.5) 
Sex     
 M 25 (67.6) 7 (58.3) 9 (69.2) 41 (66.1) 
 F 12 (32.4) 5 (41.7) 4 (30.8) 21 (33.9) 
Age, y, mean ± SE 56.2 ± 2.2 54.0 ± 4.1 58.4 ± 4.8 56.2 ± 1.8 
Cerebrospinal fluid      
 Leukocytes, cells/µL, mean ± SE (median) 207.7 ± 40.3 (124) 187.4 ± 105.5 (58) 146.6 ± 85.8 (37) 192.3 ± 35.3 (95.5) 
 % Lymphocytes, mean ± SE (median) 53.9 ± 5.0 (52.5) 39.3 ± 10.0 (36.5) 50.2 ± 11.6 (34) 50.1 ± 4.3 (43) 
Time from admission to drug infusion, d,  
mean ± SE (median) 

2.9 ± 0.5 (2) 
 

2.8 ± 0.5 (2.5) 
 

2.0 ± 0.4 (2) 
 

2.7 ± 0.3 (2) 
 

Disease group and risk factors     
 With encephalitis/myelitis 25 (64.7) 9 (75.0) 11 (84.6) 44 (71.0) 
 Without encephalitis/myelitis 12 (32.4) 3 (25.0) 2 (15.4) 17 (27.4) 
  Hematologic malignancy 1 (8.3) 0 0 1 (5.9) 
  Diabetes mellitus 2 (16.7) 0 0 2 (11.8) 
  Bone marrow transplant 1 (8.3) 0 0 1 (5.9) 
Immunosuppressive medications 1 (8.3) 0 0 1 (5.9) 
*Values are no. (%) patients except as indicated. In comparing Omr-IgG-am with Polygam and Omr-IgG-am with normal saline, no significant differences 
were identified for characteristics listed in this table (all p values >0.05). Denominators vary according to the number of evaluable patients or 
assessments.  

 

 
Table 2. Summary of AEs in intent-to-treat population of patients in study of treatments for West Nile virus central nervous system 
disease, by treatment arm*  
Characteristic Omr-IgG-am, n = 37 Polygam, n = 12 Normal saline, n = 13 Total, n = 62 
AEs 514 106 118 738 
patients with an AE 36 (97.3) 11 (91.7) 58 (93.5) 58 (93.5) 
AEs per patient 14.28 9.64 10.73 12.72 
Relationship to treatment†      
 Unrelated 482 (93.8) 99 (93.4) 113 (95.8) 694 (94) 
 Related 29 (5.6) 7 (6.6) 5 (4.2) 41 (5.6) 
 Not stated 3 (0.6) 0 0 3 (0.4) 
Severity of AE†      
 Mild 226 (44.0) 45 (42.5) 61 (51.7) 332 (45.0) 
 Moderate 221 (43.0) 34 (32.1) 45 (38.1) 300 (40.7) 
 Severe 54 (10.5) 13 (12.3) 9 (7.6) 76 (10.3) 
 Life-threatening 13 (2.5) 14 (13.2) 3 (2.5) 30 (4.1) 
*Values are no. (%) except as indicated. In comparing Omr-IgG-am with Polygam and Omr-IgG-am with normal saline, no significant differences were 
identified for characteristics listed in this table (all p values >0.05) except for mild severity Omr-IgG-am vs. Polygam (p<0.01). AE, adverse event. 
†As assessed by the investigator. 
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were screened preinfusion and on day 30. No participant 
was positive for HBV or HIV. Two patients (1 recipient 
of Omr-IgG-am, 1 recipient of Polygam) had negative par-
vovirus B19 IgG titers preinfusion but had detectable an-
tibodies at follow-up; both of these patients had negative 
parvovirus IgM titers and PCR assays. This finding likely 
represents antibody passively acquired from the immuno-
globulin infusion rather than acute parvovirus infection. 
One patient tested positive for hepatitis C virus by both se-
rologic testing and PCR preinfusion and remained positive 
on day 90.

Efficacy
For each test instrument (BI, 3MS, GOS, and MRS), 
composite scores measured at the time of enrollment 
indicated impaired neuropsychological function, which 
improved over 90 days of follow-up, consistent with the 
natural history of resolving WNV neurologic disease 
(Table 6). No significant differences in outcomes were 
apparent for the 3 treatment groups; therefore, summary 
statistics allow assessment of day 90 outcomes for the 
combined population. By 3MS, 50.9% of patients were 
determined to be normal/unimpaired, 18.2% had mild or 
moderate impairment, 12.7% were severely impaired, and 
9.1% died. When the BI, GOS, and MRS tests were ap-
plied to the same population, the percentage of patients 
who were evaluated as normal/unimpaired were 47.3% by 
BI, 36.4% by GOS, and 14.5% by MRS; the proportion 
classified as severely impaired was 27%–29% by each of 
these 3 instruments.

We further dichotomized outcomes into favorable and 
unfavorable (Table 7). We found no significant differences 
in the proportion of patients experiencing an unfavorable 
outcome at day 90 between treatment and control (al-
though there was again a nonsignificant trend toward bet-
ter outcomes in the NS group). Overall, 51% of patients 
had a favorable outcome. We determined the proportion of  

patients returning to preillness baseline at day 90 for each 
randomization group. By the BI and the MRS, the 2 most 
sensitive indices, 45.9% and 32.8% of patients returned to 
their preillness status, respectively.

The median duration of hospital stay was 10 days for 
the Omr-IgG-am group, 12 days for the Polygam group, 
and 8.5 days for the NS group. Of the 62 patients enrolled 
in the study, 23 (37%) required intensive care unit (ICU) 
management. We found no differences in the duration of 
ICU stay (median 13 days) among the 3 treatment groups. 
Six patients required mechanical ventilation (median dura-
tion 5 days).

Virologic Studies
All 55 patients initially had positive WNV IgM serolog-
ic test results; 36 (67.9%) of 53 patients were WNV IgG 
positive preinfusion. Reverse transcription PCR for WNV 
RNA in blood was positive for only 3 (5.9%) of 51 pa-
tients before infusion of study medication; no patient had a 
positive WNV PCR result from blood on day 3. Of the 49 
patients for whom day 90 serologic data were available, 40 
(81.6%) were persistently positive for WNV IgM and 47 
(95.9%) for WNV IgG.
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Table 3. Most commonly reported treatment-related adverse 
events in intent-to-treat population in study of treatments for West 
Nile virus central nervous system disease, by treatment arm* 

Adverse event 
Omr-IgG-am, 

n = 37 
Polygam, 

n = 12 

Normal 
saline, 
n = 13 

Total, 
n = 62 

Hypertension 7 0 2 9 
Dosing error 6 0 2 8 
Elevated 
transaminases 

3 1 0 4 

Fever, chills 3 1 0 4 
Shortness of breath 0 3 0 3 
Rash, pruritus 2 0 0 2 
Chest pain 2 0 0 2 
Other 6 2 1 9 
Total 29 7 5 41 
*Values are no. patients. 

 

 
Table 4. Summary of SAEs in intent-to-treat population in study of treatments for West Nile virus central nervous system disease, by 
treatment arm*  
Characteristic Omr-IgG-am, n = 37 Polygam, n = 12 Normal saline, n = 13 Total, n = 62 
SAEs 29 25 9 63 
Patients with an SAE 19 (51.4) 7 (58.3) 3 (23.1) 29 (46.8) 
SAEs per patient 1.53 3.57 3.0 2.17 
Relationship to treatment†  
 Unrelated 27 (93.1) 24 (96.0) 7 (77.8) 58 (92.1) 
 Related 2 (6.9) 1 (4.0) 2 (22.2) 5 (7.9) 
Severity†  
 Mild 1 (3.4) 0 0 1 (1.6) 
 Moderate 4 (13.8) 3 (12.0) 0 7 (11.1) 
 Severe 9 (31.0) 8 (32.0) 4 (44.4) 21 (33.3) 
 Life-threatening 11 (37.9) 11 (44.0) 4 (44.4) 26 (41.3) 
 Death 4 (13.8) 3 (12.0) 1 (11.1) 8 (12.7) 
*Values are no. (%) except as indicated. In comparing Omr-IgG-am with Polygam and Omr-IgG-am with normal saline, no significant differences were 
identified for characteristics listed in this table (all p values >0.05) except for mild severity Omr-IgG-am vs. Polygam (p<0.01). SAE, serious adverse 
event. 
†As assessed by the investigator. 
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Discussion
Because preliminary data from animal models and case 
reports suggested that immunotherapy could alter the out-
come of WNV neurologic infection, the National Institute 
of Allergy and Infectious Diseases Collaborative Antiviral 
Study Group initiated a clinical study to determine the safe-
ty and potential efficacy of a high-titered immunoglobulin 
product in patients with WNV neuroinvasive disease. The 
trial was terminated prematurely because of slow accrual 
and reduced availability of study products. At the time of 
study termination in 2006, the Polygam supply derived 
from US sources contained measurable titers of WNV IgG 
and was no longer an acceptable control.

Looking at recorded SAEs, deaths, and laboratory pa-
rameters, we found no differences in safety and tolerability 

among Omr-IgG-am (0.5 g/kg), Polygam, and NS. Illness 
outcomes, measured by a panel of 4 neuropsychological 
test instruments, were not statistically different among 
the 3 groups. Although the results did not meet statistical 
significance (in part because of the small sample size), we 
found a persistent trend toward better outcomes (both ill-
ness and death) in the NS group compared with the im-
munoglobulin groups (Tables 6, 7). Although the validity 
of this observation is unconfirmed, we do not recommend 
the administration of immunoglobulin products to patients 
with neuroinvasive WNV disease until further research can 
be conducted to establish the relative risk–benefit profile.

The study protocol was designed to capture patients 
as early as possible in their clinical courses, when immu-
notherapy was most likely to be beneficial. Unfortunately,  
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Table 5. Most commonly reported serious adverse events in intent-to-treat population in study of treatments for West Nile virus central 
nervous system disease, by treatment arm* 
Serious adverse event Omr-IgG-am, n = 37 Polygam, n = 12 Normal saline, n = 13 Total, n = 62 
Respiratory failure 8 7 2 17 
Neurologic event or mental status decline 1 11 1 13 
Cardiac event 4 1 0 5 
Anemia 2 1 0 3 
Leukopenia 1 0 2 3 
Urinary tract infection 1 0 1 2 
Pneumonia 2 0 0 2 
Pulmonary embolism 1 0 1 2 
Atelectasis 0 2 0 2 
Pleural effusion 0 1 1 2 
Other 9 2 1 12 
Total 29 25 9 63 
*Values are no. patients.  

 

 
Table 6. Summary of impairment and death at day 90 after randomization for patients with confirmed West Nile virus in study of 
treatments for West Nile virus central nervous system disease, by treatment arm*  

Instrument 
Omr-IgG-am, 

n = 33 
Polygam, 

n = 11 
Normal saline, 

n = 11 Total, n = 55 
Modified Mini-Mental Status Examination 
 Normal, score >88 14 (42.4) 6 (54.5) 8 (72.7) 28 (50.9) 
 Mild/moderately impaired but independent, score 78–88 8 (24.2) 0 2 (18.2) 10 (18.2) 
 Severely impaired, score <78 5 (15.2) 1 (9.1) 1 (9.1) 7 (12.7) 
 Dead, score 0 2 (6.0) 3 (27.3) 0 5 (9.1) 
 Not done/lost to follow-up 4 (12.1) 1 (9.0) 0 5 (9.1) 
Barthel Index 
 Normal, score >94 15 (45.5) 5 (45.5) 6 (54.5) 26 (47.3) 
 Mild/moderately impaired but independent, score 90–94 1 (3.0) 0 2 (18.2) 3 (5.5) 
 Severely impaired, score <90 11 (33.3) 2 (18.2) 3 (27.3) 16 (29.1) 
 Dead, score 0 2 (6.1) 3 (27.3) 0 5 (9.1) 
 Not done/lost to follow-up 4 (12.1) 1 (9.0) 0 5 (9.1) 
Glasgow Outcome Score  
 Normal, score 5 10 (30.3) 3 (27.3) 7 (63.6) 20 (36.4) 
 Mild/moderately impaired but independent, score 4 9 (27.2) 2 (18.2) 1 (9.1) 12 (21.8) 
 Severely impaired, score 2–3 9 (27.2) 3 (27.3) 3 (27.3) 15 (27.3) 
 Dead, score 1 2 (6.0) 3 (27.3) 0 5 (9.1) 
 Not done/lost to follow-up 3 (9.0) 0 0 3 (5.5) 
Modified Rankin Scale  
 Normal, score 0 4 (12.1) 0 4 (36.4) 8 (14.5) 
 Mild/moderately impaired but independent, score 1–3 15 (45.5) 5 (45.5) 4 (36.4) 24 (43.6) 
 Severely impaired, score 4–5 10 (30.3) 3 (27.3) 3 (27.3) 16 (29.1) 
 Dead, score 6 2 (6.0) 3 (27.3) 0 5 (9.1) 
 Not done 2 (6.0) 0 0 2 (3.6) 
*Values are no. (%) patients. In comparing Omr-IgG-am with Polygam and Omr-IgG-am with normal saline, we found no significant differences with 
respect to the impairment and death categories (excluding “not done”) for all instruments listed on this table (p > 0.05 for all values). 
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patients often entered the study pool later, after a diagno-
sis of WNV infection had been confirmed by laboratory 
testing. Delays in enrollment and study drug administra-
tion could have diminished the potential efficacy of Omr-
IgG-am. By the time symptomatic neurologic disease was 
present, the infection had probably progressed to a point 
at which the administration of passive immunotherapy was 
unlikely to be beneficial.

In this study population of relatively healthy middle-aged 
persons, 15% (as assessed by MRS) to 50% (as assessed by 
BI) returned to baseline function. Only 33%–46% of patients 
returned to their preillness state (as defined retrospectively 
by a family member). These data differ somewhat from pro-
portions of patients experiencing normal or mild to moderate 
impairment reported by other investigators (24–28). Other 
published WNV case series had different demographic and 
disease characteristics and used different definitions, making 
interstudy comparisons problematic. Our population had a 
relatively high percentage of patients requiring ICU care and 
extended durations of hospitalization.

Effective therapy for WNV neuroinvasive disease re-
mains an unmet medical need. A human monoclonal anti-
body directed against WNV has shown activity in animal 
models (29,30) but remains unproven for human infection 
(31,32). Antiviral drugs that can be initiated early in the 
course of WNV disease are urgently needed (33–35).

We learned several lessons that will inform the design 
of future studies of therapies for WNV disease. At various 
time points, this clinical trial activated 71 individual sites in 
28 US states and 3 Canada provinces but was still unable to 
achieve full enrollment. The challenges encountered during 
the conduct of the study were numerous. First, and most no-
tably, the precise geographic localization of emerging vector-
borne illnesses is difficult to predict. WNV infection occurs 
seasonally (usually July–October in North America) and in 
scattered geographic locations. We worked closely with our 
collaborators at CDC but were unable to project with suf-
ficient precision where the incidence of WNV disease would 
be highest in the subsequent season. Even when we correctly 
predicted geographic regions where disease activity was 
high, it was extremely difficult to activate sufficient study 
sites quickly. Furthermore, WNV infection is predominantly 
a rural disease, whereas many of our study sites were located 

in urban areas. Second, it was often difficult to refer potential 
participants to active study sites. Investigators received nu-
merous calls regarding WNV patients who were hospitalized 
at nonparticipating medical centers, some even in the same 
city. However, logistical and financial constraints prevented 
most of these patients from being transferred to a site with an 
IRB-approved protocol in place. Third, most patients were 
considered for enrollment in the study only after WNV in-
fection had been confirmed. The study was designed to en-
able enrollment of suspected WNV patients (before labora-
tory confirmation) to expedite early therapy, but this rarely 
occurred, as demonstrated by the mean time from admission 
to study drug administration (2.6 days). Animal model data 
have indicated that passive immunotherapy of WNV infec-
tion with exogenous antibodies is most effective if instituted 
very early in the course of infection.

Finally, there were regulatory constraints, as we have 
described previously (36). The median time required to ob-
tain IRB approval at US medical centers was ≈6 months 
(36). Consequently, many potential participants could not 
be enrolled because sites failed to receive IRB approval and 
activate the protocol in a timely manner. The availability of a 
central IRB could have shortened site registration time con-
siderably and potentially enhanced patient enrollment. As a 
result of unpredictable geographic variation, fluctuating inci-
dence, and seasonal enrollment windows, an agile and flex-
ible universal IRB system will be mandatory if future large-
scale clinical trials of therapies for emerging vectorborne 
infectious diseases (e.g., WNV, Chikungunya, dengue, Zika 
virus) are to be successfully performed in the United States.
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Table 7. Summary of unfavorable outcomes at day 90 after randomization of patients with confirmed West Nile virus in study of 
treatments for West Nile virus central nervous system disease* 

Regimen  
No. (%) patients 

Odds ratio (95% CI) Favorable Unfavorable Missing 
Omr-IgG-am, n = 33 15 (45.5) 17 (51.5) 1 (3.0) Referent 
Polygam, n = 11 5 (45.5) 6 (54.5) 0 1.012 (0.198–4.975) 
Normal saline, n = 11 8 (72.7) 3 (27.3) 0 3.238 (0.606–21.959) 
Total confirmed, n = 55 28 (50.9) 26 (47.2) 1 (1.8)  
*Favorable/unfavorable determinations made on the basis of results of 4 standardized assessments of cognitive and functional status: Barthel Index 
(favorable >90, unfavorable <90), Modified Rankin Scale (favorable 0–3, unfavorable 4–6), Glasgow Outcome Score (favorable 4 or 5, unfavorable <4), 
and the Modified Mini Mental State Examination (favorable >78, unfavorable <78).  
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Influenza D virus has been detected predominantly in cattle 
from several countries. In the United States, regional and 
state seropositive rates for influenza D have previously 
been reported, but little information exists to evaluate na-
tional seroprevalence. We performed a serosurveillance 
study with 1,992 bovine serum samples collected across 
the country in 2014 and 2015. We found a high overall sero-
positive rate of 77.5% nationally; regional rates varied from 
47.7% to 84.6%. Samples from the Upper Midwest and 
Mountain West regions showed the highest seropositive 
rates. In addition, seropositive samples were found in 41 
of the 42 states from which cattle originated, demonstrating 
that influenza D virus circulated widely in cattle during this 
period. The distribution of influenza D virus in cattle from the 
United States highlights the need for greater understanding 
about pathogenesis, epidemiology, and the implications for 
animal health.

Influenza D virus (IDV; genus Deltainfluenzavirus, fam-
ily Orthomyxoviridae) is an enveloped, single-stranded, 

negative sense RNA virus with 7 genome segments and 1 
surface glycoprotein, the hemagglutinin-esterase fusion 
(HEF) protein (1,2). The first detection of IDV dates back 
to Oklahoma, USA, in 2011 from pigs exhibiting influen-
za-like disease (3), although retrospective seroprevalence 
data suggest the presence of IDV in goats in the United 
States before 2002 (4). Subsequently, IDV has been identi-
fied in low frequency in pigs in Italy (5,6) and Luxembourg 
(7). In addition, evidence suggests IDV circulates in other 
hosts such as small ruminants, camels, and buffalo in Togo,  

Kenya, and China (8,9) and small ruminants, feral swine, 
and equids in the United States (4,10,11).

Although IDV has been detected in other species, cattle 
appear to be the main reservoir (1,12). A variety of sample 
types and methods of detection have been used to determine 
the prevalence of IDV in different regions, in various ages, 
breeds, and numbers of cattle evaluated. The lack of con-
sistency between the methods and cattle evaluated may be 
a contributing factor to variability in prevalence of IDV in 
different regions. Seroprevalence data have been reported 
in cattle from Luxembourg (7), Japan (13,14), the United 
States (1,15,16), Togo, Benin, and Morocco (9); the high-
est reported seropositive rate (80.2%) was in the United 
States (16) and Luxembourg (7) and the lowest (1.9%) in 
Benin (9). Serologic testing provides an indication of IDV 
exposure but is not a measure of active infections. IDV 
RNA from respiratory samples of cattle has been detected 
in several countries: the United States (1,15,17,18), Italy 
(5), France (19), Ireland (20), China (8,21), Japan (22), and 
Mexico (18). Studies from Mexico (18) reported the high-
est frequency of positive samples (29.7%) and China the 
lowest (0.7%) (21).

In both experimental and field infections with IDV, 
mild to moderate respiratory disease has been reported 
(23,24). In addition, IDV-positive samples are reported not 
only from cattle manifesting clinical signs associated with 
bovine respiratory disease but also from cattle that are as-
ymptomatic and appear to be healthy (20–22). Experimen-
tal infection of calves demonstrated that IDV caused mild 
to moderate respiratory disease and that peak viral shedding 
occurred at 4–6 days postinfection; seroconversion was de-
tected as early as day 6 postinfection (12,23,24). Whereas 
IDV infection by itself has been associated mainly with 
mild respiratory illness, IDV has also been implicated as a 
contributor to bovine respiratory disease complex (BRDC), 
which is the most costly disease affecting the US cattle in-
dustry (17,18,23,25).

Because there are no commercially available vac-
cines against IDV, positive serologic assays reflect natural  
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exposure. Given the potential of IDV to contribute to 
BRDC, inclusion of IDV in vaccination programs has been 
debated. The frequency of IDV RNA–positive samples 
from US cattle is 4.8%–18% (1,15,17,18), and positive 
samples have been reported in the US cattle population 
since 2003 (16). The seropositive rate has been reported at 
13.5%–80.2% (15,16); the Upper Midwest region has the 
highest seroprevalence. The wide variation of seropreva-
lence could be caused by differences in the age of the cattle 
evaluated or by differences across regions because of lim-
ited sample size and the focus on the Midwest and South 
Central regions of the country. We conducted a national 
serosurvey of cattle of a similar age to fully evaluate the 
potential role of IDV in BRDC infections and the effect of 
IDV on animal health and productivity.

Materials and Methods

Samples
We assessed 1,992 banked bovine serum samples for IDV-
specific antibodies. The samples, collected between Au-
gust 2014 and December 2015 as part of the US brucel-
losis surveillance program, were previously used to screen 
for ruminant pestivirus and bovine leukemia virus (BLV)  

exposure (26,27). We aimed to determine the seropositivity 
rate for IDV and retrospectively compare that rate with se-
ropositivity rates for ruminant pestivirus and BLV from the 
same samples to identify regional patterns or differences in 
the US cattle population.

The serum samples came from both male and female 
cattle >2 years of age, raised in 42 states, and were ran-
domly collected from 5 slaughter plants. The states were 
categorized into 6 regions as previously defined (26): Pa-
cific West (PW), Mountain West (MW), Upper Midwest 
(UMW), South Central (SC), Northeast (NE), and South-
east (SE) (Figure 1). The number of samples taken in each 
slaughter plant, listed by state (California, Florida, Nebras-
ka, Pennsylvania, Minnesota), was proportional to the total 
annual number of cattle >2 years of age that had been pro-
cessed in that plant. All samples were previously reported 
as negative for brucellosis.

Virus Selection and Propagation
To select the IDV strain used for the hemagglutination 
inhibition (HI) assay, we performed phylogenetic analy-
sis on HEF genes with IDV strains that circulated in the 
United States during the same period in which the samples 
used for this study were collected (Figure 2). We down-
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Figure 1. Number of samples collected 42 states in study of influenza D virus in cattle, United States, 2014–2015. Asterisks (*) indicate 
states with 1 slaughter plant that contributed samples. Alaska, Hawaii, and states without numbers did not contribute samples.
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loaded full-length HEF gene segment sequences (n = 39) 
from the Influenza Research Database (http://www.fludb.
org) on September 28, 2018. We aligned full-length seg-
ments using the MAFFT plug-in for Geneious version 9.1.4  
(Biomatters Ltd., http://www.geneious.com) with subse-
quent manual correction. We constructed a maximum-like-
lihood tree inferred in IQ-tree (http://www.iqtree.org) using 
a general time-reversible model of nucleotide substitution 
combined with a gamma-distributed rate variation with sta-
tistical support generated through ultrafast bootstrap analy-
sis (28,29). We chose a representative US strain, D/bovine/
Kansas/14-22/12, showing a high amino acid similarity 
(96%–99.2%) with US strains detected during 2014–2015, 
and a high hemagglutination (HA) titer.

We maintained swine testicle cells (ATCC CRL-1746) 
used for propagation of IDV in MEM medium (Sigma Al-
drich, https://www.sigmaaldrich.com), supplemented with 
10% (vol/vol) heat-inactivated fetal bovine serum (PAA 

Laboratories, Inc., https://www.fishersci.com) and L-gluta-
mine (ThermoFisher Scientific, https://www.thermofisher.
com) antibiotic-antimycotic solution incubated at 37°C in 
a humid atmosphere of 5% CO2. We propagated the D/ 
bovine/Kansas/14-22/12 strain, diluted 1:1,000 in swine 
testicle cells cultured in serum-free medium in the pres-
ence of TPCK-trypsin (0.1 µg/mL) and 5% bovine serum 
albumin, and incubated at 37°C for up to 4 days.

Serology
We performed the HI assay for detection of D/bovine/Kan-
sas/14-22/12–specific antibodies in accordance with the 
specifications in the World Health Organization manual on 
animal influenza A virus diagnosis and surveillance (30). 
We treated 1:3 serum samples with receptor-destroying 
enzyme (Denka Seiken UK, http://www.denka-seiken.
jp) at 37°C for 18 hours, heat inactivated it at 56°C for 
1 h, and diluted it 1:10 with phosphate-buffered saline.  
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Figure 2. Maximum-likelihood 
phylogeny of the influenza D virus 
hemagglutinin-esterase fusion 
(HEF) gene constructed for study 
of influenza D virus in cattle, United 
States. Representative US strain 
D/bovine/Kansas/14-22/2012 
(black dot), used as antigen in 
hemagglutination inhibition analysis, 
was aligned with reference strains 
from the Influenza Research 
Database (http://www.fludb.org) 
obtained on September 28, 2018. 
Bootstrap values >70% (1,000 
replicates) are shown to the right 
of the nodes. Scale bar represents 
nucleotide substitutions per site.
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We conducted the assay in duplicate, at room temperature 
and in V-bottom 96-well plates, starting at 1:10 and do-
ing 2-fold serial dilutions to reach a 1:1,280 dilution. We 
added the serially diluted samples to the virus (8 hemag-
glutination units/50 µL) for 1 h, then incubated with 0.5% 
turkey red blood cells for 30 min. The endpoint titer was 
the reciprocal of the highest dilution of serum that demon-
strated partial to full inhibition of hemagglutination. We 
determined that a serum with an HI titer >40 was sero-
positive according to previous IDV serosurveillance stud-
ies (4,15). We used a negative control (PBS), as well as a 
positive control consisting of a rabbit polyclonal antiserum 
generated against D/swine/OK/1334/2011, in the HI assay 
(1). To exclude the possible presence of nonspecific anti-
bodies, we also performed HI with serum samples from 10 
colostrum-deprived calves; all showed titers of 0, which 
confirmed negativity.

Statistical Analysis
We used GraphPad Prism 7 software (GraphPad Software, 
LLC, https://www.graphpad.com) to statistically compare 
seropositive rates of IDV infection by χ2 test and geometric 
mean titers (GMT) by the Kruskal-Wallis and Mann-Whit-
ney tests. We considered p<0.05 significant.

Results
Of the 1,992 cattle serum samples tested by HI assay for de-
tection of IDV-specific antibodies, 1,545 (77.5%) samples 
were positive; the overall GMT of positive samples was 230 
(titers ranged from 40 to 1,280). We identified positive se-
rum in samples from 41 of the 42 states tested (Table). The 
seropositivity rate was 25%–93.8% among the states and av-
erage GMT was 80–460. However, sample size was small 
in some of the states with low positivity, low titer, or both, 
which might have caused bias in the regional distribution.

We categorized the results by geographic region to 
compare the differences of seropositive rate and GMT. The 
seropositive rate range was 47.7%–84.6% (p<0.05) and 
GMT 110–260 (p<0.05) among the regions (Table). Moun-
tain West region had the highest seropositive rate (84.6%) 
and GMT (260); Northeast region had the lowest seroposi-
tive rate (47.7%) and GMT (110).

Discussion
Although IDV was described in pigs earlier than in cattle in 
the United States, subsequent reports of retrospective sam-
ples suggested that cattle are the natural reservoir (1,12). 
Because seroprevalence surveillance in US cattle had been 
conducted only at state or regional levels, we undertook 
a nationwide serologic survey to detect IDV antibodies in 
cattle. Our results clearly demonstrate that IDV circulated 
with high frequency in cattle in all regions of the United 
States during 2014–2015.

We observed regional variation in seropositive rate 
and GMT, although all regions had relatively high fre-
quency. Overall, the Upper Midwest and Mountain West 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019 2077

 
Table. Serosurveillance results for influenza D virus in cattle, by 
region and state, United States, 2014–2015* 

Region and state 
No. 

samples 
Seropositive 

rate, %† GMT (range)‡ 
Mountain West    
 Idaho 187 87.2 230 (40–1,280) 
 Montana 86 84.9 270 (40–1,280) 
 Colorado 78 88.5 330 (40–1,280) 
 Utah 29 79.3 240 (80–1,280) 
 Wyoming 24 79.2 460 (80–1,280) 
 Arizona 21 57.1 140 (40–1,280) 
 New Mexico 16 93.8 210 (40–1,280) 
 Nevada 8 75.0 250 (80–1,280) 
 Total 449 84.6 260 (40–1,280) 
Upper Midwest    
 Nebraska 125 91.2 260 (40–1,280) 
 Iowa 101 92.1 270 (40–1,280) 
 Kansas 98 86.7 300 (40–1,280) 
 Missouri 94 86.2 220 (40–1,280) 
 South Dakota 87 90.8 300 (40–1,280) 
 Minnesota 83 89.2 280 (40–1,280) 
 Wisconsin 79 84.8 250 (40–1,280) 
 Ohio 47 48.9  130 (40–640) 
 North Dakota 41 56.1 400 (40–1,280) 
 Indiana 27 37.0  120 (40–640) 
 Michigan 19 63.2 190 (40–1,280) 
 Illinois 6 83.3 160 (80–320) 
 Total 807 84.0 260 (40–1,280) 
South Central    
 Oklahoma 102 79.4 230 (40–1,280) 
 Texas 48 75.0 170 (40–1,280) 
 Total 150 78.0 210 (40–1,280) 
Pacific West    
 California 166 77.7 190 (40–1,280) 
 Oregon 42 76.2 300 (40–1,280) 
 Washington 40 72.5 230 (40–1,280) 
 Total 248 76.7 210 (40–1,280) 
Southeast    
 Arkansas 24 83.3 180 (40–640) 
 Virginia 23 43.5 130 (40–640) 
 Kentucky 22 68.2 310 (80–1,280) 
 Florida 21 57.1 170 (40–1,280) 
 Alabama 19 68.4 140 (40–1,280) 
 Tennessee 10 50.0 240 (80–640) 
 West Virginia 9 33.3 200 (80–640) 
 Louisiana 7 42.9 160 (80–320) 
 Mississippi 4 25.0 80 (80–80) 
 Georgia 4 75.0 160 (80–320) 
 Total 143 59.5 180 (40–1,280) 
Northeast    
 Pennsylvania 61 50.8 120 (40–1,280) 
 New York 61 45.9 110 (40–1,280) 
 Vermont 47 51.1 110 (40–640) 
 Connecticut 11 0 0 
 Maryland 7 71.4 110 (40–1,280) 
 Massachusetts 5 60.0 80 (80–80) 
 New Hampshire 3 66.7 80 (80–80) 
 Total 195 47.7 110 (40–1,280) 
*GMT, geometric mean titer. 
†Seropositive rate was calculated using those samples with 
hemagglutination inhibition titer ≥40.  
‡GMT was calculated using those samples with HI titer ≥40. Lowest and 
highest titers were measured from those samples with HIT titer >40. 
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regions showed the highest seropositive rates and the high-
est antibody titers, and also encompassed the states with 
the highest GMT. A similar result was obtained in a pes-
tivirus serologic study performed with the same serum 
samples; here too, the Mountain West region showed the 
highest number of antibody-positive animals and higher ti-
ters (26). Although it is not possible to establish the cause, 
both pestivirus and IDV serology follow a similar trend. 
Potential causes include herd size, which can exceed 1,000 
animals in these areas, and the potential for livestock and 
wildlife species to commingle and facilitate virus transmis-
sion. Evidence indicates IDV can infect nonbovine hosts, 
such as sheep, goats, pigs, and equids, in the United States 
(4,10,31). However, the full range of susceptible hosts for 
IDV is unknown, and interspecies transmission has not 
been demonstrated among the known hosts. 

Seroprevalence of IDV in small ruminants was re-
ported in samples collected from the Mountain West and 
Upper Midwest regions, whereas samples from other re-
gions were negative (4). Moreover, in the Upper Midwest 
region, a high percentage of small ruminants with high 
titers was described, and the farms where they were locat-
ed were in close proximity to cattle farms (4). This issue 
needs to be explored further to understand the importance 
of IDV as a threat for animal health and whether this is an 
underlying factor for the increased seroprevalence of viral 
pathogens in regions that have greater potential for inter-
species transmission.

In general, we observed lower titers and a lower per-
centage of positive animals in the Northeast and Southeast 
regions. These results are similar to those reported from 
the pestivirus serosurvey that also found these 2 regions 
to have the lowest titers and lowest number of cattle se-
ropositive for BVDV (26). On the other hand, in the BLV 
serosurvey, the Northeast had the highest seropositive rate 
for BLV and the Mountain West, the lowest seropositive 
rate (27). Although seroprevalence differences existed be-
tween BLV and the other viruses evaluated (pestivirus and 
IDV), these differences could be caused by limited number 
of samples collected in these regions, differences in the epi-
demiology of these viruses, or differences in herd manage-
ment practices across the regions. Previous data of IDV ex-
posure in cattle of different ages in Mississippi (Southeast 
region) reported a high seroprevalence in cattle >1 year 
of age (15). Discrepancies between the current study and 
the previous reports could be explained by the number of 
samples evaluated in each of these studies; only 4 samples 
originated from Mississippi in our study, whereas >500 
cattle were sampled in a previous study (15). Although our 
study encompassed the entire United States, the limited 
number of samples from several states, and subsequently 
the regions they represent, may have caused underesti-
mation or overestimation of the seropositive rate of IDV.  

Despite the limitations of our study, data indicate that IDV 
is widespread at rates similar to the regional or state data 
previously reported (15,16).

Our findings, combined with those from previous se-
rosurveillance studies (15,16), confirm a high nationwide 
seroprevalence of IDV in US cattle populations. Because of 
the potential association of IDV with BRDC (17,18,23,31) 
and the dearth of vaccines to prevent IDV infection (12,32), 
concerns have been raised regarding the negative effect of 
IDV on animal health. A possible explanation for the high 
seropositive rate is that IDV is common in the respiratory 
tract of cattle; times of stress, immune attack, or environ-
mental changes that affect the respiratory tract can increase 
viral shedding but might not cause disease. Unpublished 
diagnostic data from our laboratory show that IDV is de-
tected more frequently in samples that are also positive for 
other respiratory pathogens than in those positive for IDV 
alone. This finding indicates that IDV can either predispose 
the respiratory tract or act as an opportunistic pathogen in 
concert with other pathogens to cause BRD. Further re-
search, including co-infection studies, is needed to eluci-
date the full range of susceptible hosts and the dynamics 
of interspecies transmission to understand the contribution 
of IDV to BRDC. In summary, our serosurveillance study 
of bovine serum samples from 2014–2015 showed a high 
seropositivity rate for IDV in the United States; 41 of the 
42 states from which cattle originated had seropositive ani-
mals. No IDV vaccine exists. IDV infection has also been 
implicated in BRDC, the most costly disease affecting the 
US cattle industry. Therefore, our findings may indicate an 
ongoing risk to animal health. 
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We reviewed Giemsa-stained thick blood smears, obtained 
through the national malaria surveillance program in the 
Amazon region of Ecuador, by light microscopy for Man-
sonella spp. microfilariae. Of 2,756 slides examined, 566 
(20.5%) were positive. Nested PCR confirmed that the mi-
crofilariae were those of M. ozzardi nematodes, indicating 
that this parasite is endemic to this region.

Although mansonelliases is probably the most prevalent 
filarial infection worldwide, it is the least studied and 

is considered a neglected parasite infection (1,2). Human 
infection with members of the filarial nematode genus Man-
sonella, including M. ozzardi, M. perstans, and M. strepto-
cerca nematodes, is common and widespread in the Western 
Hemisphere and Africa. M. ozzardi nematodes are found ex-
clusively in the Western Hemisphere from southern Mexico 
to northwestern Argentina but have not been reported in 
Ecuador, Chile, Uruguay, and Paraguay (1,2). M. perstans 
infections are found mainly in sub-Saharan Africa, with spo-
radic cases in a few countries in South America, whereas M. 
streptocerca infections are found only in Africa (1–4).

Epidemiologic studies have reported that M. ozzardi 
nematodes are highly prevalent in the Amazon Basin (Bra-
zil, Colombia, Peru, Bolivia, Venezuela, and Argentina) 
and on some Caribbean islands. In the general population, 
the prevalence rate of infection ranges from 0% to 46%; 
however, in some areas it is 92.3% (2).

Community health workers from the malaria control 
program in the Amazon region of Ecuador have reported 
that filaria-like nematodes are seen in thick blood smears, 
suggesting the presence of a Mansonella sp. in this area.  
Mansonella spp. nematodes are transmitted by dipteran flies. 
In particular, M. ozzardi nematodes are transmitted by biting 
midges of the genera Culicoides and by black flies from the 
genus Simulium (1). Both of these vectors are present in the 
Amazon region of Ecuador (Renato Leon, Universidad San 
Francisco de Quito, pers. comm., 2018 Dec 5).

Endemic areas for malaria and M. ozzardi infection 
often overlap; thus, microfilariae might be found on thick 
blood smears prepared for malaria diagnosis (2). Microfi-
lariae of M. ozzardi can be easily distinguished morpho-
logically from those of M. perstans by examination of 
the tail end: unlike M. ozzardi nematodes, the tails of M. 
perstans nematodes are blunt and have nuclei extending 
to the tail end (5). PCR-based amplification of species-
specific target sequences results in increased diagnostic 
sensitivity and reliable differentiation between M. oz-
zardi nematodes and coendemic filarial species, such as 
M. perstans and Onchocerca volvulus nematodes (6). 
Therefore, we conducted a retrospective study to docu-
ment presence of human infections with Mansonella spp. 
nematodes in the Amazon region of Ecuador. The study 
protocol was approved by the Ethics Committee of the 
Instituto Nacional de Investigación en Salud Pública 
(CEISH-INSPI-013).

The Study
We conducted a study in 5 provinces (Sucumbíos, Orellana, 
Napo, Pastaza, and Morona Santiago) in the Amazon rainfor-
est region of Ecuador for which malaria slides were available. 
The Amazon region of Ecuador covers ≈40% of the area of 
this country, extends from the eastern Andes to the lowlands 
of the Amazon basin, and borders Colombia and Peru.

The study population was composed of mestizos and 
Kichwa, Shuar, and Achuar indigenous groups. Commu-
nity health workers collected blood samples by finger prick 
from 7:00 am until 7:00 pm from persons suspected of hav-
ing malaria. Malaria centers are located throughout the 
rainforest in an ongoing program for malaria control under 
the guidance of the Ministry of Public Health.

Thick and thin blood smears were stained with Giemsa 
and viewed by microscopy at 100× magnification under oil 
immersion for Plasmodium spp. parasites. We retrospec-
tively screened all slides obtained during 2014–2015 for 
Mansonella spp. nematodes.

Although >5,000 stained blood smears were reviewed, 
only 2,756 slides could be read because of poor preserva-
tion. We examined thick and thin blood smears by using 
light microscopy and a 20× objective lens to detect micro-
filariae and a 40× objective lens for species identification. 
No epidemiologic data were available because we conduct-
ed a retrospective analysis.

High Prevalence of Mansonella ozzardi  
Infection in the Amazon Region, Ecuador
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Of 2,756 Giemsa-stained blood smears examined, we 
detected microfilariae of Mansonella spp. nematodes in 566 
(20.5%). Microfilariae were unsheathed (average length 
155 µm–212 µm) and had tapered, nonnucleated tails; an-
terior extremities ended in cephalic spaces. On the basis of 
these morphologic characteristics, we identified all filarial 
infections as M. ozzardi nematodes. Many microfilariae ap-
peared damaged and partially destroyed. No microfilariae 
with the characteristics of M. perstans nematodes were 
observed. Infection rates between provinces ranged from 
5.2% to 36.5%; infections were most prevalent in Morona 
Santiago, which borders Peru (Figure 1).

We then extracted DNA from all microscope slides 
positive for microfilariae. We scraped blood films off the 
slides into 70% ethanol. After microcentrifugation at 8,000 
rpm for 2 min, we subjected supernatants to DNA extrac-
tion by using Chelex treatment (7), followed by proteinase 
K digestion. We performed a nested PCR according to the 
method of Tang et al. (6). This PCR amplifies the internal 
transcribed spacer region 1 of the rDNA gene of filarial 
species. The size of this region varies among O. volvulus, 
M. ozzardi, and M. perstans nematodes, and the PCR yields 
amplicons of different sizes for each species (6). Expected 
product sizes were 305 bp for M. ozzardi nematodes and 
312 bp for M. perstans nematodes. PCR products after the 
second amplification were subjected to electrophoresis on 
2% agarose gels (Figure 2).

Conclusions
We report a high frequency of autochthonous human man-
sonelliasis caused by M. ozzardi nematodes in the Ama-
zon region of Ecuador. These parasites were identified by  

microscope identification of characteristic microfilariae 
and detection of species-specific DNA.

This study showed that human infections with M. oz-
zardi nematodes are highly prevalent throughout the Ama-
zon region of Ecuador. High rates of circulating microfi-
lariae are strongly suggestive of active local transmission, 
particularly because known vectors (biting midges of the 
genus Culicoides and black flies of the genus Simulium) are 
present in the surveyed region. Further entomologic stud-
ies are needed to identify specific Diptera species involved 
in local transmission of M. ozzardi nematodes in Ecuador.

Prevalence of M. ozzardi infection ranged from 5.2% 
to 36.5% in this study, similar to infection rates reported 
in bordering regions of Colombia and Peru, indicating that 
this region is probably a large focus of infection extend-
ing throughout several countries in the Amazon region (2). 
M. ozzardi infection rates were higher than those reported 
from Brazil, but considerably lower than those for the in-
digenous population of El Vaupés in Colombia, where the 
infection rate was 96% (8). However, in estimating preva-
lence by using stored, partially degraded blood smears and 
light microscopy, we might have underestimated the true 
prevalence. Use of FTA cards (Whatman, https://www.sig-
maaldrich.com) has been demonstrated to be more sensi-
tive for detection of M. ozzardi nematodes (9).

The morphologic features of microfilariae we observed 
were typical for M. ozzardi nematodes, and nested PCR con-
firmed detection of a DNA fragment (305 bp) known to be 
specific for this parasite. This assay used universal filariae 
PCR primers to amplify a variable portion of filarial parasite 
internal transcribed spacer 1 rDNA gene and enabled subse-
quent differentiation of species on the basis of the size of the 
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Figure 1. Amazon region of 
Ecuador where testing for 
Mansonella ozzardi microfilariae 
in humans was conducted. 
Of 2,756 archived slides from 
human infections, 566 (20.5%) 
were positive for this parasite. 
Values are no. positive/no. tested 
(%). Inset shows location of 
study area within Ecuador.
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amplified fragment (6). In addition, DNA was successfully 
extracted from scrapings of thick and thin dried blood films, 
even after long storage periods of 2–3 years.

We observed no microfilariae of M. perstans nema-
todes, and no positive samples showed DNA fragment siz-
es representative of this nematode (6). M. perstans nema-
todes have been reported only in the northern part of the 
Amazon rainforest from equatorial Brazil to the Caribbean 
coast of South America (1). In Colombia, M. perstans nem-
atodes have been observed in a restricted area among the 
Curripacos Amerindians in the Comisaría del Guainia re-
gion bordering Venezuela (10), but have not been found in 
the Peruvian Amazon (1,2). However, further prospective 
studies using molecular techniques are needed to clarify the 
epidemiologic status of this parasite.

In summary, we retrospectively identified human in-
fection with M. ozzardi nematodes in the Amazon region of 
Ecuador. Our findings confirm that this parasite is endemic 
to this region.
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Figure 2. Nested PCR amplification 
products for Mansonella ozzardi 
microfilariae obtained from archived 
human samples in the Amazon 
region of Ecuador. Samples were 
subjected to electrophoresis on a 2% 
agarose gel. Lanes 1 and 9, 100-bp 
molecular mass ladders; lanes 2, 
3, 4, and 5, M. ozzardi nematode-
positive samples (sample nos. 14, 
53, 27, and 25, respectively) that 
yielded a 305-bp fragment; lane 6, 
Toxocara canis roundworm (610-
bp fragment); lane 7, M. ozzardi 
nematode–negative thick blood 
smear; lane 8, negative control. 
These PCR results confirmed data 
obtained by microscopy. Morphologic 
characteristics of and DNA findings for the microfilariae indicated that this parasite was an M. ozzardi nematode.
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We describe a pilot of the Clinical REsearch During Out-
breaks (CREDO) initiative, a training curriculum for re-
searchers in epidemic-prone low- and middle-income coun-
tries who may respond to disease outbreaks. Participants 
reported improved confidence in their ability to conduct 
such research and overall satisfaction with the course struc-
ture, content, and training.

Clinical research is an essential component of outbreak 
response because it underpins clinical management 

and public health measures (1). However, conducting clini-
cal research during epidemics is challenging (2,3). The 
Ebola epidemic in West Africa underscored the need for 
improved research infrastructure and capacity in epidem-
ic-prone vulnerable low- and middle-income countries 
(LMICs) (4). To address this need, a training curriculum, 
Clinical REsearch During Outbreaks (CREDO), was joint-
ly developed by the Special Programme for Research and 
Training in Tropical Diseases (TDR), hosted by the World 
Health Organization, the International Severe Acute Respi-
ratory and Emerging Infections Consortium, and the United 
Kingdom Public Health Rapid Support Team. The main ob-
jective of the CREDO training curriculum is to strengthen 
the national capacities of LMICs to design and implement 
clinical research during outbreaks of infectious diseases 
and to improve team capacity and team effort. We describe 
the development and piloting of the CREDO training cur-
riculum and present the results of the formal evaluation.

The Study
The learning objectives for the CREDO curriculum (Table 1) 
were developed using the TDR Global Competency Frame-
work for Clinical Research (5,6), which describes all areas 
of competency required to conduct clinical research (6). 
The content of the modules addressed both observational  

studies and clinical trials. Observational studies were in-
cluded because they are essential for understanding the 
etiology, natural history, and pathophysiology of epidemic 
infectious diseases, many of which are poorly understood. 
Clinical trials address questions on therapeutics, diagnos-
tics, and other topics, and CREDO covers a range of trial 
designs including adaptive designs, which may be better 
suited to the evolving nature of outbreaks.

CREDO is structured as a blended-learning format, 
with face-to-face sessions (workshops) and asynchronous, 
downloadable online sessions (e-learning). Our training 
model was designed with the workshops occurring before 
and after the e-learning component to introduce and then 
solidify knowledge gained in the online component. Our 
assessment model combined multiple-choice questions in 
the e-learning sessions with simulation exercises in the 
workshop sessions to provide a balance in testing between 
recall and critical or creative thinking (7).

The curriculum has 12 modules (Table 2): 1 workshop 
and 11 e-learning modules, 2 of which are prerequisites 
that must be completed before the workshop date. Modules 
are freely available online through a digital platform suited 
to the low bandwidths found in LMICs. The e-learning 
component is hosted on the Global Health Network website 
(https://isaric.tghn.org/credo). It is self-paced over a period 
of 5–6 months, and each module takes an average of 1–2 
hours, with some taking as many as 4–5 hours, to complete. 
The e-learning is completed individually; participants com-
plete the final assessment during the second workshop as 
a team, each team member actively using the knowledge 
learned from the online modules to contribute to the design 
of a clinical trial during a hypothetical outbreak. Each par-
ticipant who successfully completes all course components 
earns a CREDO certificate. 

We designed the curriculum for team training with 
multidisciplinary and intact teams (8); that is, teams that 
are already working together to develop and implement 
clinical studies. Team training refers to the training of an 
entire team and has resulted in improved patient outcomes 
in various areas of medicine, such as trauma (8,9).

During March–August 2017, we conducted a pilot of 
the CREDO training curriculum. An informal call invited 
team applications from sub-Saharan Africa, targeted be-
cause populations in the region are at risk for outbreaks 
from high-threat infectious diseases (10). We selected 19 
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Table 1. Learning objectives for the Clinical REsearch During Outbreaks (CREDO) training course 
No. Objective 
1. Define what emerging and epidemic infections are and discuss their importance 
2. Critique the clinical research response to emerging infections 
3. Understand the key elements in a rapid systematic review 
4. Critically appraise literature and identify gaps in the literature 
5. Select an appropriate study design 
6. Outline the ethical implications of the selection of study design 
7. Describe the ethical considerations required to ensure that informed consent is obtained, particularly in traditional communities 

or low-resource settings 
8. Describe ethical principles of incorporating special groups (pregnant women, children, etc.) in research during epidemics 
9. Describe ways of minimizing participant loss to follow-up 
10. Identify logistical and operational factors affecting the implementation of clinical research during an outbreak 
11. Formulate project management timelines for a research project 
12. Plan efficient data collection methods 
13. Describe special considerations for community engagement in outbreak research 
14. Assemble a communications team and develop a crisis communications plan 
15. Identify potential sources of study funding and prepare grant applications 
16. Identify a study sponsor and describe the role and responsibilities of the sponsor 
17. Describe the basic elements of the different kinds of contracts used in clinical research 
18. Explain the benefits of streamlined data collection 
19. Explain the important role of data sharing, harmonization, and collaboration in outbreak research 

 
  
Table 2. Curriculum structure of Clinical REsearch During Outbreaks (CREDO) training course* 
Module title Module summary and website link 
Prerequisite modules  
 Good clinical practice A framework of principles to ensure the safety of research participants and integrity 

and validity of data: https://globalhealthtrainingcentre.tghn.org/ich-good-clinical-
practice 

 The global health research process map A pragmatic interactive tool provides step-by-step guidance for each stage that 
needs to be considered when planning a new study: 
https://processmap.tghn.org/about 

Workshop: Evidence-based medicine for 
epidemic infections and key issues in study 
design 

Delivered in 3 presentations, it provides an introduction to epidemic and emerging 
infections, critiques the clinical research responses to previous outbreaks, 
highlights the challenges to clinical research during outbreaks, and discusses 
possible mitigating strategies: https://isaric.tghn.org/credo/credo-workshop-1 

E-learning component: self-paced, in any order, completed individually before the second workshop 
 Rapid evidence-needs appraisal A guide for the conduct of rapid reviews in the event of an outbreak: 

https://globalhealthtrainingcentre.tghn.org/credo-rapid-evidence-needs-appraisal 
 Research study planning and governance An overview of how to set up a clinical research study and find and apply for 

funding, and important concepts for study managements: 
https://globalhealthtrainingcentre.tghn.org/credo-research-study-planning-and-
governance 

 Study design An introduction to the challenges to research design during outbreaks and some 
mitigating strategies: https://globalhealthtrainingcentre.tghn.org/credo-study-design 

 Statistics Background of statistical principles relevant to clinical research and trial design and 
challenges in outbreaks and some solutions: 
https://globalhealthtrainingcentre.tghn.org/credo-statistics 

 Logistics and operational planning Pragmatic solutions to common logistical and operational challenges to research in 
outbreaks: https://globalhealthtrainingcentre.tghn.org/credo-logistical-and-
operational-planning 

 Data sharing and harmonization General outline of data management, sharing, and harmonization to guide the 
conduct of research during outbreaks: https://isaric.tghn.org/credo/credo-data-
sharing-and-harmonisation 

 Ethics WHO course on ethics in outbreaks; modules 2, 4, and 6 on the TGHN platform: 
https://globalhealthtrainingcentre.tghn.org/research-ethics-epidemics-pandemics-
and-disaster-situations 

 Communications and engagement Effective communication and engagement during outbreaks: 
https://globalhealthtrainingcentre.tghn.org/credo-communications-and-community-
engagement 

 Special groups: Children, pregnant women,  
 mother/child 

A consensus statement on the inclusion of children and pregnant women in 
research in disease outbreaks to help facilitate including these important groups in 
future research and clinical trials: https://isaric.tghn.org/credo/ethics-special-groups 

Workshop: final assessment, completed in teams 
*Prerequisite modules must be completed online individually before the first workshop. TGHN, The Global Health Network; WHO, World Health 
Organization. 
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participants from 4 multidisciplinary teams in 4 countries 
(Ethiopia, Ghana, Côte d’Ivoire, and Uganda) on the basis 
of their clinical research experience and team diversity. 
Of the selected participants, 8 were female and 11 male. 
Teams consisted of 11 medical doctors, 2 research nurses, 
2 data managers, 1 clinical trial manager, and 3 biomedi-
cal scientists.

We conducted the first workshop in Entebbe, Uganda. 
Its purpose was to appraise the challenges of outbreak re-
search; describe the fundamental concepts of generating 
clinical evidence; introduce the online component of the 
training; and assess, using simulated team-based exercises, 
the participants’ confidence in planning and conducting 
clinical research during an outbreak. After the workshop, 
participants had time to complete the e-learning modules.

The closing workshop was conducted in Addis Ababa, 
Ethiopia. Two weeks before this workshop, we gave partic-
ipants an assignment to develop a clinical trial protocol for 
a hypothetical outbreak (available on the course website, 
https://isaric.tghn.org/credo/credo-overall-assignment). 
This workshop increased and assessed the participants’ 
knowledge and understanding of observational research 
and clinical trials. The clinical trial protocols in the assign-
ment were assessed using role play; facilitators played the 
roles of statisticians, community representatives, scientific 
experts, ethical reviewers, and government representatives. 
The teams then incorporated suggestions made by the fac-
ulty. The revised protocols then underwent review by peers 
using an adapted scoring tool (Appendix, https://wwwnc.
cdc.gov/EID/article/25/11/18-0628-App1.pdf).

Pilot participants completed an online precourse and 
postcourse evaluation form anonymously. The questions 
were based on the learning objectives (Table 1) and sought 

the participants’ views on the training received, the struc-
ture and the content of the individual course modules, and 
their ability to conduct clinical research during an out-
break. The responses were structured on a Likert scale 
from strongly agree to strongly disagree or not confident 
to very confident, with free-text space to clarify any re-
sponses (Appendix).

Of the 19 participants, 16 (84.2%) completed the 
precourse questionnaire and 17 (89.5%) completed the 
postcourse questionnaire. Most participants were satis-
fied with the course; 16 participants rated their level of 
satisfaction as satisfied or very satisfied. Self-assessed 
levels of confidence increased after the course; 16 par-
ticipants rated their level of confidence in implementing 
the course objectives as confident or very confident af-
ter the course, compared with only 3 participants before 
the course (Figure 1). However, another evaluation is 
required during or after an outbreak to better assess the 
effectiveness of the course.

An assessment of the content of CREDO showed 
largely positive reviews, particularly with respect to the 
relevance and adequacy of the material covered in each 
of the course modules (Figure 2). Time for completion of 
each module was generally sufficient except in the rapid 
evidence appraisal module, for which 3 participants indi-
cated time was inadequate. Some of the major strengths of 
CREDO were its structure and content, which most partici-
pants considered “holistic” and “comprehensive.”

Conclusions
Although clinical research is becoming recognized as an 
important component of outbreak management (1,11), few 
resources exist to assess or build capacity in this area. Most 
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Figure 1. Self-assessed level 
of confidence with learning 
objectives of Clinical REsearch 
During Outbreaks (CREDO) 
before and after course. 
Participants’ level of confidence in 
their ability to implement a clinical 
research study during an outbreak 
changed substantially: in the 
precourse assessment, 3 of 17 
participants rated themselves as confident or very confident; in postcourse assessment, 16 of 17 did. 

Figure 2. Participant level of 
agreement with postcourse 
assessment questions about the 
quality of the online component 
of the Clinical REsearch During 
Outbreaks (CREDO) curriculum.
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of the available outbreak training programs or courses 
focus on surveillance, epidemiology, outbreak investiga-
tion, or laboratory investigation (12–15). CREDO offers a 
unique perspective with its focus on clinical research and 
clinical trials.

The strengths of the CREDO training curriculum lie in 
its format of blended learning, team-based approach, and 
content tailored to outbreak conditions. Its combination of 
training in observational studies and clinical trials builds 
capacity for collecting the much-needed information on 
pathophysiology and natural history of poorly known con-
ditions, essential components to identify the right interven-
tions to test and the design of the intervention trials.

In addition, CREDO, as an open-access resource, lends 
itself to adoption and adaptation by interested sites and to 
creating a community of science by sharing additional or 
modified materials through the Global Health Network  
website. CREDO resources can be incorporated into medi-
cal or public health training curricula or used as a stand-
alone course for continuous professional development. 
Some ways in which CREDO will become sustainable are 
by broadening the number of trainers from among course 
participants, supporting country ownership, and franchis-
ing the course through a variety of providers.
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Through whole-genome sequencing analysis, we identified 
non-Leishmania parasites isolated from a man with a fatal 
visceral leishmaniasis–like illness in Brazil. The parasites 
infected mice and reproduced the patient’s clinical mani-
festations. Molecular epidemiologic studies are needed to 
ascertain whether a new infectious disease is emerging that 
can be confused with leishmaniasis.

Leishmaniases are caused by ≈20 Leishmania species 
transmitted to humans through sand-fly bites and have 

been classified into 3 main forms: cutaneous leishmania-
sis, mucocutaneous or mucosal leishmaniasis, and visceral 
leishmaniasis (VL; also known as kala-azar) (1,2). VL is 
the most severe form of the disease and can be fatal if mis-
diagnosed or untreated (3). Cases of VL in Brazil account 
for >90% of annual reported cases in Latin America (4), 
where the causative species is L. infantum.

Since 1980, sporadic co-infections of Leishmania 
with apparently monoxenous trypanosomatids have been 
described (Kaufer et al. [5]); these reports are sometimes 
associated with immunocompromised hosts. More re-
cently, co-infections with Crithidia-like (6) or Leptomo-
nas-like (7) parasites have been reported. Whether these 
co-infections are occasional findings or are evidence 
for new parasites with the potential to threaten public 
health remains uncertain. To investigate this problem, we  

performed whole-genome sequencing of 2 clinical isolates 
from a patient with a fatal illness with clinical characteris-
tics similar to those of VL.

The Study
During 2011–2012, we characterized 2 parasite strains, LVH60 
and LVH60a, isolated from an HIV-negative man when he 
was 64 years old and 65 years old (Table; Appendix, https://
wwwnc.cdc.gov/EID/article/25/11/18-1548-App1.pdf). 
Treatment-refractory VL-like disease developed in the man; 
signs and symptoms consisted of weight loss, fever, anemia, 
low leukocyte and platelet counts, and severe liver and spleen 
enlargements. VL was confirmed by light microscopic exami-
nation of amastigotes in bone marrow aspirates and promas-
tigotes in culture upon parasite isolation and by positive rK39 
serologic test results. Three courses of liposomal amphotericin 
B resulted in no response. At the third hospital admission, the 
illness resembled diffuse cutaneous leishmaniasis, in which 
several disseminated papular skin lesions were observed (Ap-
pendix Figure 1, panel A), and a skin biopsy revealed macro-
phages filled with amastigotes (Appendix Figure 1, panel B), 
which his liver biopsy results also showed (Appendix Figure 1, 
panel C). During this third admission, the LVH60a strain was 
isolated from the skin. Dermal lesions known as post–kala-
azar dermal leishmaniasis (PKDL) have rarely been reported in 
Brazil (13), and the clinical aspect of the disseminated papular 
skin lesions on this patient differed from the clinical presenta-
tion of PKDL. Because his illness did not respond to therapy, 
the patient underwent splenectomy. He died of disease and  
surgical complications.

We used cryopreserved parasite stocks isolated from 
bone marrow (LVH60) and skin lesions (LVH60a) to ob-
tain promastigotes for DNA isolation. We obtained clonal 
colonies and analyzed them to confirm the homogeneity of 
parasite cultures. For species identification, we amplified 
the small subunit rRNA (SSU rRNA), ribosomal internal 
transcribed spacer 1 (ITS1) regions, and glyceraldehyde 
3-phosphate dehydrogenase gene (GAPDH) by PCR,  
sequenced them, and analyzed them. We used a labora-
tory reference L. infantum strain (HU-UFS14) used in  
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Visceral Leishmaniasis–Like Disease, Brazil

experimental infections elsewhere (9–12) as control. A 
PCR using primers for HSP70 gene (specific to discriminate 
Leishmania species [14]) resulted in no amplification. Am-
plicon sequence analyses of SSU rRNA, ITS1, and GAP-
DH revealed that the LVH60 and LVH60a strains are more 
closely related to Crithidia fasciculata than to Leishmania. 
Only the HU-UFS14 clustered within the Leishmania group 
on a branch composed of L. infantum and L. donovani.

To characterize the organisms LVH60 and LVH60a, we 
determined their complete genome sequences with >400× 
coverage (BioProject accession no. PRJNA398352; related 
accession numbers in Appendix, Tables 7,9). We assembled 
the reads into ≈4,500 scaffolds. More than 9,000 coding se-
quences were deduced per isolate. Only HU-UFS14 present-
ed a predicted haploid genome size similar to that of a known 
Leishmania species (≈33 Mb).

To ascertain the phylogenetic relationships between 
these isolates, we developed a comprehensive strategy to 
compare all available trypanosomatid orthologous proteins, 
in which we calculated a pairwise distance matrix based on 
the median distance of orthologous genes found using the 
RSD algorithm (S.R. Maruyama et al., unpub. data). We 
identified an average of 6,093 orthologs for all considered 
pairs. Corroborating the phylogenies of single sequences 
(SSU rRNA, ITS1, and GAPDH), both clinical isolates (ex-
cept HU-UFS14) clustered apart from the Leishmania clade 
(Figure 1), fitting into another Leishmaniinae subfamily 
group composed of the monoxenous genera Leptomonas, 
Lotmaria, and Crithidia, which infect only insect hosts (5). 
These results revealed that the LVH60 and LVH60a iso-
lates do not belong to the Leishmania genus. Instead, these 
isolates form a robust clade including C. fasciculata but 
excluding 2 other Crithidia and Lotmaria bee parasites.

Because LVH60 and LVH60a were more closely relat-
ed to monoxenous trypanosomatids, we performed experi-
mental intravenous infections in BALB/c mice with these 
non-Leishmania clinical isolates or the HU-UFS14 strain to 
evaluate their infectious capacity. We analyzed parasite load 
in the spleen and liver. We found the LVH60 and LVH60a 

strains in the liver, although at much lower levels than HU-
UFS14. However, in the spleen, we detected only LVH60 
(Figure 2, panel A). Because LVH60a was isolated from the 
skin and both LVH60 and LVH60a were barely detected 
in organs, we infected BALB/c mice with these parasites 
through the intradermal route on the ears to evaluate their ca-
pacity to generate skin lesions and compared the results with 
those obtained with L. major LV29, the positive control.

Only the LVH60a strain was able to establish infection 
and cause ear lesions (Figure 2, panel B), as measured by 
parasite load (Figure 2, panel C) and ear thickness (Figure 1, 
panel D). The injury caused by LVH60a to the ear skin was 
more extensive than that resulting from the L. major LV29-
positive control. Thus, the phenotypes observed with experi-
mental infection corroborate the clinical manifestations in 
the patient; that is, the LVH60a strain isolated from skin le-
sions injured the skin tissue of mice under experimental cu-
taneous infection. Thus, these parasite strains closely related 
to C. fasciculata can be considered a new dixenous parasite 
able to infect mammals, such as humans and mice.

Conclusions
Our study showed that non-Leishmania, Crithidia-related 
parasites were involved in an atypical manifestation similar 
to VL in this patient. Because few drugs exist with which 
to treat leishmaniasis, this identification of a new trypano-
somatid strain refractory to treatment that can cause dis-
ease either as a single infection or as a co-infection with 
Leishmania is serious and might increase the problem of 
disease control. This scenario highlights the urgent need for 
studies of new drugs to treat this new strain. Moreover, the 
fact that this parasite appeared in a sister phylogenetic posi-
tion to C. fasciculata focuses attention on potential vectors 
because leishmaniasis is transmitted by female sand flies, 
whereas C. fasciculata infects only anopheline and Culex 
mosquitoes. Recently, both C. fasciculata and L. infan-
tum sequences were detected in phlebotomine Nyssomyia 
whitmani samples collected in the northern region of Brazil 
(15). Our findings raise concerns about the need to isolate 
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Table. Non-Leishmania parasites isolated from 2 patients with visceral leishmaniasis–like illness used for whole-genome sequencing, 
Brazil* 

Clinical 
isolate 

Year 
isolated 

Tissue 
source 

Patient 
age, y/sex Treatment Recidivism 

Healing 
time 

Serologic 
test result 

(rK39) MLEE 
Experimental 

assays 
LVH60 2011 BM 64/M Liposomal 

amphotericin B 
Yes, 3 Fatal 

case 
Positive Inconclusive Mouse infection 

(this study) 
LVH60a 
(DPSLs) 

2012 SL 65/M Liposomal 
amphotericin B 

Yes, 3 Fatal 
case 

Positive Inconclusive Mouse infection 
(this study) 

HU-UFS14 2009 BM 15/M Antimony, 
amphotericin B 

NA NA Positive L. infantum NO- and 
antimony-

resistant (8); 
murine model of 
infection (9–12). 

*BM, bone marrow; DPSL, disseminated popular skin lesions; MLEE, multilocus enzyme electrophoresis; NA, not available or not applicable; NO, nitrite 
oxide; SL, skin lesion. 
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and characterize parasites from more humans, reservoirs, 
and vectors; map trypanosomatid distribution and epide-
miologic control measures; study the sensitivity of these 
parasites to drugs and design new treatment options; and 
develop new epidemiologic/ecologic strategies to control 
Crithidia-related species.
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fatal visceral leishmaniasis–
like illness, Brazil, and 33 
Trypanosomatida species. 
Dendrogram shows the genetic 
relationships among all species 
investigated in the current 
study. Hierarchical clustering 
was performed with a set of 
≈6,400 orthologous genes 
across 33 trypanosomatids, 
designated as the total 
orthologous median matrix. 
HU-UFS14 (black triangle; L. 
infantum laboratory reference 
strain) is placed in the same 
branch with L. infantum and L. 
donovani, whereas the LVH60 
and LVH60a clinical isolates are 
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by a limiting dilution assay of 
spleen and liver homogenates 
and are expressed as the mean 
± SD. A) LVH60 strain infection 
in mice resulted in parasite 
detection in the spleen and 
liver; the LVH60a strain was not 
detected in the spleen. B) For 
cutaneous infection, BALB/c mice 
were injected subcutaneously 
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Infected ears were collected and 
imaged. C) Parasite burden in 
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In 2017, a chikungunya outbreak in central Italy later 
evolved into a secondary cluster in southern Italy, provid-
ing evidence of disease emergence in new areas. Officials 
have taken action to raise awareness among clinicians 
and the general population, increase timely case detec-
tion, reduce mosquito breeding sites, and promote mos-
quito bite prevention.

In 2007 (1) and 2017 (2), local outbreaks of human chi-
kungunya infection occurred in Italy; both outbreaks 

were caused by the East/Central/South African strain of 
chikungunya virus (CHIKV). Both outbreaks were sus-
tained by the invasive mosquito Aedes albopictus, largely 
established in Italy and other countries in southern Eu-
rope (3). In 2017, France and Italy reported local trans-
mission of CHIKV (2,4). However, in France, the number 
of cases was limited; whereas in Italy, 499 probable and 

confirmed cases of locally acquired CHIKV infection oc-
curred, of which 270 were laboratory confirmed as per 
the European Union (EU) case definition of June 22, 2018 
(https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/ 
?uri=CELEX:32018D0945&from=EN#page=13).

 After local CHIKV transmission was confirmed in the 
seaside city of Anzio (Lazio region, central Italy) in 2017, 
the outbreak spread within the region, including in the city 
of Rome (5–7). The beginning of the outbreak was traced 
back to June 2017 (Figure 1). Subsequently, an outbreak 
developed in Guardavalle Marina, a small village of 2,346 
inhabitants in the Calabria region of southern Italy, causing 
100 probable/confirmed cases (Figures 1, 2).

The Cases
In August 2017, a patient from Anzio arrived in Guarda-
valle Marina the day before onset of symptoms that met the 
clinical criteria of the EU case definition for chikungunya 
(suspected case); subsequently, more cases in the village 
were reported. For most case-patients, the clinical course 
of the disease was fairly mild. All patients with confirmed/
probable cases reported fever, and 99% reported severe 
and persistent joint pain, which seemed to be the most 
indicative symptom of chikungunya (Appendix Table 2, 
https://wwwnc.cdc.gov/EID/article/25/11/18-0949-App1.
pdf). Phylogenetic analysis of isolates from patients with 
confirmed cases and from mosquito pools showed that the 
virus strains from Lazio and Calabria were similar to the 
East/Central/South African strains detected in Pakistan and 
India (2,8). Neither strain contained the A226V mutation 
that was detected in the strain responsible for the 2007 out-
break in Italy (1).

The epidemiologic and microbiological evidence (Ap-
pendix) supports the hypothesis that the Guardavalle Ma-
rina outbreak originated from Lazio rather than from an 
independent introduction. The overall clinically observed 
attack rate in Guardavalle Marina was 4.3%, similar to the 
5.4% rate reported during the 2007 outbreak in Castiglione 
di Cervia but much lower than the 34% rate reported in La 
Réunion (9) or the high attack rates typically reported by 
other affected tropical countries (10). The duration of the 
Guardavalle Marina outbreak (2 months) was also closer to 
the duration of the outbreak in Castiglione di Cervia (July–
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September 2007) than to the duration of the outbreak in La 
Réunion (March 2005–April 2006) (11). 

Clinically observed attack rates progressively in-
creased with patient age (Appendix Table 1). This pat-
tern was also observed during the 2007 outbreak in Italy 
(1) and was mainly attributed to older age being a proxy 
for specific behavior linked to higher exposure to bites 
from Ae. albopictus mosquitoes (12). We cannot exclude 
underestimation of the observed attack rate in Guarda-
valle Marina, even though extensive door-to-door case 
finding was feasible and performed, given the small size 
of the village.

Notwithstanding the lack of the A226V mutation, 
the 2017 strain was introduced and rapidly spread with 
evidence of disease emergence in new areas. Statistically 
significant case clustering was confirmed by spatiotempo-
ral data analysis in Guardavalle Marina (Appendix Figure 
2), and Ae. albopictus mosquito vector competence for the 
2017 strain was recently found to be comparable to compe-
tence for the 2007 mutated strain (13).

Delayed clinical detection of cases, possibly resulting 
from lack of CHIKV infection awareness among clinicians 
(14), and hence delayed testing for laboratory confirmation, 
could explain the size and extension of the 2017 outbreak. 
The fact that the outbreak was contained in a relatively 
short time after detection could be the result of the com-
bination of targeted vector control interventions (Appen-
dix), cooling temperatures, and increased rainfall during  
October–November 2017.

Conclusions
Since 2011, Italy has had a yearly updated plan for the 
surveillance and control of human infections caused by 
CHIKV; the plan includes designated reference laborato-
ries, vector control, and blood/transplant safety measures 
(Appendix). After the 2017 outbreak, a “presumed local 
cluster” was defined as occurring when local transmis-
sion of CHIKV is suspected for >2 cases, of which only 
1 case needs to be laboratory confirmed. It is sufficient for 
the second case to be suspected on clinical and epidemio-
logic grounds pending laboratory confirmation. This new 
definition, aimed at triggering more timely blood/transplant 
safety and outbreak response measures, was successfully 
implemented in 2018. Actions to raise awareness among 
clinicians and the general population are being designed as 
part of a joint effort of animal and human public health in-
stitutions and universities coordinated by the Italy Ministry 
of Health. These actions are aimed at increasing timely case 
detection, reducing the number of mosquito breeding sites, 
and promoting individual prevention of mosquito bites.
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A nosocomial case of Legionella pneumophila pneumonia 
likely caused by a serogroup 3 strain was detected by a 
urinary antigen test in Spain in 2018. Although Legionella 
bacteria could not be isolated from respiratory samples, mo-
lecular methods implicated the sink faucet of the patient’s 
room as the probable infection source.

Legionnaires’ disease (LD) is a severe form of pneumo-
nia caused primarily by the inhalation of Legionella 

spp. bacteria from colonized natural and artificial water 
systems. The annual incidence of LD in developed coun-
tries is ≈1 case/100,000 inhabitants and has been increasing 
in recent years (1,2). This increase is attributed in part to 
the widespread use of the urinary antigen test (UAT) as a 
diagnostic method. UAT is a fast and simple method, with 
good sensitivity and specificity to confirm the clinical sus-
picion of LD; however, most commercial tests only detect 
Legionella pneumophila serogroup 1. In many countries, 
UAT is used as the only LD diagnostic method. This strat-
egy leads to the loss of detection of episodes caused by 
non–serogroup 1 L. pneumophila, including L. pneumophi-
la serogroups 2–14, and other Legionella species (1,2).

We describe an episode of nosocomial L. pneumophila 
pneumonia probably caused by a serogroup 3 strain, which 
was diagnosed by UAT and genomic detection of Legio-
nella DNA in respiratory samples. The episode was linked 
to the detection of the causative agent in the water of the 
sink of the patient’s room.

The Study
In February 2018, a 66-year-old man sought care at 
Hospital Donostia-Instituto Biodonostia (San Sebastian, 
Spain) because of progressive loss of strength, accompa-
nied by dysarthria and altered state of consciousness. A 
cranial computed tomography scan performed at hospital 

admission showed a deep intraparenchymal hematoma 
and a substantial surrounding edema. After a 1-month 
hospitalization in the neurology department, the patient 
was transferred to the long-stay unit of the internal medi-
cine department, where he occupied the same room until 
the end of the episode. During this period, he was treated 
with high doses of dexamethasone to reduce the cerebral 
edema and different cycles of antibiotics (piperacillin/
tazobactam and ceftriaxone) because of the presence of 
abundant respiratory secretions.

In April 2018, the patient had acute worsening of re-
spiratory function, requiring high oxygen flow rates and 
mechanical ventilation. A chest radiograph showed the ap-
pearance of bilateral pulmonary infiltrates, and we observed 
elevated sepsis-associated markers in the blood analysis.

The patient was given a presumptive diagnosis of nos-
ocomial pneumonia. We obtained a urine sample, 2 blood 
cultures, and 2 respiratory samples (sputum and tracheal as-
pirate) for microbiologic analysis. Blood cultures were nega-
tive. Results of a fluorescent immunoassay (Sofia Legionella 
FIA, https://www.quidel.com) detected L. pneumophila anti-
gen in the urine, a result that was confirmed in a second sam-
ple obtained 12 hours later. Both urine samples had a negative 
result when tested with the Alere BinaxNOW Legionella An-
tigen Test Kit (Fisher Scientific, https://www.fishersci.com),  
which only detects L. pneumophila serogroup 1 (3). In the 
microbiologic culture of respiratory samples, we observed 
a scanty growth of saprophytic bacteria, but a culture on se-
lective media Legionella (BCYE agar) was negative. The 
multiplex PCR for detection of Legionella spp., Chlamydia 
pneumoniae, and Mycoplasma pneumoniae (BioGX, https://
biogx.com) performed on the BD MAX System (https://
www.bd.com) was positive for Legionella spp., both in the 
sputum and in the tracheal aspirate. The patient received le-
vofloxacin but died 48 hours later.

After establishing the diagnosis of LD, we conducted 
an investigation to determine the origin of the episode and 
monitored the appearance of more cases. No episodes of 
Legionella spp. pneumonia were detected among patients 
admitted to the same unit during the previous month and 
during the month after the episode. We obtained samples 
of water from 23 different points of the internal medicine 
department unit where the patient had stayed, including his 
room’s sink faucet and shower as well as another 5 rooms, 
an office, spillways, and refrigeration equipment.
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Non–serogroup 1 L. pneumophila (i.e., serotyped 
2–14 in our microbiology department) was isolated in 
glycine, vancomycin, polymyxin, cycloheximide agar 
plates from the sink faucet of the patient’s room (1,250 
cfu/L) and from the sink faucet (275 cfu/L) and shower 
faucet (1,250 cfu/L) of the contiguous room. Disinfec-
tion of the affected facilities through thermal shock was 
performed, and the disappearance of Legionella was veri-
fied by using the same methods described. Monoclonal 
antibody subgrouping conducted at Spain’s National Cen-
ter for Microbiology identified Legionella isolates from 
these 3 environmental samples as serogroup 3. No more 
L. pneumophila was detected in any of the other 20 water 
samples we analyzed.

We performed sequence-based typing on DNA ex-
tracted from the sputum and the tracheal aspirate of the pa-
tient and from the 3 environmental isolates. We sequenced 
and amplified fragments of 7 genes in accordance with a 
protocol established by the European Working Group for 
Legionella Infections (EWGLI) (4), which includes the use 
of specific primers for the neuA homologue allele neuAh 
(5). We applied a nested PCR–derived sequence based 
typing method directly to DNA extracted from respiratory 
samples (6) and assigned allele and sequence type by using 
the online EWGLI SBT Database (7). The Legionella spp. 
detected in the 2 respiratory samples of the patient, as well 
as in the water of the patient’s and a contiguous room, were 
identified as sequence type 1341.

Conclusions
Most LD episodes reported worldwide are attributed to L. 
pneumophila serogroup 1. Nevertheless, several studies 
suggest that episodes caused by L. pneumophila other than 
serogroup 1 might be underestimated because the main 
current method used for microbiologic diagnosis of LD is 
the UAT, which in most commercial test kits is limited to 
the detection of L. pneumophila serogroup 1 (8–10). The 
analysis of isolates from patients with Legionella pneumo-
nia, both in Europe and the United States, shows that up to 
20% were caused by L. pneumophila serogroups 2–14 or 
Legionella other than L. pneumophila (1,2,11), and this rate 
is higher among hospital-associated cases (12). However, 
Legionella culture is rarely used as a routine diagnostic 
method (1,2) because of the low efficiency and difficul-
ties in isolation even if the bacterial DNA is present in the 
sample, as in the case we have described.

In our study, antigen detection in urine was per-
formed by using a method able to detect, in addition to L. 
pneumophila serogroup 1, lipopolysaccharide of most L. 
pneumophila serogroups, including serogroup 3, although 
with a higher limit of detection (3). In addition, a nucleic 
acid amplification technique that enables detection of all 
Legionella species was used in respiratory samples, and 

secondarily, helped indicate an epidemiologic link with 
the infectious source without microbiologic culture of the 
causative strain. Although strains of L. pneumophila with 
identical sequence type can be of different serogroups, our 
results strongly suggest that the L. pneumophila serogroup 
3 ST1341 strain isolated from the water in the sink fau-
cet of the patient’s room was the source of the nosoco-
mial pneumonia episode. The L. pneumophila serogroup 
3 ST1341, probably responsible for the nosocomial pneu-
monia episode we describe, was also reported in the EW-
GLI SBT Database in 3 LD episodes (2 in Germany and 
1 in Catalonia, Spain) (7) and in an environmental sample 
in Greece (8). The strain does not seem to be a frequent 
genotype, although the case we have described supports 
the potential of nearly all Legionella genotypes to cause 
fatal infection.

Even though L. pneumophila serogroup 1 is respon-
sible for most LD episodes, it is advisable to have tech-
niques to detect other serogroups and species of Legionella, 
especially in the hospital environment, where the presence 
of non–serogroup 1 L. pneumophila is frequent (8,12) and 
a high number of susceptible immunosuppressed patients 
are present.
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We analyzed 2 batches of environmental samples after a 
microsporidial keratoconjunctivitis outbreak in Taiwan. Re-
sults indicated a transmission route from a parking lot to a 
foot washing pool to a swimming pool and suggested that 
accumulation of mud in the foot washing pool during the 
rainy season might be a risk factor.

Microsporidia are obligate intracellular parasites that 
are generally found in aquatic environments (1,2). 

The main symptoms of microsporidiosis are keratocon-
junctivitis, diarrhea, muscular infection, and acalculous 
cholecystitis, among which keratoconjunctivitis and diar-
rhea are the most common (3,4). As a result of improved di-
agnostic methods and increased awareness, microsporidia 
are now considered emergent pathogens worldwide (4,5). 

Vittaforma corneae has been considered a major risk 
factor for ocular microsporidiosis. In a previous study, we 
provided molecular evidence for the presence of V. corneae 
in hot springs in Taiwan (6). However, recent evidence in-
dicates that ocular microsporidiosis might be underreport-
ed in keratoconjunctivitis (5,7). In our previous study, we 
hypothesized that V. corneae or Vittaforma-like microspo-
ridia might spread from adjacent land environments (e.g., 
soil or mud) to aquatic environments (2). 

In June 2017, the New Taipei City Health Bureau 
(New Taipei City, Taiwan) was notified of a keratoconjunc-
tivitis outbreak at a resort. The patients, healthy teenagers 
from a high school wrestling team, were found to contain 

DNA and spores from V. corneae, thus indicating that it 
was a microsporidial keratoconjunctivitis (MK) outbreak 
(8). Water contamination at the pool was suspected to be 
responsible for the outbreak. To identify the source of the 
pathogen, the transmission route, and the risk factors, wa-
ter samples from various facilities at the swimming resort 
were collected for further evaluation. Moreover, because 
past studies have indicated that soil exposure is an impor-
tant risk factor for MK, both soil and water samples were 
collected in a follow-up field survey. We describe results 
based on the 2 field surveys and provide information on the 
important risk factors for MK.

The Study
This study was initially conducted because of a request of 
the New Taipei City Health Bureau in response to the MK 
outbreak (8). The swimming pools at the resort had been 
filled with tap water. Unfortunately, we received information 
about the MK outbreak 1 day after cleaning and disinfection 
of the swimming pools had taken place (8). Before water 
samples were collected, the resort was temporarily closed by 
the health authorities, and the facility was cleaned and disin-
fected as recommended by the health authorities (i.e., treat-
ment with 5 ppm free available chlorine for 3 hours). The 
cleaning and disinfection procedures included draining of all 
water reservoirs, pools, and tubs, followed by surface scrub-
bing to remove any potential biofilms and disinfection with 
sodium hypochlorite. The pretreatment methods of samples, 
PCR conditions, phylogenetic analysis, and all protocols 
were performed as described in our previous studies (2,6).

We collected 19 water samples and 8 soil samples 
from the swimming resort and its surrounding environ-
ment (Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/25/11/18-1483-App1.pdf). We sequenced all 17 
amplicons of the 15 test-positive samples, analyzed them 
by using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi), 
and compared them with reference species from GenBank 
to determine the most closely related species. All the am-
plicons were homologous to microsporidia, with identity 
ranging from 89% to 99% (Table). Only 5 (29.4%) ampli-
cons showed a high degree of homology (>97% identity) to 
the reference strain.

Swimming Pool–Associated Vittaforma-Like  
Microsporidia Linked to Microsporidial  
Keratoconjunctivitis Outbreak, Taiwan
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Microsporidial Keratoconjunctivitis Outbreak, Taiwan

In the initial survey (10 days after site disinfection), V. 
corneae was not detected. However, other Vittaforma-like 
microsporidia were identified in the standard swimming 
pool and foot washing pool. According to the Enforce-
ment Rules for Swimming Pool Management in Taiwan, 
swimming pool water should be chlorinated (with a con-
centration of free available chlorine of ≈0.3–0.7 ppm) to 
prevent the spread of waterborne diseases. The presence 
of these other Vittaforma-like microsporidia indicates that 
some problems might have occurred during the disinfec-
tion process.

According to the New Taipei City Health Bureau, all 
pools, water source tanks, waterlines, and tubs in this facil-
ity were drained and scrubbed during the cleanup and disin-
fection process. The source of V. corneae infection remains 
debatable. Chlorine disinfection studies have shown that 
residual chlorine is capable of inactivating and reducing 
the number of microsporidians. However, microsporidian 
spores are relatively resistant to the typical concentrations 
of chlorine used for swimming pool disinfection (depending  

on the species, spores are inactivated after an exposure time 
of 10–120 min [i.e., inactivation of Encephalitozoon intes-
tinalis spores does not reach 100% under 5 ppm of free 
available chlorine even after 120 minutes of treatment]) 
(9–11). Many clinical studies have indicated that soil or 
mud exposure, visits to hot springs, and outdoor activi-
ties, especially after rainfall, are all risk factors for ocular 
microsporidiosis (12,13). In addition, our previous study 
provided evidence for the presence of V. corneae in hot 
springs, thus indicating that pools in outdoor environments 
were associated with the presence of V. corneae (6). There-
fore, we considered that the contaminating microsporidia 
in the swimming resort might have been brought to the re-
sort from outside by human activities.

Our data show that many clade IV microsporidia were 
present in the soil and water samples from the resort site 
(Appendix Figure 2). Most of the microsporidia in clade 
IV are of terrestrial origin, according to small subunit 
rRNA gene phylogenetic analysis (14,15). Therefore, 
given that previous studies have shown that rainfall is an 
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Table. Comparison of BLAST results from environmental strains in a field study conducted after a microsporidial keratoconjunctivitis 
outbreak, Taiwan* 

Strain Sample source Top BLAST hit (GenBank accession no.) 
Maximum identity, study 

strain/reference (%) 
Reference 

source 
Xindian_1_Water Standard swimming 

pool 
Vittaforma corneae strain HotSpring-E1-o 

(KY245918) 
470/473 (99) Environmental 

Xindian_3_Water Standard swimming 
pool 

Vittaforma corneae strain HotSpring-E1-o 
(KY245918) 

467/473 (99) Environmental 

Xindian_10_Water Foot wash pool Microsporidium sp. BVOR4 (FJ756182) 438/472 (93) Environmental 
Xindian_14_Water River Enterocytospora artemiae isolate 

Ea_monica20 (JX915755) 
477/483 (99) Artemia 

franciscana 
Xindian_15_Soil Park near the resort Vittaforma corneae strain HotSpring-C3-o 

(KY245925) 
430/467 (92) Environmental 

Xindian_16_Water Sink in the park Uncultured microsporidia clone 
Chula_Myositis 1 (JN619406) 

420/469 (90) Clinical 

Xindian_17_Soil Park near the resort Nosema sp. FCG-1468 (LC033883) 429/450 (95) Honey bee 
Xindian_18_Soil Park near the resort Sporanauta perivermis (KC172651) 432/485 (89) Marine 

nematode 
Xindian_20_Water Wastewater from 

the resort 
Unikaryonidae sp. JI-2011 (JF960137) 456/486 (94) Curculionidae 

Xindian_21_Water Wastewater from 
the resort 

Uncultured microsporidia clone 
Chula_Myositis 1 (JN619406) 

425/474 (90) Clinical 

Xindian_22_Soil(U) Soil in the 
wastewater flow 

Vittaforma corneae strain HotSpring-F2-o 
(KY245925) 

453/473 (96) Environmental 

Xindian_22_Soil(D) Soil in the 
wastewater flow 

Vittaforma corneae strain HotSpring-F2-o 
(KY245925) 

450/472 (95) Environmental 

Xindian_23_Soil(U) Park near the resort Vittaforma corneae strain HotSpring-F3-o 
(KY245925) 

458/472 (97) Environmental 

Xindian_23_Soil(D) Park near the resort Vittaforma corneae strain HotSpring-F2-o 
(KY245925) 

448/474(95) Environmental 

Xindian_24_Soil Parking lot near the 
resort 

Vittaforma corneae strain LVPEI.BP235FR_11 
(KP099409) 

453/475 (95) Clinical 

Xindian_25_Water Pavement 
rainwater 

Endoreticulatus sp. Melnik (KU900486) 455/471 (97) Euproctis 
chrysorrhoea 

Xindian_26_Water Foot wash pool Vittaforma corneae strain LVPEI.BP235FR_11 
(KP099409) 

453/475 (95) Clinical 

Sw_MK_outbreak Patient Vittaforma corneae strain LVPEI.BP235FR_11 
(KP099409) 

472/472(100) Clinical 

*Top BLAST hit indicates the closest reference species that matched the environmental strains using BLAST search 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Maximum identity represents the percentage identity between the environmental strains and the closest reference 
species. The fifth column shows the isolated source of the closest reference species. 
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important risk factor for ocular microsporidiosis (5,12,13), 
we believe that water contamination might originate from 
soil environments after rainfall. Rainfall occurred near the 
sampling location during June 15–19 and again during July 
1–4 (as recorded by the Taiwan Central Weather Bureau). 
We conducted a follow-up site survey after the July 1–4 
rainfall and found Vittaforma-like microsporidians were 
found in pavement rainwater and the parking lot of the 
resort. Hence, we hypothesized that the swimming pool 
water was contaminated through soil or water brought in 
by human activity during the rainfall. Vittaforma-like mi-
crosporidians were found in the swimming pool and foot 
washing pool in the initial survey, which was conducted 
after a careful disinfection procedure, but microsporidia 
were not found in tap water or other pools. Therefore, 
these results suggest that the contamination was not from 
the waterlines or water sources, and the pools may have 
been contaminated from an outside source owing to hu-
man activities and poor facility configuration. In the fol-
low-up survey, we found 100% identical amplicons in the 
parking lot and foot washing pool, suggesting a possible 
transmission pathway for Vittaforma-like microsporidians 
from the outside environment to the swimming pool (Ap-
pendix Figure 1).

Conclusions
Our study demonstrated the presence of Vittaforma-like 
microsporidia in a swimming resort and nearby environ-
ments in Taiwan. Human activities, rainy weather, and 
soil-rich or park environments might have been possible 
sources of microsporidia in the waters at the facility. The 
foot washing pool and shoe cabinet area are possible con-
tamination areas and might facilitate transmission of mi-
crosporidia throughout the swimming resort. We suggest 
several precautions, including improving the frequency 
and efficacy of disinfection procedures at the facility, us-
ing a continuous water flow facility in foot washing pools, 
and paying attention to the disinfection and cleaning of the 
shoe cabinet area, especially during the rainy season. In 
addition, for swimming resorts that are located in a park, 
enhanced monitoring of the environment surrounding the 
swimming pool is warranted.

Acknowledgments
The authors acknowledge the crucial support from the Health 
Bureaus of New Taipei City Government for sample  
collection and from the Center for Innovative on Aging Society 
(CIRAS) of National Chung Cheng University for research. 
The authors particularly acknowledge the contributions from 
other members of the Department of Laboratory Medicine of 
National Taiwan University Hospital, including Po-Ren Hsueh 
and Pei-Chun Lin, who provided the clinical information of 
this outbreak.

This work was supported by research grants from the Ministry 
of Science and Technology of Taiwan, Republic of China (grant 
no. MOST 106-2116-M-194-013), awarded to B.-M. Hsu, and 
(grant no. MOST 107-2320-B-006-023), awarded to I.-H. Huang; 
CIRAS; Show Chwan Memorial Hospital (grant no. RD107048); 
and Cheng Hsin General Hospital (grant no. CHGH107-18). This 
work also was supported by CIRAS through the Featured Areas 
Research Center Program within the framework of the Higher 
Education Sprout Project by the Ministry of Education in Taiwan.

About the Author
Dr. Chen is a postdoctoral fellow in the Department of Earth and 
Environmental Sciences at Chung Cheng University, Taiwan. 
His research interests include environmental microbiology,  
parasitology, bioinformatics, and biogeoscience.

References
  1. Dowd SE, Gerba CP, Pepper IL. Confirmation of the  

human-pathogenic microsporidia Enterocytozoon bieneusi,  
Encephalitozoon intestinalis, and Vittaforma corneae in water. 
Appl Environ Microbiol. 1998;64:3332–5.

  2. Chen JS, Hsu BM, Tsai HC, Chen YP, Huang TY, Li KY, et al. 
Molecular surveillance of Vittaforma-like microsporidia by a small-
volume procedure in drinking water source in Taiwan: evidence 
for diverse and emergent pathogens. Environ Sci Pollut Res Int. 
2018;25:18823–37. https://doi.org/10.1007/s11356-018-2081-4

  3. Didier ES. Microsporidiosis: an emerging and opportunistic  
infection in humans and animals. Acta Trop. 2005;94:61–76. 
https://doi.org/10.1016/j.actatropica.2005.01.010

  4. Keeling P. Five questions about microsporidia. PLoS Pathog. 
2009;5:e1000489. https://doi.org/10.1371/journal.ppat.1000489

  5. Sharma S, Das S, Joseph J, Vemuganti GK, Murthy S.  
Microsporidial keratitis: need for increased awareness.  
Surv Ophthalmol. 2011;56:1–22. https://doi.org/10.1016/ 
j.survophthal.2010.03.006

  6. Chen JS, Hsu TK, Hsu BM, Huang TY, Huang YL, Shaio MF,  
et al. Surveillance of Vittaforma corneae in hot springs by  
a small-volume procedure. Water Res. 2017;118:208–16.  
https://doi.org/10.1016/j.watres.2017.04.029

  7. Joseph J, Vemuganti GK, Sharma S. Microsporidia: emerging 
ocular pathogens. Indian J Med Microbiol. 2005;23:80–91.  
https://doi.org/10.4103/0255-0857.16045

  8. Wang WY, Chu HS, Lin PC, Lee TF, Kuo KT, Hsueh PR, et al. 
Outbreak of microsporidial keratoconjunctivitis associated with 
water contamination in swimming pools in Taiwan. Am J  
Ophthalmol. 2018;194:101–9. https://doi.org/10.1016/ 
j.ajo.2018.07.019

  9. Wolk DM, Johnson CH, Rice EW, Marshall MM, Grahn KF,  
Plummer CB, et al. A spore counting method and cell culture  
model for chlorine disinfection studies of Encephalitozoon syn. 
Septata intestinalis. Appl Environ Microbiol. 2000;66:1266–73. 
https://doi.org/10.1128/AEM.66.4.1266-1273.2000

10. Johnson CH, Marshall MM, DeMaria LA, Moffet JM,  
Korich DG. Chlorine inactivation of spores of Encephalitozoon  
spp. Appl Environ Microbiol. 2003;69:1325–6. https://doi.org/ 
10.1128/AEM.69.2.1325-1326.2003

11. Li X, Fayer R. Infectivity of microsporidian spores exposed to 
temperature extremes and chemical disinfectants. J Eukaryot  
Microbiol. 2006;53(Suppl 1):S77–9. https://doi.org/10.1111/ 
j.1550-7408.2006.00180.x

2102 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019



Microsporidial Keratoconjunctivitis Outbreak, Taiwan

12. Loh RS, Chan CM, Ti SE, Lim L, Chan KS, Tan DT. Emerging  
prevalence of microsporidial keratitis in Singapore: epidemiology,  
clinical features, and management. Ophthalmology. 2009; 
116:2348–53. https://doi.org/10.1016/j.ophtha.2009.05.004

13. Reddy AK, Balne PK, Garg P, Krishnaiah S. Is microsporidial 
keratitis a seasonal infection in India? Clin Microbiol Infect. 
2011;17:1114–6. https://doi.org/10.1111/j.1469-0691.2010.03084.x

14. Vossbrinck CR, Debrunner-Vossbrinck BA. Molecular phylogeny 
of the Microsporidia: ecological, ultrastructural and taxonomic 
considerations. Folia Parasitol (Praha). 2005;52:131–42, discussion 
130. https://doi.org/10.14411/fp.2005.017

15. Sokolova Y, Pelin A, Hawke J, Corradi N. Morphology and  
phylogeny of Agmasoma penaei (Microsporidia) from the type 
host, Litopenaeus setiferus, and the type locality, Louisiana,  
USA. Int J Parasitol. 2015;45:1–16. https://doi.org/10.1016/ 
j.ijpara.2014.07.013

Address for correspondence: Bing-Mu Hsu, National Chung Cheng 
University, Department of Earth and Environmental Sciences, 168 
University Rd, Minhsiung Township, Chiayi County Minhsiung 621, 
Taiwan, email: bmhsu@ccu.edu.tw

•  Abnormal Helminth Egg Development, Strange Morphology, 
and the Identification of Intestinal Helminth Infections 

•  Case Series of Severe Neurologic Sequelae of Ebola Virus 
Disease during Epidemic, Sierra Leone 

•  Unilateral Phrenic Nerve Palsy in Infants with Congenital 
Zika Syndrome 

•  Epidemiology of Diphyllobothrium nihonkaiense 
Diphyllobothriasis, Japan, 2001–2016

•  Hypoglycemic Toxins and Enteroviruses as Causes of 
Outbreaks of Acute Encephalitis-Like Syndrome in Children, 
Bac Giang Province, Northern Vietnam 

•  Enhanced Surveillance for Coccidioidomycosis, 14 US  
States, 2016 

•  Human Norovirus Replication in Human Intestinal Enteroids 
as Model to Evaluate Virus Inactivation 

•  Clonal Expansion of Macrolide-Resistant Sequence Type 3 
Mycoplasma pneumoniae, South Korea

•  Ancylostoma ceylanicum Hookworm in Myanmar Refugees, 
Thailand, 2012–2015 

•  Susceptibility of Human Prion Protein to Conversion by 
Chronic Wasting Disease Prions 

•  Poverty and Community-Acquired Antimicrobial Resistance 
with Extended-Spectrum β-Lactamase–Producing 
Organisms, Hyderabad, India

• Hospitalized Patient as Source of Aspergillus fumigatus, 2015

•  Toxoplasmosis in Transplant Recipients, Europe, 2010–2014 

• Novel Enterobacter Lineage as Leading Cause of Nosocomial 
Outbreak Involving Carbapenemase-Producing Strains 

• Therapeutic and Transmission-Blocking Efficacy of 
Dihydroartemisinin/Piperaquine and Chloroquine against 
Plasmodium vivax Malaria, Cambodia 

• Dual Genotype Orientia tsutsugamushi Infection in Patient 
with Rash and Eschar, Vietnam, 2016 

• Anncaliia algerae Microsporidial Myositis, New South Wales, 
Australia 

• Outbreak of Trichinella T9 Infections Associated with 
Consumption of Bear Meat, Japan 

• Variation in Influenza B Virus Epidemiology by Lineage, 
China 

• Invasive Colonic Entamoebiasis in Wild Cane Toads, Australia 

• Detection of Dengue Virus among Children with Suspected 
Malaria, Accra, Ghana 

• Death from Transfusion-Transmitted Anaplasmosis,  
New York, USA, 2017 

•  Capillaria Ova and Diagnosis of Trichuris trichiura Infection 
in Humans by Kato-Katz Smear, Liberia 

•  Brucellosis in Dogs and Public Health Risk 

®

   August 2018

Parasitic and
Tropical Diseases

To revisit the August 2018 issue, go to:

https://wwwnc.cdc.gov/eid/articles/issue/24/8/table-of-contents

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019 2103



Rafik Dey, Harley Mount, Alex W. Ensminger, 
Greg J. Tyrrell, Linda P. Ward, Nicholas J. Ashbolt

Legionellosis was diagnosed in an immunocompromised 
3-year-old girl in Canada. We traced the source of the bac-
terium through co-culture with an ameba collected from a 
hot tub in her home. We identified Legionella pneumophila 
serogroup 6, sequence type 185, and used whole-genome 
sequencing to confirm the environmental and clinical iso-
lates were of common origin.

Legionella pneumophila is a waterborne bacterium re-
sponsible for Legionnaires’ disease, a potentially fatal 

respiratory disease acquired through environmental expo-
sure to aerosolized water. According to the World Health 
Organization, L. pneumophila is the most common cause 
of legionellosis worldwide (1). For unknown reasons, cases 
reported in the United States and Europe have risen sharply 
over the past decade (2,3). Most legionellosis cases identi-
fied are caused by L. pneumophila serogroup 1 (4), possibly 
because of extensive use of initial urinary antibody screen-
ing that focuses on serogroup 1. 

Free-living amebae are known natural environmental 
reservoirs for L. pneumophila (5). Amebae particularly 
play a role in legionellae growth in warm and stagnant 
engineered environments at 35°–45°C and in the bacte-
rium’s persistence in high temperatures, biocides, and pH 
extremes (6). Co-culture with amebae is an efficient tool 
to detect L. pneumophila from human and environmental 
samples (7). However, amebae are rarely used in environ-
mental investigations.

The Study
In December 2016, an immunocompromised 3-year-old 
girl was admitted to Alberta Children’s Hospital in Cal-
gary, Alberta, Canada, with acute respiratory distress syn-
drome and septic shock requiring extracorporeal mem-
brane oxygenation. She was transferred to a pediatric 
intensive care unit in Edmonton, Alberta, Canada, where 
examination of the lungs confirmed pneumonia in the left 

lower lobe segment with a lung abscess. Empiric treatment 
for infections was started immediately with meropenem, 
vancomycin, tobramycin, azithromycin, and trimethoprim/
sulfamethoxazole. Subsequent bronchoalveolar lavage and 
bronchoscopy were performed, along with microbial cul-
ture for identification of fungi, mycobacteria, mycoplasma, 
viruses, and Legionella. Public Health Laboratory (Prov-
Lab), Edmonton, successfully isolated Legionella sp. from 
clinical samples by using buffered charcoal yeast extract 
(BCYE) medium, with and without antimicrobial drugs, 
including polymyxin B, cycloheximide, and vancomycin. 
The clinical isolate was identified as L. pneumophila by us-
ing Legionella pneumophila Direct DFA Kit (Pro-Lab Di-
agnostics, https://pro-lab.com) direct fluorescent antibody 
assay. The National Microbiology Laboratory in Winni-
peg, Manitoba, typed the isolate as serogroup 6, sequence 
type 185 (ST185), confirming Legionnaires’ disease. 

The patient was treated with levofloxacin and a pro-
phylactic dose of trimethoprim/sulfamethoxazole. She also 
received vancomycin, meropenem, and tobramycin for 8 
days and azithromycin for 5 days. Her condition steadily 
improved, and she was discharged from the hospital a few 
days after treatment.

To investigate possible L. pneumophila sources, the 
Infection Prevention Control Research Laboratory of Al-
berta Health Services collected several first-flush water 
samples from sinks, a shower head, and a hot tub at the 
patient’s house and from sinks in the admitting hospital. 
All samples were negative for L. pneumophila by culture, 
but quantitative PCR results indicated the home hot tub was 
the likely source of the bacterium. 

We initially attempted co-culture with Acanthamoeba 
polyphaga (ATCC30461) (8) but failed to isolate Legionella 
spp. Because growth of L. pneumophila in the environment 
is hypothesized to be dependent partly on the composition 
of local amebic populations (9), we isolated free-living 
amebae hosts from the hot tub samples. We then identified 
ameba-resisting bacteria (ARB) by using the isolated ameba 
in co-culture with the hot tub samples (7).

We isolated free-living ameba hosts by filtering wa-
ter from different environmental sites. We grew amebae at 
30°C on nonnutrient agar supplemented with a thin film of 
viable Escherichia coli (ATCC25922). We isolated 2 free-
living amebae, an Acanthamoeba sp. and a Vermamoeba 
vermiformis, and identified species by morphology (Figure 
1, panel A) and 18S rRNA gene sequencing.

Isolation of Legionella pneumophila by  
Co-culture with Local Ameba, Canada 
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For co-culture experiments, we established amebae 
in axenic cultures in Nunc 25-cm2 tissue culture flasks 
(ThermoFisher Scientific, https://www.thermofisher.com) 
containing 5 mL serum casein glucose yeast extract me-
dium at 37°C with 10% fetal calf serum. Before experi-
ments, we performed subcultures of amebae every 3–4 
days to ensure that trophozoites were in an exponential 
growth phase.

In brief, we co-cultured each environmental water 
sample with its isolated ameba by using several dilutions 
and incubating samples at 30°C for 12 h. When we ob-
served amebal lysis, we recovered ARB on BCYE agar. 
We identified 1 of the ARB isolates from the ameba–hot 
tub culture as L. pneumophila by using 16S rRNA gene 
sequencing (Table) and subsequent sequence-based typ-
ing (10). Serotyping for L. pneumophila indicated both the 
clinical and environmental isolates were ST185, serogroup 
6. We confirmed the presence of L. pneumophila inside V. 
vermiformis replicative phagosomes by transmission elec-
tron micrograph (Figure 1, panel B).

For confirmation, we performed whole-genome se-
quencing on clinical and environmental isolates. We ex-
tracted genomic DNA by using the NucleoSpin Tissue Kit 
(Macherey-Nagel, https://www.mn-net.com). We prepared 
libraries according to the protocol for the Nextera XT DNA 
Library Prep Kit (Illumina, https://www.illumina.com) and 
sequenced on an Illumina MiniSeq by using 2 × 150-nt 
reads. We deposited sequence information into BioProject 
(https://www.ncbi.nlm.nih.gov/bioproject) under accession 
no. PRJNA482644. 

We trimmed sequence reads by using Trimmomatic 
version 0.36 (11) with the following parameters: Nextera  

clip, 2:30:10:8:true; LEADING, 20; TRAILING, 20; 
SLIDINGWINDOW, 4:20; MINLEN, 36. We assembled 
reads by using the SPAdes version 3.12 assembler in care-
ful mode (12). We identified the closest related L. pneu-
mophila strains for each set of contigs by using the PAT-
RIC server (13) and searching for whole genome k-mer. 
We reordered assembled contigs by using mauve (14) 
against the closest matching reference, ATCC43290. We 
mapped trimmed sequence reads from both strains to the 
clinical isolate in the SPAdes de novo assembly by using 
Bowtie2 version 2.3.4.1 (https://github.com/BenLang-
mead/bowtie2), then processed reads with Picard (Broad 
Institute, https://www.broadinstitute.org) and identified 
single-nucleotide polymorphism insertions/deletions by 
using FreeBayes version 1.2.0 (https://www.geneious.
com/plugins/freebayes). We filtered resulting polymor-
phisms with VCF.Filter version 4.2 (https://biomedical-
sequencing.at/VCFFilter) by using QUAL >10 & DP >20 
& QUAL/AO >10 & SAF >0 & SAR >0 & RPR >1 & 
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Figure 1. Transmission electron 
micrograph at of amebae isolated 
from the home hot tub of a an 
immunocompromised 3-year-old 
girl with legionellosis before and 
after co-culture with Legionella 
pneumophila, Calgary, Alberta, 
Canada. A) Trophozoites of 
Vermamoeba vermiformis 
before co-culture. Note the 
absence of intracellular bacteria 
in the replicative phagosome. 
B) V. vermiformis replicative 
phagosome containing L. 
pneumophila serogroup 6 after 6 
h of co-culture. Arrows indicate 
L. pneumophila contained within 
replicative phagosomes. Scale 
bars in left panels indicate 2 μm; 
scale bars in right panels indicate 
500 nm. cv, contractile vacuoles; 
m, mitochondria; N, nucleus; rp, 
replicative phagosome. 

 
Table. Bacteria isolated from water samples by co-culture with 
local ameba and location of water samples in investigation of a 
legionellosis case, Calgary, Alberta, Canada 

Ameba host and bacterium 
Water sample 

location 
Acanthamoeba sp.  
 Pseudomonas stutzeri Hospital sink 
 Paenibacillus terrigena Hospital sink 
 Pseudacidovorax intermedius Hospital sink 
Vermamoeba vermiformis  
 Acidovorax delafieldii Home hot tub 
 Legionella pneumophila* Home hot tub 
*L. pneumophila isolate from the case-patient’s home hot tub was 
confirmed as the same serotype and sequence type as the clinical isolate 
from the case-patient. 
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RPL >1. To rule out assembly errors or other spurious 
calls, we visually inspected the location of each putative 
polymorphism in reference assemblies of each isolate and 
traced back to the clinical contigs. 

We constructed a phylogenetic tree by submitting as-
sembled scaffolds to the RAST server for genome annota-
tion (15). To find core conserved orthologs with default 
parameters, we input the resulting gene annotations into 
OrthoMCL (https://orthomcl.org), alongside the complete 
ORFeomes of 6 other L. pneumophila strains: Philadel-
phia-1 NC_002942.5, Lens NC_006369.1, Thunder Bay 
CP003730.1, 570-CO-H NC_016811.1, Toronto-2005 
NZ_CP012019.1, and Calgary-2012 SAMN03944918. 
We individually aligned 2,403 identified orthologs 
(2,471,034 nt) across all strains by using the MUSCLE 
algorithm (https://www.ebi.ac.uk/Tools/msa/muscle) and 
concatenated orthologs into a superalignment for tree 
construction. We adopted RAxML version 8.2.12 (ILRI 
Research Computing, http://hpc.ilri.cgiar.org) with a 
general time-reversible nucleotide substitution model for 
1,000 bootstraps to generate a maximum-likelihood phy-
logenetic tree.

Results of whole-genome sequencing analysis strong-
ly suggest that clinical isolate 2017a and environmental  

isolate 2017b from the patient’s home hot tub were of com-
mon origin. With only a few single-nucleotide polymor-
phism differences (Figure 2), these data indicate the hot tub 
was the source of the patient’s infection.

Of note, we were not able to recover any legionellae 
from environmental samples with initial BCYE and other 
direct culture approaches. L. pneumophila serogroup 6 has 
not been identified in previous hot tub–associated infec-
tions, and this case might have been a result of the patient’s 
immunocompromised status. A commercial hot tub clean-
ing product was subsequently used for disinfection and 
maintenance of the hot tub. In a 1-year follow up analysis, 
water samples from the hot tub were negative for amebae 
and any Legionella spp.

Conclusions
Our report demonstrates the utility of ameba co-culture and 
emphasizes the use of locally sourced ameba to recover the 
source of L. pneumophila from environmental samples. 
Our findings also suggest that investigations should in-
clude free-living ameba to indicate the presence of poten-
tially pathogenic Legionella spp. and as a potential factor to 
minimize the need for remediation actions associated with 
contaminated environments.
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Figure 2. Phylogenetic tree depicting the relationship between Legionella pneumophila isolates identified during investigation of 
legionellosis in an immunocompromised 3-year-old girl, Calgary, Alberta, Canada, and reference sequences. L. pneumophila core 
ortholog-based maximum-likelihood phylogenetic tree shows 8 previously published genomes and sequences of the 2 isolates from this 
study (2017a, clinical isolate from patient; 2017b, environmental isolate from hot tub in patient’s home). Tree construction was performed 
by using 2,403 orthologous sequences (2,471,034 nt). Each ortholog sequence was independently aligned with the MUSCLE algorithm 
(https://www.ebi.ac.uk/Tools/msa/muscle) and concatenated into a single superalignment, which then was subjected to 1,000 bootstrap 
iterations to find the maximum-likelihood phylogeny. Scale bar indicates the number of nucleotide substitutions per site. ST, sequence type.
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In 2019, influenza A(H3N2) viruses carrying an I38T substitu-
tion in the polymerase acidic gene, which confers reduced 
susceptibility to baloxavir, were detected in Japan in an infant 
without baloxavir exposure and a baloxavir-treated sibling. 
These viruses’ whole-genome sequences were identical, in-
dicating human-to-human transmission. Influenza virus iso-
lates should be monitored for baloxavir susceptibility.

The cap-dependent endonuclease inhibitor baloxavir 
marboxil is approved in Japan for the treatment of in-

fluenza virus infection in patients >12 years of age and chil-
dren <12 years of age weighing >10 kg. In phase 2 and 3 
clinical trials of baloxavir, treatment-emergent amino acid 
substitutions––I38T or I38F for influenza A(H1N1)pdm09 
(pH1N1) virus and I38T or I38M for influenza A(H3N2) 
virus in the polymerase acidic (PA) protein––were detected 
(1,2). The frequency of infections with these viruses was 
higher in patients <12 years of age than in those 12–64 years 
of age (3). Furthermore, PA I38 substitutions emerged more 
frequently in influenza A(H3N2) viruses than in pH1N1 vi-
rus or influenza B virus (3).

In phase 3 trials, patients infected with mutant viruses 
encoding the PA I38 substitution exhibited prolonged vi-
rus shedding, and the median time to symptom alleviation 

was longer in baloxavir recipients infected with these vi-
ruses than those infected with viruses not harboring these 
substitutions (1,2). Therefore, starting in the 2017–18 in-
fluenza season, we began monitoring baloxavir suscepti-
bility of influenza viruses nationwide (4). In the 2018–19 
season, we found that 1.5% (5/323) of pH1N1 and 9.5% 
(32/337) of H3N2 viruses possessed a PA I38 substitution 
(Table 1). All 5 pH1N1 viruses and 28 of 32 H3N2 viruses 
encoding a PA I38 substitution were recovered from pa-
tients after baloxavir administration. In January 2019, we 
detected a mutant influenza A(H3N2) virus carrying the 
PA I38T substitution from a hospitalized 5-year-old child 
who was not treated with baloxavir (5). We subsequently 
detected 3 similar mutant H3N2 viruses from 3 baloxavir-
untreated children. Two of 3 were detected in sporadic 
cases and the other from a family cluster. Here, we report 
on the family cluster.

The Study
In February 2019, we detected 2 H3N2 viruses in siblings 
within a family cluster (Figure). The first child (a 10-year-
old) experienced symptom onset on February 5 and was 
treated with baloxavir 12 hours later; this child’s fever 
resolved within a half day of baloxavir administration.  
The second child (an 8-month-old infant weighing <10 
kg) experienced symptom onset on February 6 and re-
ceived neuraminidase (NA) inhibitor oseltamivir 12 hours 
later; the infant’s fever resolved within 2 days of oselta-
mivir administration.

We collected a nasal blow sample from the 10-year-
old child 3 days after baloxavir administration and a na-
sal aspirate from the infant on the first day of oseltamivir 
administration. Deep sequencing analysis (4) of the virus 
isolates (A/Kanagawa/IC18144/2019 in 10-year-old and 
A/Kanagawa/IC18141/2019 in infant) with MiSeq (Illu-
mina, https://www.illumina.com) revealed that the whole-
genome sequences of these viruses were identical. Both 
viruses possessed the PA I38T substitution and did not con-
tain wild-type 38I. No amino acid substitutions associated 
with reduced susceptibility to NA inhibitors were detected.

We determined the susceptibilities of this mutant virus 
to baloxavir acid (hydrolyzed active form; MedChemex-
press, https://www.medchemexpress.com) and the 4 NA 

Human-to-Human Transmission of Influenza 
A(H3N2) Virus with Reduced Susceptibility  

to Baloxavir, Japan, February 2019
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inhibitors approved for use in Japan: oseltamivir carbox-
ylate (Sequoia Research Products, http://www.seqchem.
com), peramivir (Sequoia Research Products), zanamivir 
(Sequoia Research Products), and laninamivir (Daiichi 
Sankyo, https://www.daiichisankyo.com). Because the 
genomic sequences of A/Kanagawa/IC18141/2019 and 
A/Kanagawa/IC18144/2019 were identical, we analyzed 
only A/Kanagawa/IC18141/2019. We determined antivi-
ral susceptibilities by using a focus reduction assay and 
a fluorescent NA inhibition assay (NA-Fluor Influenza 
Neuraminidase Assay Kit; Applied Biosystems, https://
www.thermofisher.com) (4) and calculated 50% inhibitory 
concentration (IC50) values using MikroWin 2010 (Labsis, 
https://labsis.de). To interpret the NA inhibitor suscepti-
bility, we applied the World Health Organization criteria 
of IC50 fold-change values compared with reference IC50 
values (6). The World Health Organization criteria define 
influenza A virus inhibition as normal (<10-fold increase), 
reduced (10–100-fold increase), or highly reduced (>100-
fold increase).

The mutant virus encoding the PA I38T substitution 
showed normal inhibition with all 4 NA inhibitors but ex-
hibited a 186-fold higher IC50 value (236 nmol/L) to bal-
oxavir compared with the median IC50 value of influenza 
A(H3N2) viruses isolated in the 2018–19 season in Japan 
(1.27 nmol/L; Table 2). These results indicate that the  

mutant virus we isolated carrying the PA I38T substitution 
had reduced susceptibility to baloxavir but remained sus-
ceptible to NA inhibitors (5,7).

Conclusions
During the 2018–19 influenza season in Japan, we detect-
ed 32 mutant influenza A(H3N2) viruses carrying various 
types of PA I38 substitutions, 4 of which were isolated 
from children <12 years of age without prior baloxavir 
exposure. Almost all mutant viruses isolated from balox-
avir-treated patients possessed mixed PA I38T/I, I38M/I, 
I38R/I, I38T/M/I, I38T/K/I, or I38T/M/R substitutions (5), 
indicating these mutant viruses emerged under the selec-
tive pressure of baloxavir. In contrast, the 4 mutant viruses 
recovered from children without prior baloxavir treatment, 
including the virus described in this study, contained the PA 
I38T substitution and not a mixture including wild-type I38. 
These 4 children were probably infected with mutant vi-
ruses acquired from hosts previously treated with baloxavir.

Previous studies reported that oseltamivir-resistant 
viruses were detected in oseltamivir-treated 1–12-year-old 
children on day >4 after oseltamivir administration (8,9). 
During our monitoring for baloxavir-induced mutant in-
fluenza viruses, we found that, among baloxavir-treated 
patients, all but 1 of the mutant viruses were detected 3–6 
days after baloxavir administration. One mutant virus  
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Table 1. Influenza viruses with I38 substitutions in polymerase acidic protein, Japan, 2018–19* 

Influenza type or subtype Total frequency 
Age group, y 

0–11 12–19 20–64 >65 Unknown 
A(H1N1)pdm09 5/323 (1.5) 4/230 (1.7) 1/35 (2.9) 0/41 0/14 0/3 
A(H3N2) 32/337 (9.5) 26/215 (12.1) 5/45 (11.1) 1/54 (1.9) 0/16 0/7 
B 0/36 0/21 0/7 0/6 0/1 0/1 
*Values are no./total (%).  

 

Figure. Clinical timeline of 2 siblings infected with mutant influenza A(H3N2) viruses encoding the polymerase acidic I38T substitution, 
Japan, February 2019. Whole-genome sequences of A/Kanagawa/IC18144/2019 (isolate no. EPI ISL 346656) and A/Kanagawa/
IC18141/2019 (isolate no. EPI ISL 345215) are available from the GISAID EpiFlu database (http://www.gisaid.org).
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was detected the day after baloxavir administration in 
a 2-year-old child from a family cluster, and this virus 
possessed a mixture of I38T/I substitutions (50% T and 
50% I). This child might have been infected with a mixed 
population containing mutant and wild-type viruses; this 
incident suggested possible human-to-human transmis-
sion of the mutant influenza A(H3N2) virus encoding the 
PA I38T substitution.

The 8-month-old infant infected with A/Kanagawa/
IC18141/2019 in this study had no exposure to baloxavir 
before specimen collection. The sibling of this infant, in-
fected with A/Kanagawa/IC18144/2019, was treated with 
baloxavir for a half day before the infant’s symptoms 
began. A/Kanagawa/IC18141/2019 and A/Kanagawa/
IC18144/2019 viruses possessed the same genomic se-
quences. In Kanagawa, Japan, H3N2 virus activity was 
highest in February 2019, and an influenza outbreak oc-
curred in the primary school attended by the sibling. Fur-
thermore, during October 2018–February 2019, baloxavir 
was supplied to medical institutions that together served 
≈5.6 million persons in Japan. These observations suggest 
2 possibilities: the infant was infected by the sibling who 
was infected by another host harboring the virus with the 
PA I38T substitution, or both children were infected by an-
other host harboring the virus with the PA I38T substitu-
tion. The median incubation period of influenza A virus is 
1.4 days (10), and virus shedding can be detected 1 day 
before the onset of symptoms (11). Considering that the 
infant did not have much contact with the outside family, 
the infant acquiring the mutant virus from the sibling is the 
most likely option.

During our monitoring, 4 of 5 pH1N1 viruses and 26 
of 32 H3N2 viruses with the PA I38 substitution were iso-
lated from children <12 years of age. Our results confirm 
that the frequency of viruses with this mutation is higher in 
patients <12 years of age than those 12–64 years of age, as 
previously reported (5). Therefore, baloxavir susceptibil-
ity of influenza viruses, especially among infected children 
<12 years of age, should be closely monitored for public 
health planning purposes and for making clinical recom-
mendations for antiviral drug use.
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Orolabial lymphogranuloma venereum was diagnosed for 
a man in Michigan, USA, who had sex with men, some 
infected with HIV. High index of suspicion for lymphogran-
uloma venereum led to accurate diagnosis, successful 
therapy, and description of an L2b variant with a unique 
genetic mutation.

Lymphogranuloma venereum (LGV) is typically a geni-
tal ulcer disease with inguinal adenopathy, caused by 

L serovars of Chlamydia trachomatis. Most commonly to-
day, the infection causes proctocolitis, particularly in men 
who have sex with men (MSM) with HIV infection. We 
describe a case of LGV at an unusual site (orolabial) with 
submandibular adenopathy in a man with a history of hav-
ing sex with men with advanced HIV infection.

The Study
In February 2019, a 25-year-old man with a history 
of having sex with men with advanced HIV infection 
sought care at the Wayne State University Physician 
Group Infectious Diseases Clinic in Detroit, Michigan, 
USA, for 2 large ulcers over his lower lip. He had no-
ticed the ulcers 2 weeks earlier, associated with pain and 
purulent discharge, along with a rapidly enlarging, pain-
ful swelling over his upper left neck. He reported no his-
tory of fever or chills. He also reported having had un-
protected insertive and receptive oral and anal sex with 
>30 male partners during the previous year. He reported 
that he found anonymous sexual contacts by using “sex 
apps” and did not trade sex for drugs or money. In 2007, 
the patient had received a diagnosis of HIV infection 
and was taking antiretroviral drugs intermittently. His 
medical history included syphilis, gonorrhea, and genital 
chlamydia infections.

Physical examination revealed that the patient was afe-
brile with stable vital signs. His lower lip was markedly  
swollen and tender, with 2 large, purulent ulcers: 1 deep 
ulcer on the central lower lip and 1 over the left side near 
the angle of his mouth. Also, left-sided submandibular ad-
enopathy was present as a large (≈10 cm diameter), ten-
der, nonfluctuant swelling, which was neither warm nor 
erythematous. His oropharynx, buccal mucosa, and tongue 
appeared normal. Results of the rest of the examination, 
including the external genitalia, groin, and perianal region, 
were unremarkable.

Diagnostic testing of the lip ulcer included nucleic 
acid amplification testing (NAAT) for herpes simplex 
viruses (HSVs) 1 and 2 and Chlamydia (Roche LightCy-
cler real-time PCR for HSVs 1 and 2, https://diagnostics.
roche.com; BD Viper XTR technology for GC/CT NAAT, 
https://www.bd.com). We performed NAAT on pharyn-
geal samples to test for C. trachomatis and Neisseria gon-
orrhoeae. Additional diagnostics included rapid plasma 
reagin testing, serologic testing for treponema, HIV viral 
load measurement, and CD4+ lymphocyte count. Valacy-
clovir was empirically prescribed; however, the patient did 
not fill this prescription. 

C. trachomatis was identified in samples from the lip 
and throat; NAAT results for HSVs and N. gonorrheae 
were negative. The patient’s HIV load was 300,000 copies/
mL, and CD4+ lymphocyte count was 73/µL. Oral doxy-
cycline (100 mg 2×/d for 3 weeks) was prescribed, and the 
lip ulcers and cervical adenopathy resolved over the next 
month. Concomitantly, appropriate antiretroviral therapy 
was initiated. 

Swab samples of the lip ulcers were submitted to the 
San Francisco Public Health Department, where diagno-
sis of LGV was confirmed by use of a laboratory-devel-
oped, Clinical Laboratory Improvement Amendments–
approved test (1). The lip ulcer samples then underwent 
LGV genotyping by sequencing the entire ompA gene at 
the Centers for Disease Control and Prevention (CDC). 
LGV genotyping confirmed C. trachomatis serovar L2b 
on the basis of sequence variations compared with serovar 
L2 (2). Furthermore, the ompA gene, which encodes the 
chlamydial major outer membrane protein (MOMP), con-
tained a 5′ deletion of 1–82 nt in constant domain (CD) 1 
and a 3′ deletion of 904–1,185 nt, spanning CD4, variable 
domain (VD) 4, and CD5. 

Orolabial Lymphogranuloma Venereum,  
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Conclusions
The prompt diagnosis of LGV infection involving the lip 
with resultant submandibular adenopathy in this patient 
was based on a high index of clinical suspicion and spe-
cialized laboratory testing. Additional testing at CDC con-
firmed C. trachomatis serovar L2b. 

Rare cases of oral/oropharyngeal LGV have been 
described (Table) (3–9). For patients who engage in 
high-risk sexual behavior, with anal–oral contact, LGV 
is a possible cause of orolabial/oropharyngeal infection. 
The substantial cervical lymphadenopathy in this patient 
was reminiscent of inguinal bubo associated with genital 
LGV, which may serve as a diagnostic clue. Moreover, 
clinical manifestations in the ongoing epidemic of LGV 
among MSM show a shift from the classical inguinal form 
(inguinal adenopathy with penile lesion) to the anorectal 
form. Our report of orolabial LGV adds to the possibility 
of gastrointestinal tract infection in this epidemic, perhaps 
explaining the discrepancy in the ratio of anorectal LGV to 
inguinal LGV cases (10).

In the past several years, reports of LGV have been in-
creasing in western Europe and the United States, primarily 
among MSM (11). An outbreak of 38 cases of LGV during 
August 2015–April 2016 encountered at the Wayne State 
University Physician Group Infectious Diseases Clinic in 
Detroit was recently reported and occurred among MSM 
with HIV infection (12). Among the 38 cases, 21 (55%) 
were confirmed by the CDC laboratory–developed LGV 
NAAT (2) on the basis of 19 positive rectal swab speci-
mens and 2 positive swab samples from penile lesions; 
treatment with doxycycline (100 mg 2×/d for 21 days) was 
successful for all patients. Although the L2b serovar was 
correlated with a proctitis outbreak among MSM in Am-
sterdam in 2000, no cases of LGV at the orolabial site were 
detected in this outbreak or a 1980s outbreak in San Fran-
cisco, California, USA (13).

The identification of 5′ and 3′ deletions in ompA indi-
cate a novel subtype of serovar L2b, further highlighting 
the rarity of this patient’s case. Chlamydial MOMP func-
tions as a porin with VD1, VD2, and VD4 at the surface 
of the chlamydial elementary body directed toward the 
external environment and host cells. VD4 encodes sub-
species-specific neutralizing epitopes (14,15). It remains 

unclear how or whether the deletions in CD1, CD4, VD4, 
and CD5 characterized in this case affect pathogenicity and 
tissue tropism. Identification of rare clinical manifestations 
such as this warrant further genetic investigation to provide 
more information about the molecular mechanisms behind 
the pathogenesis and transmission of chlamydia.

A widely available Food and Drug Administration–
approved molecular test for diagnosis of LGV would be 
highly useful, especially at the point of care. In its absence, 
a probable LGV case can be supported by C. trachomatis 
NAAT positivity of lesion specimens. However, extrageni-
tal specimens (e.g., from a lip lesion) are currently not ap-
proved by the Food and Drug Administration as a specimen 
type for commercial C. trachomatis NAAT, which poses a 
challenge for laboratories because they must perform vali-
dations for such specimens for their Clinical Laboratory 
Improvement Amendments certification. Similar obstacles 
apply to laboratory-developed LGV-specific testing. As 
a result, the availability of specific diagnostic testing is 
scarce. At present, to ensure prompt resolution of symp-
toms, prevention of complications, and treatment of the 
sex partner, all suspected cases should be presumptively 
treated while awaiting diagnostic evaluation.

In summary, this case indicates that LGV infection 
should be considered for patients, especially MSM, with 
orolabial lesions and cervical adenopathy. Successful 
treatment of the patient reported here was based on a C. 
trachomatis–positive NAAT result, and LGV specialized 
testing served as a supplement for full investigation of this 
unusual case.
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Table. Reported cases of oropharyngeal LGV worldwide* 
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We examined condom use throughout pregnancy during the 
Zika outbreak in Puerto Rico during 2016. Overall, <25% of 
women reported consistent condom use during pregnancy. 
However, healthcare provider counseling was associated 
with a 3-fold increase in consistent use, reinforcing the val-
ue of provider counseling in Zika prevention efforts.

Zika virus infection during pregnancy can cause brain 
abnormalities, microcephaly, and other birth defects in 

exposed offspring (1,2). Although transmission of Zika virus 
primarily occurs through the bite of an infected mosquito, 
it can also be transmitted by having intercourse with an in-
fected partner (3,4). In 2016, the Centers for Disease Control 
and Prevention (CDC) released guidance for prevention of 
sexual transmission of Zika virus for pregnant women and 
couples planning to conceive (3–5). In areas where Zika vi-
rus transmission was active, pregnant women and their male 

partners were advised to consistently and correctly use con-
doms when having intercourse or to abstain from intercourse 
during pregnancy to reduce the risk for sexual transmission 
of Zika virus (3–5). Corresponding with CDC guidance to 
healthcare providers (3–5), the American College of Ob-
stetricians and Gynecologists and the Society for Mater-
nal–Fetal Medicine released interim guidance outlining the 
need to provide counseling about recommended prevention 
measures to women and their partners who were at risk for 
exposure to Zika virus infection (6).

The Study
In 2016, the Puerto Rico Department of Health and CDC 
partnered to conduct the Pregnancy Risk Assessment Mon-
itoring System–Zika Postpartum Emergency Response 
Study, a hospital-based survey that collected data from 
women after delivery and before hospital discharge about 
their prenatal experiences and behaviors related to detec-
tion and prevention of Zika virus infection during preg-
nancy (7). The island-wide study was implemented during 
August 28–December 3, 2016. Hospitals reporting >100 
births during 2015 were eligible to participate. A total of 
36 hospitals were eligible and agreed to participate, repre-
senting 98% of live births in Puerto Rico.

Women with a recent live birth who were residents of 
Puerto Rico, had delivered their infant in a participating hos-
pital, and were able to complete the survey in Spanish or 
English were eligible to participate. To select the study sam-
ple, we randomly sampled delivery dates (clusters) within 
each hospital. All eligible women who delivered their infant 
on one of the randomly selected delivery dates were invited 
to participate. Hospital delivery logs were used to identify 
women for sampling. Sampled women were approached by 
study staff (24 hours after vaginal deliveries and 36 hours 
after cesarean deliveries). Overall, of 2,933 women eligible 
to participate, 2,364 (80.6%) completed surveys.

For women who were sexually active during pregnancy, 
we assessed the prevalence of condom use during pregnancy, 
overall and by select maternal characteristics. We constructed 
3 separate multivariable logistic regression models to examine 
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factors associated with receiving prenatal provider counseling 
on condom use for Zika virus infection prevention; any con-
dom use during pregnancy; and consistent condom use dur-
ing pregnancy. Each model was further adjusted for maternal 
characteristics, infant birth month (August–September 2016 
vs. October–December 2016), and geographic region.

Of 2,229 respondents included in the analysis, most 
were 20–34 years of age (79.7%), had more than a high 
school education (68.9%), were unmarried (68.5%), and 
participated in the Special Supplemental Nutrition Program 
for Women, Infants, and Children (WIC) during pregnancy 

(88.3%). Most (80.6%) women reported being sexually ac-
tive during pregnancy (Figure).

Overall, most (86.8%) women reported receiving 
counseling to use condoms during pregnancy to prevent 
Zika virus infection. The prevalence of receiving coun-
seling during pregnancy on condom use was significantly 
higher for mothers <19 years of age (89.7%; adjusted 
prevalence ratio [aPR] 1.10, 95% CI 1.03–1.18) and those 
20–34 years of age (87.3%; aPR 1.07, 95% CI 1.01–1.13) 
compared with women >35 years of age (81.5%; p<0.01, 
adjusted linear trend) (Table 1). Receiving counseling 
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Figure. Distribution of maternal 
characteristics and receipt of 
counseling on condom use to prevent 
Zika virus infection, Pregnancy Risk 
Assessment Monitoring System–Zika 
Postpartum Emergency Response 
Study, Puerto Rico, 2016. WIC, Special 
Supplemental Nutrition Program for 
Women, Infants, and Children
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during pregnancy on condom use was also higher for 
women who participated in the WIC program, both those 
who received a Zika Prevention Kit (containing condoms, 
repellent, bed nets, and larvicide) from WIC (90.3%;  
aPR 1.28, 95% CI 1.17–1.40) and those who did not re-
ceive a kit (80.2%; aPR 1.14, 95% CI 1.02–1.26) com-
pared with those who did not participate in a WIC pro-
gram (70.6%).

For women who were sexually active during preg-
nancy, 20.9% used condoms consistently, 21.8% incon-
sistently, and 57.3% never (Figure). Multivariable analy-
ses (Table 2) showed that the prevalence of any condom 
use during pregnancy was higher for women with a high 
school diploma or less (46.8% vs. 41.1%; aPR 1.14, 95% 
CI 1.02–1.27), those who were WIC program participants 
and received a Zika Prevention Kit (44.5% vs. 32.3%; aPR 
1.38, 95% CI 1.12–1.70), and those who reported prepreg-
nancy condom use (64.7% vs. 40.5%; aPR 1.60, 95% CI 
1.42–1.80) compared with their counterparts (Table 2). Re-
ceiving healthcare provider counseling during pregnancy 
regarding the need for condom use was strongly associated 
with any condom use during pregnancy. Counseled women 
were >2 times as likely to report any condom use during 
pregnancy (45.9% vs. 20.4%; aPR 2.25, 95% CI 1.73–2.91) 
than were noncounseled women (Table 2).

Similar to the prevalence of any condom use, the prev-
alence of consistent condom use during pregnancy was 
higher for less educated women (25.2% vs. 19.2%; aPR 
1.31, 95% CI 1.07–1.60) and those who reported prepreg-
nancy condom use (34.7% vs. 19.5%; aPR 1.78, 95% CI 
1.44–2.21). Women who were counseled on condom use 

were 3 times as likely to report consistent condom use dur-
ing pregnancy than were noncounseled women (22.8% vs. 
7.4%; aPR 3.07, 95% CI 1.97–4.79) (Table 2).

Conclusions
Although <25% of women reported consistently using con-
doms during pregnancy, counseling by prenatal care pro-
viders was associated with marked increases in any con-
dom use and consistent condom use. Healthcare providers, 
including doctors, nurses, and other providers in various 
settings (e.g., prenatal care visits, WIC program visits), can 
play an important role in prevention of sexual transmission 
of Zika virus infection by counseling pregnant patients 
on the importance of consistent and correct condom use. 
These findings can be used to target and further refine Zika 
virus prevention messaging and interventions and can ap-
ply more broadly to the prevention of other sexually trans-
mitted infections during pregnancy, such as syphilis and 
genital herpes that, if left untreated, can increase the risk 
for adverse maternal and infant outcomes (8,9).

This study also shows how more traditional surveil-
lance systems focused on maternal and child health can 
successfully be adapted to rapidly collect information 
from pregnant women during public health emergencies. 
Interviewing women after delivery and before hospital dis-
charge, although labor- and cost-intensive, can be imple-
mented rapidly with high response rates during urgent situ-
ations, such as the Zika outbreak. This type of design might 
be appropriate for other public health emergencies that  
affect the health of pregnant women and newborns when 
the emergency is geographically limited.
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Table 1. Adjusted prevalence estimates and ratios of receipt of provider counseling on condom use during pregnancy to prevent Zika 
virus infection by maternal characteristics, Pregnancy Risk Assessment Monitoring System–Zika Postpartum Emergency Response 
Study, Puerto Rico, USA, 2016* 

Characteristic 
Received counseling on condom use to prevent Zika, n = 2,229† 

% Respondents (95% CI)‡ Crude PR (95% CI) Adjusted PR (95% CI)§ 
Age, y    
 <19 89.7 (85.6–92.7) 1.17 (1.09–1.26) 1.10 (1.03–1.18) 
 20–34 87.3 (85.7–88.7) 1.13 (1.06–1.21) 1.07 (1.01–1.13) 
 >35 81.5 (77.0–85.3) Referent¶ Referent¶ 
Education level    
 High school or less 86.3 (83.5–88.6) 1.02 (0.99–1.05) 0.99 (0.96–1.03) 
 More than high school 87.1 (85.4–88.5) Referent Referent 
Marital status during pregnancy    
 Unmarried 86.2 (84.4–87.8) 1.03 (0.99–1.07) 0.98 (0.95–1.01) 
 Married 88.0 (85.5–90.1) Referent Referent 
Prenatal WIC program participation    
 Yes, did not receive a Zika prevention kit 80.2 (75.4–84.3) 1.13 (1.02–1.24) 1.14 (1.02–1.26) 
 Yes, received a Zika prevention kit 90.3 (88.9–91.5) 1.27 (1.16–1.38) 1.28 (1.17–1.40) 
 No 70.6 (64.0–76.5) Referent Referent 
Sexually active during pregnancy    
 Yes 87.0 (85.5–88.3) Referent Referent 
 No 86.3 (83.1–89.0) 1.00 (0.96–1.03) 0.99 (0.96–1.03) 
*PR, prevalence ratio; WIC, Special Supplemental Nutrition Program for Women, Infants, and Children. 
†Unweighted sample size. 
‡Adjusted weighted percentage.  
§All prevalence and prevalence ratio estimates were adjusted for maternal age and education, marital status, prenatal WIC participation, sexual activity 
during pregnancy, infant birth month, and region. 
¶Adjusted p value (<0.01) for linear trend based on maternal age. 
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Table 2. Adjusted prevalence estimates and ratios of self-reported condom use during pregnancy by maternal characteristics and 
receipt of provider counseling on condom use during pregnancy, Pregnancy Risk Assessment Monitoring System–Zika Postpartum 
Emergency Response Study, Puerto Rico, USA, 2016* 

Characteristic 

Total, n = 1,794† 

Any condom use 

 

Consistent condom use 
% Respondents 

(95% CI)‡ 
Crude PR 
(95% CI) 

Adjusted PR 
(95% CI)§ 

% Respondents 
(95% CI)‡ 

Crude PR 
(95% CI) 

Adjusted PR 
(95% CI)§ 

Age, y        
 <19 51.5 

(43.9–59.0) 
1.62 

(1.29–2.04) 
1.22 

(0.96–1.54) 
 24.5 

(18.3–31.9) 
1.68 

(1.12–2.53) 
1.13 

(0.73–1.75) 
 20–34 41.8 

(39.3–44.3) 
1.16 

(0.95–1.40) 
0.99 

(0.82–1.18) 
 20.4 

(18.4–22.5) 
1.12 

(0.80–1.57) 
0.94 

(0.67–1.31) 
 >35 42.4 

(35.3–49.8) 
Referent¶ Referent  21.7 

(15.8–29.1) 
Referent# Referent 

Education level        
 High school or less 46.8 

(42.4–51.4) 
1.24 

(1.12–1.38) 
1.14 

(1.02–1.27) 
 25.2 

(21.5–29.2) 
1.40 

(1.17–1.69) 
1.31 

(1.07–1.60) 
 More than high school 41.1 

(38.6–43.7) 
Referent Referent  19.2 

(17.1–21.5) 
Referent Referent 

Marital status during pregnancy       
 Unmarried 41.4 

(38.8–44.1) 
1.03 

(0.92–1.15) 
0.91 

(0.82–1.02) 
 20.4 

(18.4–22.7) 
1.05 

(0.88–1.26) 
0.93 

(0.78–1.10) 
 Married 45.3 

(41.4–49.3) 
Referent Referent  22.0 

(18.9–25.3) 
Referent Referent 

Prenatal WIC program participation       
 Yes, did not receive a Zika  
 prevention kit 

41.6 
(34.9–48.6) 

1.32 
(1.02–1.71) 

1.29 
(0.99–1.68) 

 18.7 
(14.1–24.3) 

1.08 
(0.72–1.61) 

0.96 
(0.64–1.43) 

 Yes, received a Zika prevention kit 44.5 
(41.9–47.1) 

1.52 
(1.23–1.87) 

1.38 
(1.12–1.70) 

 21.4 
(19.3–23.7) 

1.36 
(1.00–1.86) 

1.10 
(0.80–1.51) 

 No 32.3 
(26.2–39.0) 

Referent Referent  19.5 
(14.4–26.0) 

Referent Referent 

Prepregnancy condom use       
 Yes 64.7 

(57.5–71.2) 
1.64 

(1.45–1.85) 
1.60 

(1.42–1.80) 
 34.7 

(28.2–41.9) 
1.84 

(1.48–2.28) 
1.78 

(1.44–2.21) 
 No** 40.5 

(38.2–42.8) 
Referent Referent  19.5 

(17.7–21.4) 
Referent Referent 

Received counseling on condom use to prevent Zika      
 Yes 45.9 

(43.4–48.4) 
2.57 

(1.99–3.32) 
2.25 

(1.73–2.91) 
 22.8 

(20.9–25.0) 
3.28 

(2.12–5.09) 
3.07 

(1.97–4.79) 
 No 20.4 

(15.7–26.0) 
Referent Referent  7.4 

(4.8–11.4) 
Referent Referent 

*PR, prevalence ratio; WIC, Special Supplemental Nutrition Program for Women, Infants, and Children. 
†Unweighted sample size. 
‡Adjusted weighted percentage. 
§All prevalence and prevalence ratio estimates were adjusted for maternal age, education, marital status, prenatal WIC participation, receipt of provider 
counseling, infant birth month, and region. 
¶Adjusted p value (<0.01) for linear trend based on maternal age. 
#Adjusted p value (<0.05) for linear trend based on maternal age. 
**Included women who reported they were not doing anything to prevent pregnancy and women who were using a contraceptive method other than 
condoms to prevent pregnancy. 
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After experiencing an alarming rise in Zika virus  
infections, the Puerto Rico Department of Health  

partnered with CDC to implement a variety of  
community education and prevention efforts.  

But what were these efforts, and were  
they ultimately successful?

In this EID podcast, Dr. Giulia Earle-Richardson,  
a behavioral scientist at CDC, analyzes some of the  

Zika intervention campaigns in Puerto Rico. 
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A patient who had initial infection with mixed strains of 
drug-susceptible and multidrug-resistant tuberculosis was 
presumed to have acquired drug resistance before confir-
mation that sequential strains were genotypically distinct. 
Transmitted infection with mixed strains is likely underap-
preciated; identifying these infections requires spoligotyping 
and whole-genome sequencing.

Multidrug-resistant (MDR) tuberculosis (TB), defined 
as infection with Mycobacterium tuberculosis that 

is resistant to isoniazid and rifampin, can be transmitted 
and manifest as a primary infection without a patient hav-
ing received those medications or can be acquired by the 
patient during drug therapy. A person may be initially in-
fected with >1 M. tuberculosis strain with different patterns 
of drug resistance (1–4). We present such a case, which 
is likely uncommon but underappreciated; identification 
requires spoligotyping and whole-genome sequencing of 
sequential strains.

A 28-year-old man came to a hospital in Virginia, 1 
year after immigrating from the Philippines, with a 4-week 
history of fevers, night sweats, weight loss, voice change, 
and cervical lymphadenopathy. A computed tomography 
scan showed no lung parenchymal or pleural abnormality. 
Cervical lymph node biopsy showed caseating granulomas 
with acid-fast bacilli (AFB). Sputum smears demonstrated 
4+ AFB. Rapid nucleic acid amplification testing by com-
mercial line probe assay confirmed M. tuberculosis complex 
from both sites without rpoB, katG, or inhA mutation. Test 
results for HIV were positive; HIV viral load was 521,800 
copies/mL and CD4 count 7 cells/mm3. Diagnoses were 
made of TB lymphadenitis and presumed laryngeal TB. 
We started the patient on antiretroviral drugs after initiating 
isoniazid, rifampin, ethambutol, and pyrazinamide. Pheno-
typic testing ultimately showed susceptibility to isoniazid,  

rifampin, ethambutol, and pyrazinamide. The patient 
achieved sputum culture conversion to negative before be-
ginning his eighth week of treatment and transitioned to a 
continuation phase of isoniazid and rifampin 5 days/week.

Twenty weeks into treatment, the patient’s sputum AFB 
culture obtained 12 weeks after initiation was reported as 
positive. Given this relapse, we conducted therapeutic drug 
monitoring for isoniazid and rifampin. Estimated peak se-
rum drug concentrations were 2.07 (range 3–5) µg/mL for 
isoniazid and 5.98 (range 8–24) µg/mL for rifampin. Mo-
lecular sequencing of the week 12 M. tuberculosis isolate 
at the Centers for Disease Control and Prevention (5) found 
mutations in rpoB (GACCAG>GAG; Asp516Gln517Glu) 
and inhA (C-15T), but the subsequently tested pretreatment 
sputum isolate was confirmed negative for mutations in the 
resistance-determining regions of rpoB (rifampin), katG and 
inhA (isoniazid), and pncA (pyrazinamide). Both isolates had 
mutations in the embB gene Leu355Leu (silent) and Glu-
378Ala (reported as unlikely to cause resistance alone and, 
more commonly, a marker of Indo-Oceanic strain lineage) 
(6). We switched the patient’s drug regimen to levofloxacin, 
linezolid, capreomycin, para-aminosalicylate, ethambutol, 
and pyrazinamide. Phenotypic susceptibility tests later con-
firmed MDR TB: 25% resistance to isoniazid at 1.0 µg/mL 
and 100% resistance to rifampin at 1.0 µg/mL. The patient 
continued with this MDR TB regimen for 15 months after 
culture conversion to negative. He has remained healthy. 

We clinically interpreted this scenario as one of ac-
quired drug resistance, likely contributed by the subtarget 
concentration of anti-TB drugs. However, analyses of my-
cobacterial interspersed repetitive unit–variable-number 
tandem-repeat typing, along with insertion sequence 6110 
restriction fragment length polymorphism analyses of 
the pretreatment drug-susceptible strain and the week 12 
MDR strain, showed distinct spoligotypes. Whole-genome 
sequencing differed by >100 single nucleotide polymor-
phisms, supporting that these strains were genotypically 
distinct. Upon further questioning, the patient related that 
before immigrating he lived in a small apartment in Manila 
where friends and family would frequently lodge before 
seeking treatment at the city’s referral hospital.

Prior treatment with isoniazid and rifampin is a ma-
jor risk factor for MDR TB. Comprehensive epidemiologic 
studies and improved access to whole-genome sequencing 
have revealed that primary MDR TB transmitted to the pa-
tient can be common (7). Our case adds to the literature on 
transmitted MDR TB dynamics and shows how initial in-
fections with mixed strains may be an underreported cause 
of treatment failure. The clonal diversity from a M. tuber-
culosis sample is clearly attenuated following conventional 
culture techniques on solid agar (8). Although heteroresis-
tance at drug-resistant loci of M. tuberculosis can be de-
tected at low levels with newer next-generation sequencing 

2120 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019

RESEARCH LETTERS



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019 2121

RESEARCH LETTERS

techniques from cultured growth, these analyses cannot 
distinguish infection with multiple strains from heterore-
sistance among subpopulations of the same strain (9).

As with the previous cases (1–4) of mixed-strain in-
fection, the patient we report did not have prior history of 
TB treatment and showed initial improvement but then 
had a recrudescence of symptoms and culture reversion 
115 days into first-line therapy (range 90–150 days in 
previously reported cases) (Table). Applying whole-ge-
nome sequencing to additional samples collected from 
our patient and meticulous isolation of different colonies 
of cultured growth might have detected heteroresistance, 
and consequent alteration of the initial treatment regi-
men could have prevented the recrudescence of disease. 
However, the detection of lower-level genetic heterore-
sistance has not been rigorously studied for its effect on 
populations of persons initiating TB treatment and will 
undoubtedly vary based on the drug-specific locus that 
is heteroresistant and the quantitative level of detection. 
Well-curated prospective cohorts that contribute sequenc-
ing data may refine our understanding of this effect but 
will require nuanced bioinformatics (10).
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Table. Characteristics of cases of treatment failure resulting from concurrent infection with mixed strains of drug-resistant 
Mycobacterium tuberculosis* 
Patient 
age, y/sex Immune status 

Site(s) of 
infection 

Time to 
recurrence 

Platform for strain 
identification 

Patient country 
of origin 

Country of 
diagnosis Reference 

24/M Immunocompetent Lymph node, 
gastric aspirate 

100 d Mixed-linker 
fingerprint PCR 

Nepal Germany (1) 

23/M HIV negative Pulmonary 150 d Spoligotyping and 
MIRU 

Somalia USA (4) 

24/M HIV negative Pulmonary, 
gastric aspirate 

90 d IS6110 RFLP and 
spoligotyping 

Kazakhstan Germany (2) 

62/M HIV negative Pulmonary 120 d MIRU-VNTR Portugal UK (3) 
28/M HIV positive Lymph node, 

trachea 
84 d Spoligotyping and 

WGS 
Philippines USA This study 

*IS, insertion sequence; MIRU-VNTR, mycobacterial interspersed repetitive unit–variable number tandem repeat; RFLP, restriction fragment length 
polymorphism; WGS, whole genome sequencing. 
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Corynebacterium ulcerans infection is emerging in humans. 
We conducted phylogenetic analyses of C. ulcerans and 
C. diptheriae, which revealed diverse diphtheria toxin in C. 
ulcerans. Diphtheria toxin diversification could decrease 
effectiveness of diphtheria toxoid vaccine and diphtheria 
antitoxin for preventing and treating illnesses caused by  
this bacterium.

Corynebacterium ulcerans is a rod-shaped, aerobic, 
gram-positive bacterium closely related to C. diph-

theria. Some strains of C. ulcerans can produce diphtheria 
toxin, which causes respiratory diphtheria in humans and 
animals. Reports of human infections with C. ulcerans 
have increased during the past 20 years, and C. ulcerans is 
a recognized emerging human pathogen (1). Humans can 
contract toxin-producing C. ulcerans from companion ani-
mals (2,3). Human death can occur if appropriate treatment 
is delayed (4). Non–toxin-producing C. diphtheriae and C. 
ulcerans can convert to toxin-producing strains through a 

process of lysogeny with diphtheria toxin gene–carrying 
corynebacteriophages (5–7). Although increased coverage 
of the diphtheria toxoid vaccine has reduced the frequency 
of C. diphtheriae infections, reports of C. ulcerans infec-
tions in humans are increasing.

A report evaluating the differences in the amino acid 
sequences of the diphtheria toxins in C. diphtheriae and 
C. ulcerans used only limited data, comparing 1 strain of 
C. diphtheriae against 2 strains of C. ulcerans (8), leaving 
the differences among the toxins of these 2 species unclear. 
Others have conducted bacterial genome analyses and de-
posited several genomic sequences of C. diphtheriae and 
C. ulcerans strains into a public database. We collected 
amino acid sequences of the diphtheria toxin and the nucle-
ic acid sequences of the 16S rRNA gene of 6 C. diphtheriae 
strains and 6 C. ulcerans strains from the National Center 
for Biotechnology Information genome database (https://
www.ncbi.nlm.nih.gov/genome). Then, we performed 
phylogenetic analyses by using MEGA 7.0 (https://www.
megasoftware.net). 

We found that the 16S rRNA gene sequences divided 
into separate C. diphtheriae and C. ulcerans strains with 
some sequence variability among the strains in each spe-
cies (Figure, panel A). The amino acid sequences of the 
toxins also divided into separate clades for each species. 
However, we noted that C. diphtheriae strains were identi-
cal, but C. ulcerans strains were diverse (Figure, panel B), 
suggesting that C. ulcerans tends to acquire mutations more 
frequently than C. diphtheriae. Two possible explanations 
for this phenomenon are that C. ulcerans is maintained by 
various animals, increasing its diversity compared with C. 
diphtheria, which is believed to infect only humans; or that 
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Figure. Phylogenetic analysis of the 16S rRNA gene sequences (A) and amino acid sequences (B) of diphtheria toxin genes of 6 
Coynebacterium ulcerans strains and 6 C. ulcerans strains. All strains had the diphtheria toxin gene; whole-genome analysis data 
are available from the National Center for Biotechnology Information database (https://www.ncbi.nlm.nih.gov/genome). We generated 
phylogenetic trees by using the maximum-likelihood method in MEGA 7.0 (https://www.megasoftware.net). 16S rRNA gene sequences 
were analyzed by the Hasegawa-Kishino-Yano model with 1,000 bootstrap replications; amino acid sequences were analyzed by the 
Whelan and Goldman model with 100 bootstrap replications. Scale bars indicate substitutions per site.



C. ulcerans has a phage-independent pathway to acquire 
the diphtheria toxin–encoding gene, as reported (9). 

Most severe human cases of disease caused by toxi-
genic C. ulcerans have occurred in unvaccinated or inad-
equately vaccinated persons. However, a fatal case was 
reported in a person who received a diphtheria vaccination 
booster ≈10 years before disease onset (10). Diversification 
of the C. ulcerans diphtheria toxin gene is of note because 
accumulation of these gene mutations potentially could 
lead to decreased effectiveness of the diphtheria toxoid 
vaccine for prevention and diphtheria antitoxin for treat-
ment of toxigenic C. ulcerans disease.
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We treated a homeless man in Iran with a history of squa-
mous cell carcinoma who had ophthalmomyiasis caused by 
Chrysomya bezziana parasites. This case highlights a much-
neglected condition and describes measures to prevent it.

Ophthalmomyiasis is principally manifested as orbital 
myiasis, ophthalmomyiasis external, and ophthalmo-

myiasis interna (1,2). Chrysomya bezziana (screwworm) 
has been implicated in cancer-associated myiasis of the 
skin, larynx, face, and breast (3–5). Ophthalmomyiasis is 
uncommon but becomes significant in debilitated and com-
promised patients.

In December 2017, a 75-year-old homeless man sought 
care at the University Hospital of Nikookari Eye Center 
(Tabriz, northwestern Iran). His medical history included 
a surgery for left-side periocular squamous cell carcinoma 
≈15 years earlier. After 2 years, the patient observed recur-
rence of the squamous cell carcinoma, but he did not seek 
further evaluation and treatment. He reported loss of sight 
since 2015 because of the tumor extension into the orbit 
and globe of his eye. He had intermittent pain.

On examination, his systemic findings were unremark-
able. Orbital and periocular examination revealed extensive 
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tissue necrosis and extension to the eyelids, eyebrow, and 
orbit (Figure, panel A). The globe seemed to be totally in-
vaded and necrotized by the tumor. A computed tomogra-
phy scan of the area showed huge invasion and necrosis 
of all cavities of the orbit, including the globe and bone 
absorption of the superotemporal area of orbit; we further 
suspected extension of the tumor to the maxillary and eth-
moidal sinuses (Figure, panel B). We also found different 
sizes of live larvae inside the necrotic tissue of orbit and 
periorbital skin (Figure, panel C; Video, https://wwwnc.
cdc.gov/EID/article/25/11/18-1706-V1.htm). 

Our sequencing and phylogenetic analyses of cyto-
chrome b gene showed that isolated larvae (GenBank ac-
cession no. MN158142) were confirmed as C. bezziana 
with 100% identity (query coverage: 100%) isolated from 
livestock in Oman. We planned to admit the patient for 
further management, but he denied the admission and ac-
cepted only irrigation of the site with normal saline. After 
irrigation that removed only the superficial larvae, he left 
the hospital and never returned for further treatment.

This case highlights a much-neglected squamous 
cell carcinoma of the periorbital region with orbital inva-
sion necrosis of globe and orbital soft tissue and massive 
and extensive larvae infestation caused by the C. bezziana 
screwworm. To prevent myiasis cases such as the one we 
describe, healthcare providers should emphasize general 
cleanliness of surroundings, maintenance of good personal 
hygiene, provision of basic sanitation, and health education. 
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Figure. A 75-year-old man with ophthalmomyiasis after periocular squamous cell carcinoma, Iran. A) Extensive tissue necrosis and the 
extension of the eyelids, eyebrow, and orbit. B) Computed tomography scan showing huge invasion and necrosis of all cavities of the 
orbit. C) Live screwworm larvae (Chrysomya bezziana) inside the necrotic tissue of the orbit. 
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We report an outbreak of dengue in Darfur, western Sudan, 
during September 2014–April 2015. Dengue virus–specific 
PCR testing of 50 samples from nonmalaria febrile illness 
case-patients confirmed 35 dengue cases. We detected 7 
cases of dengue shock syndrome and 24 cases of dengue 
hemorrhagic fever.

Dengue is a mosquito-transmitted arboviral disease 
caused by 4 closely related dengue virus serotypes 

(DENV1–4); the primary vector of DENV is Aedes aegyp-
ti mosquitoes (1). Dengue infection has different clinical 
manifestations of disease, ranging from a self-limiting ill-
ness to the fatal severe forms of dengue hemorrhagic fever 
or dengue shock syndrome (1).

Dengue is a rapidly growing global public health prob-
lem, and cases have been identified in >128 countries (2,3). 
Several factors might contribute to dengue transmission, in-
cluding human population growth, density, and movement, 
and international travel and trade (4,5), as well as scarcity 
and poor storage of water and global climate change. Sec-
ondary infection with different virus serotypes and sex and 
young age of patients seem to be associated with develop-
ment of severe disease (1).

The Darfur region of Sudan is composed of 5 states 
covering an area of 493,180 km2 of desert and semidesert. 
This region has a population of 7.5 million persons living 
in a humanitarian crisis since 2003. We report dengue fever 
in this region of western Sudan.

On September 16, 2014, a large number of case-pa-
tients with nonmalarial febrile illness came to outpatient 
clinics in AlFashir, the capital of North Darfur State. An 
outbreak investigation team was assembled and deployed 
to the area by the Federal Ministry of Health. Using ac-
tive surveillance, this team identified 155 suspected cases 
of hemorrhagic fever in various localities within the state 
through April 12, 2015. The suspected case-patients had 
fever (152/155), bleeding (140/155), headache (73/155), 
joint pain (52/155), and neurologic signs (9/155). Most 
case-patients came from AlFashir, the initial location of 
the outbreak. The outbreak peaked during October 2014 
with 77 (49.7%) suspected cases (Figure). Most (52%) of 
the suspected case-patients were <20 years of age (52%) 
(age range 18 months–74 years), and the female:male ra-
tio was 1:1.5.

Clinical manifestations of the suspected case-patients 
suggested involvement of hemorrhagic fevers. Considering 
the history of similar epidemics of fevers in Sudan and our 
limited resources, we tested samples for yellow fever virus, 
Rift Valley fever virus, and DENV (6,7). We tested blood 
samples from suspected case-patients for these infections 
by using IgM-specific ELISAs, and all positive results were 
confirmed by use of a disease-specific PCR in the Central 
National Public Health Laboratory in Khartoum (7).

We obtained only 50 blood samples from 155 sus-
pected case-patients because of patient or family refusal to 
participate in this study. A total of 35 (70.0%) samples were 
positive for DENV-1 or DENV-3 serotypes. Eight deaths 
occurred among the DENV-positive persons (mortality rate 
5.2%) during the investigation period. Four of the fatal cas-
es were in children <14 years of age, 2 in adult men, and 2 
in adult women. Clinical examination of the confirmed in-
fected persons identified 7 cases of dengue shock syndrome 
and 24 cases of dengue hemorrhagic fever.
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Figure. Number of dengue case-patients per week, Darfur area, western Sudan, September 16, 2014–April 7, 2015.



We report emergence of dengue in the Greater Darfur 
area of Sudan. Dengue is a major public health issue in 
this country, but had been confined to the eastern region of 
the country and the Red Sea coastal and subcoastal states 
(4). Frequent outbreaks have been reported to the World 
Health Organization Regional Office for the Eastern Medi-
terranean (6). Greater Darfur, a region affected by a civil 
war, has had massive population displacement, resulting 
in most persons living in densely populated refugee camps 
with limited access to education and health services. Lack 
of water supply necessitated its storage in human-made 
containers (8), which favored breeding of Ae. aegypti mos-
quitoes and increased human–mosquito contact.

The severity of these infections could be because our 
surveillance selected only the most severe cases, enhanced 
by the poor healthcare-seeking behavior of the local popu-
lation, who came to health clinics only when the disease 
was severe (7). The actual prevalence of dengue could be 
much higher than that detected because our surveillance 
system likely detected only the most severe cases (7). A 
wider and better surveillance system is urgently needed to 
detect nonsevere cases and determine the actual prevalence 
of the disease and population at risk.

In addition, Gayer et al. suggested that socioeconomic and 
environmental changes associated with the civil war in Sudan 
made communities vulnerable to the emergence of infectious 
diseases (8). The geopolitical and security issues surrounding 
the refugee camps suggest that dengue was imported into the 
area through members of United Nations Peacekeeping Forces 
from dengue-endemic areas rather than being introduced from 
East Sudan, as has been observed in Australia (8–10).

Our study had some limitations. First, we observed 
weak healthcare-seeking behavior, which resulted in in-
sufficient blood samples for diagnosis. Second, because of 
limited resources, we could not investigate co-infections 
with DENV-1 and DENV-3. Third, our survey was con-
ducted in healthcare clinics where only severe case-patients 
were seen. We recommend improvement of surveillance 
and development of an early warning system to reduce fu-
ture impacts of such epidemics. We also highlight the need 
to improve health and living conditions of persons living in 
humanitarian crisis settings.
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Severe fever with thrombocytopenia syndrome virus 
(SFTSV) can be transmitted between humans. We describe 
a case of severe fever with thrombocytopenia syndrome in 
which SFTSV RNA was detected in semen after its disap-
pearance from serum. Our findings indicate possible sexual 
transmission of this emerging virus.

Severe fever with thrombocytopenia syndrome (SFTS) 
is a life-threatening emerging infectious disease caused 

by severe fever with thrombocytopenia syndrome virus 
(SFTSV), a tickborne virus (genus Banyang virus, family 
Phenuiviridae). Recently, the person-to-person transmis-
sion of SFTSV has been described (1,2), and the most com-
mon risk factor of the transmission is direct blood exposure 
(2). However, SFTSV RNA has been detected in nonblood 
samples, such as throat, urine, and fecal specimens, espe-
cially in fatal cases (3). Asymptomatic infections through 
personal contact without blood exposure have also been 
reported (1). We describe a case in which viral RNA was 
detected in semen after viral RNA clearance from blood.

During May 2018, a previously healthy 50-year-old 
man hunted boar in the Goto Islands in western Japan. Eight 
days after hunting, he experienced high fever, myalgia, and 
diarrhea. He did not have hematuria or bloody diarrhea.  

Disturbance of consciousness occurred 6 days after symptom 
onset; on that day, he visited a local hospital and was referred 
to and admitted to Nagasaki University Hospital (Nagasaki, 
Japan). Body temperature was 39.0°C, and he was disori-
ented; Glasgow coma scale score was 9. He had no jaundice, 
signs of meningeal irritation, or apparent tick bites. Labora-
tory tests at admission had the following results: leukocytes 
2.4 × 103 cells/μL; platelets 35 × 103/μL; serum creatine 3.04 
mg/dL; aspartate aminotransferase 508 U/L; lactate dehy-
drogenase 1,404 U/L; and creatine kinase 15,449 U/L.

Because of the patient’s low platelet count and other 
suggestive signs and symptoms, we suspected SFTS. Se-
rum SFTSV RNA level was 2.03 × 108 copies/mL by real-
time reverse transcription PCR (RT-PCR) analysis (Appen-
dix, https://wwwnc.cdc.gov/EID/article/25/11/1061-App1.
pdf). We confirmed diagnosis of SFTS on the basis of these 
results; however, we did not detect viral RNA in a urine 
sample. We conducted RT-PCR tests of semen and urine 
using procedures developed for serum; all RT-PCR tests 
were performed in the Department of Virology, Institute of 
Tropical Medicine, Nagasaki University, Nagasaki.

We considered this case severe, with multiple poor 
prognosis factors, such as disturbance of consciousness, 
laboratory data, and high viral load in serum (4). We per-
formed palliative therapy, including continuous hemodi-
afiltration, mechanical ventilation, and central venous nu-
trition. In addition, we treated the patient with recombinant 
human soluble thrombomodulin for disseminated intra-
vascular coagulation (380 U/kg/d for 6 d) and granulocyte 
colony-stimulating factor (filgrastim) for neutropenia (300 
μg on the third hospital day). We also administered intra-
venous immunoglobulin (5,000 mg/d for 3 d), because it 
has been reported effective for SFTS (5), and the patient 
received platelet transfusions for severe thrombocytopenia.

We observed restoration of platelet count 10 days af-
ter symptom onset. Other abnormal laboratory findings 
recovered 7–13 days after symptom onset. The viral load 
in serum began to decrease from day 8 after onset and be-
came negative on day 30 after onset. Although the patient’s 
general status was gradually improved and laboratory tests 
recovered to almost normal levels by day 30, we detected 
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Figure. Laboratory data and viral loads during course of illness for patient with severe fever with thrombocytopenia syndrome, Japan. A) 
Leukocyte and platelet counts; B) AST, LDH, and CK levels; C) viral loads in serum, semen, and saliva. Dashed line in panel C indicates 
detection threshold (2 x 102 copies/mL). AST, aspartate aminotransferase; CK, creatine kinase; LDH, lactate dehydrogenase.



SFTSV RNA at 2.4 × 105 copies/mL in his semen that day. 
On day 44, we could no longer detect semen SFTSV RNA, 
and he was discharged on day 51 after onset (Figure 1). 

In this study, SFTSV RNA was detected in semen, and 
SFTSV persisted longer in semen than in serum. It is well 
known that some viruses, such as Zika virus and Ebola vi-
rus, can be sexually transmitted; these viruses have been 
detected in semen for a prolonged period after symptom 
onset (6,7). Thus, we considered the potential risk for sex-
ual transmission of SFTSV.

Compared with that of Zika and Ebola viruses, the clin-
ical significance of potential sexual transmission of SFTSV 
is unknown. However, this possibility should be taken into 
consideration in sexually active patients with SFTSV. Our 
findings suggest the need for further studies of the genital 
fluid of SFTS patients, women as well as men, and counsel-
ing regarding sexual behavior for these patients.
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In September 2018, an epizootic infection caused by canine 
distemper virus emerged in an Asiatic lion population in In-
dia. We detected the virus in samples from 68 lions and 6 
leopards by reverse transcription PCR. Whole-genome se-
quencing analysis demonstrated the virus strain is similar to 
the proposed India-1/Asia-5 strain.

Canine distemper virus (CDV; genus Morbillivirus) causes 
highly contagious disease in a wide range of carnivores. 

Epizootic disease in lions in a wildlife sanctuary in Califor-
nia, USA, in 1992 and Serengeti National Park, Tanzania, in 
1994 underlined the potential of CDV to cause fatality in wild 
felids (1,2). The disease often manifests as respiratory and 
gastrointestinal signs that progress to neurologic disease (2).

A single isolated population of Asiatic lions (Panthera 
leo persica) resides in the Gir forests of Gujarat State,  
India, the last natural habitat for this species. Conservation 
efforts brought this lion population back from the brink of 
extinction and increased their numbers (3). 

During 2 weeks in September 2018, the unusual death 
of 28 lions of all age groups was reported from Gir Wildlife 
Sanctuary. A detailed investigation revealed 18 additional 
lions exhibited dullness, dehydration, lacrimation, cough, 
diarrhea, and seizures. Necropsy of 2 carcasses showed 
edema and purulent exudates in the lungs. Histopathology 
of lungs from both lions showed mononuclear cell infiltra-
tion with mild thickening of interalveolar septa. 

The Indian Council of Medical Research, Nation-
al Institute of Virology (Pune, India), received ocular,  



nasal, and rectal swab specimens packed in a viral trans-
port medium and blood samples from 229 wild and 87 
captive lions and visceral organs, including lung, liver, 
heart, and kidney, from 3 dead lions for virologic in-
vestigation. Of the 229 wild lions, 20 showed clinical 
signs, including dullness, lacrimation, cough, diarrhea, 
and seizures; 2 of the 87 captive lions showed lacrima-
tion and respiratory distress. 

We extracted RNA by using Magmax Total RNA Isola-
tion Kit (ThermoFisher Scientific, https://www.thermofisher.
com) and processed samples for heminested PCR for CDV 
and nested PCR for Paramyxovirus, as described previously 
(4). We obtained 287 bp by heminested reverse transcription 
PCR (RT-PCR) and 500 bp by Paramyxovirus nested RT-
PCR. We detected CDV from >1 sample from 68 (21.3%) li-
ons, including 56 (24.5%) wild and 12 (13.8%) captive lions. 
All 22 of the lions with clinical signs were PCR-positive for 
CDV. Among the samples tested, 18/90 (20%) blood, 26/131 
(19.8%) rectal, 28/131 (21.4%) nasal, and 10/132 (7.5%) 
ocular specimens, as well as the visceral organs from the 3 
dead lions, were CDV positive. 

We performed RNA library preparation and quantifica-
tion for next-generation sequencing by using methods de-
scribed previously (5) and analyzed reads by using CLC Ge-
nomics Workbench version 11.0.1 (QIAGEN, https://www.
qiagen.com). We retrieved the near-complete genome (15 kb) 
of CDV from 11 lion samples by using a combination of de 

novo assembly and reference mapping. We calculated per-
cent nucleotide differences by using the p-distance method in 
MEGA version 7.0 (6). We performed similarity and diver-
gence calculations for the hemagglutinin (H) gene and gen-
erated a neighbor-joining tree for the complete genome and 
H gene region. We performed bootstrap replication of 1,000 
cycles to assess the robustness of the tree.

Phylogenetic analysis showed that sequences 
from this outbreak clustered with East-African CDV 
strains (Appendix Figure 1, http://wwwnc.cdc.gov/EID/
article/25/11/19-0120-Techapp1.pdf). The complete ge-
nome of CDV among the positive samples displayed 
100% similarity, except for the spleen and lung of 1 lion, 
which were 99.9% similar. We noted a 3.4% nucleotide 
difference between the complete genome of Gir CDV and 
the East-African strain (Table 1). 

Phylogenetic analysis of the CDV sequences of Gir li-
ons against available partial CDV sequences of H gene pre-
viously collected from tigers and a dog from India demon-
strated a distinct cluster for sequences from India (Appendix 
Figure 2). Bhatt et al. (7) hypothesized a novel CDV strain, 
India-1/Asia-5, among domestic dogs in India. Our analysis 
of sequences from the CDV outbreak in Gir lions strength-
ens that hypothesis. We observed 95.8%–96.8% nucleotide 
similarity for the H gene region (Table 1) of CDV sequenc-
es from the Gir outbreak with the proposed India-1/Asia-
5 strain. We noted minimal nucleotide similarity between 
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Table. Nucleotide similarity of the hemagglutinin gene and complete genome of canine distemper virus sequences to those from 
samples collected from an Asiatic lion, India, 2018* 

GenBank accession no. Source 
Geographic 

location Year Lineage H gene 
Complete 
genome 

MK037459 Asiatic lion Gir National Park, 
Gujarat State, 

India 

2018 
 

100.0 100.0 
MK037460 100.0 100.0 
MK037461 100.0 100.0 
MK037462 100.0 99.9 
MK037463 100.0 99.9 
MK037464 100.0 99.9 
MK037465 100.0 100.0 
MK037466 100.0 100.0 
MK037467 100.0 100.0 
MK037468 100.0 100.0 
KU578257.1 Dog  Africa 1994 East African 96.1 96.6 
MH496778.1 Dog Thailand 2014 Asia 4 94.5 94.1 
KJ466106.1 Raccoon 

dog 
China 2012 Asia 1 94.0 94.1 

AY649446.1 Racoon USA 2001 America 2 94.9 94.9 
AY466011.2 Racoon USA 1998 America 1 93.0 94.0 
AY386316.1 Dog Germany NA Europe 95.9 94.8 
AB475099.1 Dog Japan NA Asia 2 93.4 94.1 
KC479141.1 Dog India 2012 

 
97.1 NA 

KC479140.1 Tiger India 2012 
 

96.9 NA 
KC479139.1 Tiger India 2012 

 
97.1 NA 

KC479138.1 Red panda India 2013 
 

97.4 NA 
LC011103.1 Dog India 2012 

 
97.4 NA 

Vaccine strains  
 

  
   

 AF378705.1 CDV strain Onderstepoort  92.4 92.1 
 EU726268.1 CDV strain CDV3 

 
92.6 92.0 

 Z35493.1CDV Convac 
 

92.0 NA 
*Reference sample is GenBank accession no. MK037469. NA, not available. GenBank accession nos. MK037459–68 represent sequence data from this 
study. 

 



Gir CDV outbreak strains and Asia 3 strains and maximum 
similarity with Rockborne-like strains. Whole-genome 
sequence analysis showed that Gir CDV strains had ≈8% 
nucleotide difference from the 2 known vaccine-derived 
strains of America 1 genotypes (Table 1).

After we confirmed CDV in Asiatic lions, samples 
were collected from other wild animals in Gir Wildlife 
Sanctuary. We detected CDV in 6/52 (12%) samples from 
Panthera pardus leopards but not in samples from Viver-
ricula indica civets, Panthera tigris tigers, Canis lupus pal-
lipes wolves, or Caracal caracal cats.

Before 2019, few instances of CDV were reported in 
lions, tigers, red pandas, and leopards from zoos and forests 
in India. However, canine distemper is prevalent among 
dogs in India (8), and the free-ranging dog population often 
poses a threat of CDV transmission to wildlife (9). Other 
wildlife species also could play a role in maintenance and 
transmission of CDV (9). Vaccination is an option; attenu-
ated Onderstepoort strain was used successfully in captive 
African lions in Maasai Mara National Reserve in Kenya, 
and a live attenuated canine vaccine was used in a vaccine 
trial in tigers (10). Reintegration of the existing lion popu-
lation from the Gir region to different sanctuaries can en-
sure the protection and conservation of the species.
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We used shell-vial assay with a medium that buffered ri-
fampin to isolate routine culture–resistant Mycobacterium 
tuberculosis bacteria from cerebrospinal fluid and rifampin-
containing intervertebral disc and vertebral corpus of a 
patient in treatment for Pott’s disease and disseminated 
tuberculosis. Whole-genome sequencing confirmed M. tu-
berculosis lineage 4 (Euro-American) strain. 

Culturing Mycobacterium tuberculosis from clini-
cal specimens confirms the viability of mycobacte-

ria and enables drug susceptibility testing (1). Routinely 
used culture protocols may fail to isolate M. tuberculosis 
from vertebral biopsy specimens in 17%–50% of cases (2) 
and from cerebrospinal fluid (CSF) specimens in >80% 
of cases (3). However, the shell-vial culture assay (4) has 
demonstrated a high sensitivity for the isolation of myco-
bacteria, representing an alternative method for growing 
M. tuberculosis (5,6).

We report a case of disseminated tuberculosis (TB) 
documented by culturing M. tuberculosis strain P7739 
from a patient who was previously treated with antituber-
culous drugs. We used the shell-vial assay, even though 
strain P7739 resisted standard cell-free culture techniques. 
The Ethics Committee of Institut Hospitalier Universitaire 
Méditerranée Infection (Marseille, France) approved this 
study (no. 2016-024, October 19, 2016).

A 47-year-old man who was HIV negative and had 
no previous history of TB received a diagnosis of Pott’s 
disease with systemic tuberculosis on the basis of clinical 
symptoms of spondylodiscitis, myelitis, meningitis, and 
pulmonary miliary infection. In January 2017, the patient 
suffered lumbar pain; a computer tomodensitometry scan 
showed corporeal bone defects in the L1 vertebra. Ten 
months later, magnetic resonance imaging revealed T12–
L1 vertebral spondylodiscitis with a paravertebral abscess 

in the right iliopsoas muscle. We performed 2 biopsies of 
the vertebral corpus of T12 and L1 and 1 biopsy of the 
intervertebral disc; we also collected CSF and sputum. 
These clinical specimens remained negative for M. tuber-
culosis using microscopic examination after Ziehl-Neelsen 
staining, real-time PCR (GenExpert, https://www.cepheid.
com), culture in liquid medium BBL Mycobacteria Growth 
Indicator Tube (Becton Dickinson, https://www.bd.com), 
and in solid culture media including Coletsos medium 
(bioMérieux, https://www.biomerieux.com). Thirteen 
days later, the neurologic condition of the patient deterio-
rated with meningeal syndrome. Examination by magnetic 
resonance imaging showed a triventricular hydrocephalus 
and transependymal periventricular resorption, which led 
to an emergency external ventricular bypass. We strongly 
suspected TB, so we introduced TB treatment (900 mg 
rifampin, 300 mg isoniazid, 1,800 mg pyrazinamide, and 
1,200 mg ethambutol daily). We performed a second round 
of clinical sampling from bronchoalveolar fluid, T12 ver-
tebral corpus and T12–L1 intervertebral discs, and CSF 
9 days after the initiation of TB treatment. Microscopic 
examination after Ziehl-Neelsen staining remained nega-
tive, as did results from the GenExpert assay, except for 
the detection of a rifampin-susceptible M. tuberculosis 
complex mycobacterium in 3 vertebral biopsy specimens 
and the intervertebral disc specimen. Culturing in MGIT 
tubes and on Coletsos remained negative after 8 weeks  
of incubation. 

We inoculated 5 samples (1 CSF, 3 bone biopsy, 1 in-
tervertebral disc) on human embryonic lung (HEL) fibro-
blasts (HEL 299 ATCC CCL-137; American Type Culture 
Collection, https://www.lgcstandards-atcc.org) using the 
shell-vial assay incorporating negative controls, as described 
previously (6). After 17–28 days of incubation, negative 
control vials remained sterile, whereas these 5 inoculated 
cell cultures grew Ziehl-Neelsen–positive mycobacteria 
(Figure). Seven-day subculture on Coletsos medium yielded 
colonies identified as M. tuberculosis strain P7739 by ma-
trix-assisted laser desorption/ionization time-of-flight mass 
spectrometry (7). In vitro susceptibility assays indicated 
susceptibility to rifampin, ethambutol, chloramphenicol, 
clofazimine, and trimethoprim/sulfamethoxazole and resis-
tance to minocycline and pyrazinamide (8). The genome 
sequence of M. tuberculosis strain P7739 (1 scaffold with 
4,392,478 bp and 64.8% guanine-cytosine content) mapped 
more closely with M. tuberculosis Erdman (GenBank ac-
cession no. NC_020559.1) using CLC Genomics version 7  
(https://www.qiagenbioinformatics.com). Annotation using 
Prokka version 1.12 https://github.com/tseemann/prokka) 
yielded 4,171 protein-coding genes, 2 repeat regions, and 
55 RNA genes (51 tRNA, 3 rRNA, and 1 tmRNA). Single- 
nucleotide polymorphism (SNP) comparison with dif-
ferent lineages at the core genome level using TB profiler  
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(http://tbdr.lshtm.ac.uk) indicated that strain P7739 (Gen-
Bank accession no. CAABOY010000000) was related to M. 
tuberculosis lineage 4 and did not encode for antimicrobial 
resistance–associated mutations.

We isolated M. tuberculosis strain P7739 from this 
patient using the shell-vial assay 9 days after initiation 
of TB treatment. Liquid chromatography mass spectrom-
etry (LC/MS) (Acquity I-Class Vion-IMS Q-Tof, Waters, 
https://www.waters.com) detected 0.45 µg rifampin/g in 
the intervertebral disc specimen and 0.04 µg rifampin/g 
in the 2 vertebral bone biopsy specimens; 1 exhibited an-
ti-TB activity. Further dosage with rifampin at 0, 7, and 
14 days postincubation with HEL revealed that 80% of 
the amount of free rifampin was lost at day 14 (Appen-
dix Figure, https://wwwnc.cdc.gov/EID/article/25/11/19-
0431-App1.pdf).

Gouriet et al. reported that 11.5% of Mycobacteri-
um sp. isolates are cultured only in a cell culture assay 
(6). We cultured M. tuberculosis using the shell-vial as-
say after incubating for 17–28 days, in accordance with 
previous studies (5). Our findings confirm the use of the 
shell-vial assay in diagnosis of tuberculosis in patients in 
whom TB is suspected and whose specimens do not grow 
on conventional media, especially after initiating TB 
treatment in patients before sampling. Our observations 
suggest that cell culture medium buffers the anti-TB ac-
tivity of clinical specimens, thus enabling growth of M. 
tuberculosis mycobacteria that are no longer exposed to 
anti-TB activity.
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Figure. Light microscopic 
examination of human 
embryonic lung cells inoculated 
for 28 days from a clinical 
sample from a 47-year-old 
man with Pott’s disease and 
systemic tuberculosis, France. 
A) Cytopathic effect consisting 
of cell lysis caused by growing 
Mycobaterium tuberculosis. 
Original magnification ×200. B) 
M. tuberculosis mycobacteria 
observed after Ziehl-Neelsen 
staining. Original magnification 
×1,000, by oil immersion. C) 
Absence of any cytopathic effect 
in negative control cell culture. 
Original magnification ×200. D) 
Absence of any mycobacteria in 
the negative control cell culture 
after Ziehl-Neelsen staining. 
Original magnification ×1,000 by 
oil immersion.
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During 2008–2018, we collected samples from rodents 
and patients throughout the Czech Republic and charac-
terized hantavirus isolates. We detected Dobrava-Belgrade 
and Puumala orthohantaviruses in patients and Dobrava-
Belgrade, Tula, and Seewis orthohantaviruses in rodents. 
Increased knowledge of eco-epidemiology of hantaviruses 
will improve awareness among physicians and better out-
comes of patients.

The most prevalent hantaviruses in Europe are Tula 
virus, Puumala virus (PUUV), and Dobrava-Belgrade virus 
(DOBV), all orthohantaviruses; PUUV and DOBV cause 
hemorrhagic fever with renal syndrome (1). Four DOBV 
genotypes of different virulences in humans are known: the 
nonpathogenic Saaremaa; Kurkino, which causes mostly 
mild disease; and Dobrava and Sochi, which are both high-
ly pathogenic (2).

Tula virus is the most frequently detected hantavirus 
in rodents in the Czech Republic, followed by PUUV in 
Moravia and DOBV in South Bohemia. The seropreva-
lence of hantaviruses in humans in the Czech Republic is 
1%–1.4% (3). In 2009, one case of DOBV infection in a 
hospitalized patient was reported in the Czech Republic 
(4), and in 2011, two more occurred at the Czech Repub-
lic–Slovakia border (5); in 2017, a fatal DOBV case was 
reported (6). All 4 of these cases were classified as Dobrava 
genotype by PCR and sequencing. Overall, 82 hantavirus 
infections were reported in humans in the Czech Republic 
during 2008–2017 (7). In this study, we aimed to determine 
the location of DOBV reservoirs in the Czech Republic and 
molecularly characterize positive samples.

During 2010–2017, we collected 1,551 wild rodents 
from different locations of the Czech Republic: 618 yel-
low-necked mice (Apodemus flavicollis), 37 wood mice (A. 
sylvaticus), 222 striped field mice (A. agrarius), 445 bank 
voles (Myodes glareolus), 40 common voles (Microtus ar-
valis), and 189 field voles (Microtus agrestis). We trapped 
all rodents as specified by the Animal Protection Act No. 
246/1992 of the Czech Republic. Moreover, we obtained 
61 clinical samples acquired from patients with hantavirus 
infections during 2008–2018; these hantavirus diagnoses 
were based on serologic testing (detection of hantavirus-
specific IgG and IgM) and clinical and laboratory findings 
(fever, renal dysfunction, thrombocytopenia).

We tested human serum samples by Anti-Hantavirus 
Pool 1 “Eurasia” ELISA (IgG and IgM) and confirmed 
previous hantavirus results by immunoblot EUROLINE 
Anti-Hanta Profile 1 (IgG and IgM) (both Euroimmun, 
https://www.euroimmun.com). We isolated RNA from ro-
dent lung samples and human serum, plasma, and whole 
blood samples using QIAamp Viral RNA Kit (QIAGEN, 
https://www.qiagen.com) and QIAzol (QIAGEN) or 
TRIzol (Invitrogen, https://www.thermofisher.com). We 
screened rodent and human RNA samples for hantavirus 
RNA using a reverse transcription PCR that amplified a 
390-bp fragment of the large (L) segment (8). We tested 
L segment–positive samples with additional PCRs target-
ing regions of the medium (M) and small (S) segments 
(4). We analyzed hantavirus sequences using BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi), aligned with 
BioEdit (9), and built phylogenetic trees using MEGA 7.0 
(https://megasoftware.net).
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Of 1,551 rodent samples, 43 (2.77%) were PCR 
positive for hantavirus. These 43 animals were from 3 
sampled localities: Celadna in the Beskydy Mountain 

region (in 2010, n = 9), Petrovice u Karviné (in 2014, 
n = 33), and Velká Stolová Mountain (in 2014, n = 1). 
From 9 hantavirus-positive mice collected in 2010, we 
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Figure. Phylogenetic tree constructed with partial 195-bp fragments of the DOBV large segment from humans and mice, Czech 
Republic, 2010–2018. Sequences from this study (bold) were compared with available sequences from the GenBank database; 
patient numbers are provided, and mouse samples are labeled. Samples with sequences identical to another sample were excluded 
for simplification purposes. Sequences were aligned with BioEdit (9), and the phylogenetic tree was prepared by using MEGA 7.0 
(https://megasoftware.net) and the neighbor-joining method. Analyses were performed with the Jukes-Cantor model by using a gamma 
distribution with 5 rate categories and a bootstrap value of 1,000. The genotype clusters are labeled. Scale bar indicates nucleotide 
substitutions per site. The Puumala virus sequence was used as an outgroup. DOBV, Dobrava-Belgrade virus.



recovered 6 sequences: 2 identical sequences of DOBV 
Dobrava in 2 A. flavicollis mice (GenBank accession no. 
MK605679) and 4 sequences (2 identical) of Seewis virus 
in 3 A. flavicollis mice and 1 A. sylvaticus mouse (Gen-
Bank accession nos. MK605682–4). The Seewis virus 
sequences clustered with sequences derived from shrews 
from the Beskydy Mountain region (GenBank accession 
nos. JQ425316, JQ425337, JQ425340; data not shown). 
From 33 positive A. agrarius mice trapped in Petrovice 
u Karviné, we recovered 10 Kurkino genotype sequences 
with 99.1%–100% similarity (GenBank accession nos. 
MK605680–1). We detected Tula virus (GenBank acces-
sion no. MK605685) in 1 field vole trapped at Velká Sto-
lová Mountain.

Of 61 seropositive patients, 32 were PCR positive for 
DOBV and 3 PCR positive for PUUV (acquired outside of 
the Czech Republic). We recovered partial L segment se-
quences from 28 of 32 DOBV-positive patients (GenBank 
accession nos. MK605641–65). Because of low quality, 
we manually shortened these sequences to 195 bp. We ob-
tained partial (264-bp) M segment sequences from 6 pa-
tients (GenBank accession nos. MK605666–71) and partial 
(531-bp) S segment sequences from 7 patients (GenBank 
accession nos. MK605672–8). We constructed phylogenet-
ic trees to compare the virus sequences from humans and 
rodents. Analysis of the L segment revealed that samples 
clustered into 2 separate groups by DOBV genotype (Do-
brava or Kurkino), and virus sequences from the same ar-
eas (regardless of human or rodent origin) clustered into the 
same clades (Figure). Clustering by DOBV genotype was 
also observed in phylogenetic trees constructed with the M 
and S segments (data not shown).

Most Dobrava-positive patients were from the moun-
tain regions Jeseniky (northwest Silesia) and Beskydy 
(south Silesia), whereas Kurkino cases occurred in the low-
lands between these 2 mountain regions (Appendix Figure, 
https://wwwnc.cdc.gov/EID/article/25/11/19-0449-App1.
pdf). The only confirmed fatal DOBV case in the Czech 
Republic was in a patient living in Kladno District, Central 
Bohemia region (6). The geographic distribution of DOBV 
genotypes seems to be linked with the distribution of 
Apodemus spp. mice (10). The higher number of hantavirus 
cases in Silesia might be caused by an increased prevalence 
of DOBV in rodents or could be the result of an increased 
awareness of DOBV among local physicians.
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We isolated Tamdy virus (TAMV; strain XJ01/TAMV/Chi-
na/2018) from Hyalomma asiaticum ticks infesting Bactrian 
camels in Xinjiang, China, in 2018. The genome of the strain 
showed high nucleotide similarity with previously described 
TAMV strains from Asia. Our study highlights the potential 
threat of TAMV to public health in China.

Tamdy virus (TAMV) was first isolated from the tick 
species Hyalomma asiaticum asiaticum collected from 

sheep in the Tamdinsky district of the Bukhara region, Uz-
bekistan, in 1971 (1). Subsequently, large-scale surveil-
lance of TAMV from Ixodidae ticks using newborn mice 
successfully isolated 47 TAMV strains from various tick 
species from Armenia, Kazakhstan, Kyrgyzstan, Turk-
menistan, and Uzbekistan, highlighting both its widespread 
distribution and its ability to infect mammals (2). Recently, 
TAMV was identified in Turkey from Hyalomma spp. ticks 
collected from Meriones tristrami gerbils in the Middle 
East (3). Sequence comparison and phylogenetic analyses 
of full-length TAMV genomes from different subspecies of 
H. asiaticum ticks taxonomically classified it in the genus 
Nairovirus, family Bunyaviridae (4). TAMV was also de-
tected in 1973 from a febrile patient in Kyrgyzstan (5).

In May 2018, fourteen ticks attached to 2-humped 
Bactrian camels (Camelus bactrianus) were collected 
from a camel farm in Xinjiang, China. We extracted total 
RNA of the ticks using the E.Z.N.A. Total RNA Kit (Ome-
ga Bio-tek, https://www.omegabiotek.com). We used a  

transcriptomics approach to investigate the viruses har-
bored by the ticks and used the BGI mRNA Library Prepa-
ration protocol according to MGIEasy mRNA Library Prep 
Kit (BGI, https://www.bgi.com) to construct the RNA se-
quencing libraries for each tick. We conducted paired-end 
(100-bp) sequencing of each RNA library on the BGISEQ-
500RS platform (BGI). We obtained 493,090,699 raw 
reads and then adaptor and quality trimmed them with 
the Fastp program (6), resulting in a total of 492,344,756 
clean reads. These reads were de novo assembled using 
Trinity (7) with default settings. We compared the as-
sembled contigs using BLASTn (http://blast.ncbi.nlm.nih.
gov/blast.cg) against the nucleotide database downloaded 
from GenBank, with an E-value cutoff set at 1 × 10−5.

We identified contigs annotated as the large (L), me-
dium (M), and small (S) gene segments of TAMV (fam-
ily Nairoviridae, genus Orthonairovirus) in 1 tick (pool 
10). To confirm the assembled viral contigs, we mapped 
reads back to the full-length genome of the TAMV strain 
LEIV-1308Uz (GenBank accession nos. KP792726–8, cor-
responding to the L, M, and S gene segments) as reference 
with Bowtie2 (8) and inspected using Geneious version 
11.1.5 (Biomatters, Ltd., https://www.geneious.com). After 
removing repetitive reads, we mapped 34,172 reads to the 
L gene segment (depth 252 + SD 120), 60,184 reads to the 
M gene segment (depth: 1186 ± 418), and 8,724 reads to the 
S gene segment (depth 392 + 138). The virus genome ob-
tained comprised L segment (encoding the RNA-dependent 
RNA polymerase [RdRp]), 12,215 bp; M segment (encod-
ing the glycoprotein precursor), 4,565 bp; and S segment 
(encoding the nucleocapsid), 2,005 bp.

We then cultured the grinding fluid supernatant corre-
sponding to pool 10 in Vero cells in Dulbecco Modified Ea-
gle medium. We observed apparent cytopathic effects, such 
as higher cell refractive index, cell shrinkage, size reduc-
tion, rounding, and shedding, in infected Vero cells at 11 
days postinfection (Figure, panel A). The virus strain was 
named XJ01/TAMV/China/2018 (hereafter XJ01). After 2 
passages, we performed further transcriptome sequencing 
of the first- and second-generation virus suspension from 
cell cultures. We assembled the complete genome sequenc-
es of XJ01 again, as described, and found that the TAMV 
genomes from cell cultures were identical to those from the 
original sample.

To confirm the genome sequence of XJ01, we designed 
14 paired primers for Sanger sequencing (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/25/11/19-0512-App1.
pdf). The consensus gene sequences of Sanger sequencing 
of the amplified products were consistent with those from 
transcriptome sequencing and were deposited in GenBank 
(accession nos. MK757580–2). Sequence comparison re-
vealed that XJ01 was highly similar to 3 previously de-
scribed TAMV strains from Asia; sequence identities were 
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94.8%–94.9% for the L segment, 93.5%–94.7% for the M 
segment, and 95.4%–96.8% for the S segment.

Phylogenetic analysis of representative strains of the 
family Nairoviridae using RAxML (9) revealed that the 4 

TAMV strains clustered with high bootstrap support and fell 
within the Orthonairovirus genus in the RdRp tree (Figure, 
panel B). In addition, they were closely related to several 
other orthonairoviruses from ticks, including Burana virus, 
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Figure. Identification of the Tamdy virus (TAMV) strain XJ01/TAMV/China/2018 from Hyalomma asiaticum ticks infesting Bactrian 
camels in Xinjiang, China, 2018, by cell culture and phylogenetic analysis. A) Light micrographs of cytopathic effects caused by TAMV 
infection at 11 days postinfection. Left, normal Vero cells as control; right, infected Vero cells with apparent cytopathic effects (black 
arrows). Original magnification ×100. B) Phylogenetic analysis of the RNA-dependent RNA polymerase protein sequences of TAMV and 
representative viruses in the family Nairoviridae. Scale bar indicates nucleotide substitutions per site. Star indicates strain from this study.



Tacheng tick virus 1, and Pacific coast tick nairovirus in all 
the RdRp, glycoprotein precursor, and nucleocapsid trees 
and formed a small cluster in the Orthonairovirus genus 
(Figure, panel B; Appendix Figures 1, 2).

We also obtained the cytochrome c oxidase gene se-
quence of the tick and deposited it in GenBank (accession 
no. MK757583). A BLASTn search (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) revealed that the top hit was from H. 
asiaticum (GenBank accession no. KX882103.1) with se-
quence identity of 99%; this species is a widely distributed 
tick in China, especially in northwestern China (10).

In summary, we identified a TAMV strain from Ixo-
did ticks collected in Xinjiang, China, that poses a threat to 
public health in Xinjiang and even globally. Because of the 
ability of TAMV to infect mammals including humans, the 
lack of effective antiviral drugs and prophylactic vaccines, 
and the widespread distribution of its major host in China, 
extensive TAMV surveillance is urgently needed.
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An avian influenza A(H6N5) virus with all 8 segments of 
North American origin was isolated from wild bird feces in 
South Korea. Phylogenetic analysis suggests that this virus 
may have been introduced into Asia by wild birds, highlight-
ing the role of wild birds in the dispersal of these viruses.

Avian influenza viruses (AIVs) have evolved into phylo-
genetically independent lineages as a result of separated 

distribution and migration of wild waterfowl, which are the 
natural reservoir of the viruses, because of natural geograph-
ic barriers. However, the ecologic separation of the migrat-
ing hosts seems incomplete, as some species of wild water-
fowl (e.g., Northern pintails) migrate across the Bering Strait 
and serve as an intercontinental bridge for AIV between Eur-
asia and North America (1). Evidence for intercontinental 
exchange of AIV has been reported more frequently along 
continental margins where migratory flyways overlap, such 
as western Alaska (2); previous studies have described the 
exchange of gene segments or dispersal of complete virus 
between the 2 continents through migratory bird movements 
(2–4). We report detection of a fully North American AIV 
A(H6N5) subtype from South Korea during 2017. 

During September 2017–March 2018, a total of 4,403 
fresh fecal samples were collected in wild bird habitats 
of South Korea as part of an annual surveillance program 
for AIV. The sampling was focused on waterfowl at fresh-

water habitats such as rivers, streams, and reservoirs. We 
screened the samples for influenza A virus by real-time 
reverse transcription PCR (rRT-PCR) targeting the matrix 
gene and by embryonated chicken egg inoculation. A to-
tal of 131 samples tested positive for the matrix gene rRT-
PCR; 58 AIV subtypes were isolated, including 1 H1N1, 
6 H1N2, 2 H1N3, 1 H3N8, 4 H5N2, 3 H5N3, 40 highly 
pathogenic H5N6 (5), and 1 H6N5. We sequenced full-
length genomes of the isolates using next-generation se-
quencing, as described previously (5). We deposited the 
nucleotide sequences of A/Mandarin duck/Korea/K17-
1638-5/2017(H6N5) virus (hereafter 1638-5/2017 virus) in 
GenBank (accession nos. MK830100–7). 

The Gimpo area (37°43′37″N, 126°39′54″E), from 
where the H6N5 virus was isolated, is one of the major 
wintering sites of such migratory birds as the greater white-
fronted goose (Anser albifrons), bean goose (Anser faba-
lis), mallard (Anas platyrhynchos), and Eastern spot-billed 
duck (Anas poecilorhyncha) (Appendix 1 Figure 1, http://
wwwnc.cdc.gov/EID/article/25/11/19-0604-App1.pdf). We 
identified the host of influenza A virus–positive feces using 
a DNA barcoding technique (5). We conducted comparative 
phylogenetic analysis of the 1638-5/2017 virus to trace its 
origin. For each segment, we aligned sequences with most 
of the closest full-length related sequences obtained from 
BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and used 
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Figure. Maximum-likelihood phylogenetic trees indicating relationships between Eurasian (black circles) and North American (white circles) 
lineages of avian influenza A viruses. Black arrows indicate genome sequences of A/Mandarin duck/Korea/K17-1638–5/2017(H6N5) virus 
isolated in this study. Bootstrap values >99% are shown. Maximum-likelihood phylogenetic trees with complete strain names are shown in 
Appendix 1 Figure 2 (http://wwwnc.cdc.gov/EID/article/25/11/19-0604-App1.pdf). Scale bars indicate nucleotide substitutions per site.  
HA, hemagglutinin gene; M, matrix gene; NA, neuraminidase gene; NP, nucleoprotein gene; NS, nonstructural gene; PA, polymerase acidic 
gene; PB, polymerase basic gene.



these sequences for phylogenetic analysis. We constructed 
maximum-likelihood phylogenetic trees using the general 
time-reversible plus gamma substitution model with 1,000 
bootstrap replications in RAxML version 8 (6).

Search results in the BLAST database indicated that 
all 8 viral gene segments of the 1638-5/2017 virus shared 
>98% nucleotide identity with North American wild bird 
AIV collected during 2015–2017 (Appendix 1 Table). 
Only genetic sequences of North American ancestry virus 
were in the sequencing data from 1638-5/2017 virus, sug-
gesting the absence of contamination of viral genes from 
Eurasian-lineage virus during the sampling and virus isola-
tion. Consistent with these findings, maximum-likelihood 
phylogenetic analysis indicated that all 8 gene segments 
clustered together with the sequences of AIV isolated from 
North American wild birds during 2016–2017, rather than 
those of Eurasian isolates (Figure; Appendix 1 Figure 2; 
Appendix 2, http://wwwnc.cdc.gov/EID/article/25/11/19-
0604-App2.xlsx). These results strongly suggest the intro-
duction of AIV of North American ancestry into Eurasia by 
wild birds.

The high nucleotide similarity of each gene segment 
with North American AIV identified during 2015–2017 
suggests that the genome constellation of the 1638-5/2017 
virus had been recently dispersed from North America 
to Eurasia. Mandarin ducks (Aix galericulata) are found 
mainly in the Far East and Southeast Asia, within the East 
Asian–Australasian flyway, and are not recognized as mak-
ing regular movements between Eurasia and North Amer-
ica. The 1638-5/2017 virus might have been introduced 
from North America into Eurasia by wild birds migrating 
between Eurasia and North America and then been trans-
mitted to Mandarin ducks.

Repeated reports of intercontinental transmission 
of AIV, particularly detections of fully Eurasian AIV, in-
cluding H8N4 (4) and H9N2 (7); H16N3 (8) and highly 
pathogenic H5Nx (3) in North America; and the fully 
North American H6N5 virus in South Korea (this study) 
suggest that dispersal of AIV between Eurasia and North 
America is bidirectional and might not be exceedingly rare 
(2,7). Bahl et al. reported that the multiple introductions 
of Eurasian H6 AIV resulted in the establishment of vi-
ral sublineages in the North American AIV gene pool and 
changed the evolutionary dynamics of AIV in wild birds 
in North America (9). In addition, the North American N8 
subtype gene has been established in wild bird populations 
migrating through the East Asian–Australasian flyway and 
was identified from a chicken farm and live bird market in 
South Korea (10). Enhanced influenza surveillance along 
migratory flyways and complete genome sequencing of 
identified viruses would be essential for better understand-
ing of the intercontinental migrations of AIV and for early 
detection of the introduction of novel strains.
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In 2018, an immunosuppressed woman in southern Taiwan 
had onset of fever, chills, myalgia, malaise, thrombocytope-
nia, lymphocytopenia, and elevated hepatic transaminases. 
Investigation revealed infection with Ehrlichia chaffeen-
sis. This autochthonous case of human monocytotropic 
ehrlichiosis was confirmed by PCR, DNA sequencing,  
and seroconversion.

Human monocytic ehrlichiosis (HME) is an acute, fe-
brile, tickborne disease caused by the bacterium Eh-

rlichia chaffeensis. HME was first reported in the United 
States in 1986 (1), and >1,000 ehrlichiosis cases have been 
reported annually since 2012 (https://www.cdc.gov/eh-
rlichiosis/stats/index.html). In Asia, however, only a limit-
ed number of HME cases have been reported in 3 countries 
(Thailand, South Korea, and China) (2–4). 

Clinical manifestations of HME range from mild fe-
brile illness to severe multiple organ failure. The most 

common symptoms of HME are fever, headache, myalgia, 
malaise, nausea, vomiting, diarrhea, and abdominal pain 
(5–7), which are difficult to differentiate from the symp-
toms of other febrile infectious diseases. Therefore, HME 
must be confirmed by laboratory diagnosis. 

Although HME has not been documented in Taiwan, 
serologic evidence of Ehrlichia spp. has been detected in 
small mammals, such as Rattus norvegicus, R. losea, and 
Bandicota indica rats that are found around international 
and local harbors (8). In addition, Haemaphysalis flava 
ticks infected with Ehrlichia spp. have been collected from 
pale thrush birds (Turdus pallidus) and identified in Tai-
wan (9). We report an autochthonous human case of E. 
chaffeensis infection in Taiwan.

In mid-July 2018, a 66-year-old woman living in the 
Namaxia District of Kaohsiung City in southern Taiwan 
was admitted to Kaohsiung Chang Gung Memorial Hos-
pital with a 5-day history of intermittent fever (39.8°C), 
chills, myalgias, malaise, mild dyspnea, and diffuse ab-
dominal pain. The patient had underlying hypertension, 
type 2 diabetes mellitus, alcoholic fatty liver, and gastro-
esophageal reflux disease. Laboratory examinations at 
admission showed that the patient had thrombocytopenia; 
lymphocytopenia; elevated levels of C-reactive protein, 
aspartate aminotransferase, alanine aminotransferase, and 
creatinine; and an increased number of polymorphonuclear 
leukocytes (Table). Whole blood counts were within refer-
ence ranges, and no leukocytopenia was observed. A chest 
radiograph showed mild infiltration over the bilateral lower 
lung fields. Laboratory tests for dengue, influenza A and 
B, hepatitis A, hepatitis B, and hepatitis C viruses were all 
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Table. Laboratory and diagnostic findings for a human case of Ehrlichia chaffeensis infection, Taiwan* 
Laboratory or diagnostic finding Patient value or result Reference value or method 
Leukocytes 5,800/μL 3.9–10.6 × 103/μL 
Red blood cell 4,950,000/μL 3.9–5.4 × 106/μL 
Hemoglobin 14.3 g/dL 12–16 g/dL 
Platelets 27,000/μL 150–400 × 103/μL 
Segment 82.7% 42%–74% 
Lymphocyte 13% 25%–56% 
Creatinine 1.16 mg/dL 0.44–1.03 mg/dL 
Aspartate aminotransferase 97 U/L 0–37 U/L 
Alanine aminotransferase 71 U/L 0–40 U/L 
C-reactive protein 131.2 mg/L <5 mg/L 
Dengue virus Negative Rapid test, ELISA, PCR 
Influenza virus Negative Antigen 
HAV/HBV/HCV Negative HAV IgM (ECLIA), HBV HBsAg 

(ECLIA), HCV Anti-HCV (ECLIA) 
Leptospira interrogans Negative MAT or isolation 
Coxiella burnetii Negative PCR or IFA 
Orientia tsutsugamushi Negative PCR or IFA 
Rickettsia typhi/R. prowazekii Negative PCR or IFA 
R. rickettsii Negative IFA 
R. conorii Negative IFA 
Anaplasma phagocytophilum Negative PCR or IFA 
Ehrlichia chaffeensis Positive PCR or IFA 
*Diagnostic methods based on guidelines on standard operating procedure for laboratory diagnosis provided by Taiwan Centers for Disease Control 
(https://www.cdc.gov.tw). ECLIA: electrochemiluminescence immunoassay; HAV, hepatitis A virus, HBsAG, hepatitis B surface antigen; HBV, hepatitis B 
virus, HCV, hepatitis C virus; IFA, immunofluorescence assay; MAT, microscopic agglutination test. 

 



negative. She was admitted under the impression of atypi-
cal infection and thrombocytopenia.

The patient is a coffee farmer who lives in a rural region 
in Kaohsiung. Although she claimed not to have received 
arthropod or animal bites, small mammals and birds had 
often been seen around her workplace and house. There-
fore, arthropodborne rickettsial diseases were suspected, 
and oral doxycycline (100 mg every 12 h) for 4 days and 
intravenous ceftriaxone (1 g every 12 h) for 7 days were 
prescribed as empirical therapy on the patient’s first day at 
the hospital. Because ehrlichial infection had not been con-
firmed during hospitalization, the patient was discharged 
with a prescription (500 mg cefadroxil monohydrate every 
12 h) to be taken for 5 days because of suspicion of atypical 
bacterial infection.

Blood specimens collected from the patient on day 6 
(acute-phase specimens) and day 20 (convalescent-phase 
specimens) after illness onset were sent to the Taiwan 
Centers for Disease Control (Taipei, Taiwan) for labora-
tory diagnosis of zoonotic diseases. DNA extracted from 
acute-phase blood specimens using the QIAamp DNA 
blood Mini Kit (QIAGEN GmbH, https://www.qiagen.
com) was used to detect Ehrlichia chaffeensis infection 
using a primer set targeting ehrlichial 16S rRNA gene 
(forward primer: AGCGGCTATCTGGTTCGA; reverse 
primer: CATGCTCCACCGCTTGTG) and an E. chaffeen-
sis–specific primer set targeting the nitrogen assimilation 
regulatory protein (ntrX) gene (forward primer: TGCCG-
GTAGATATAGTATCGA; reverse primer: ATTTGCGAT-
GAAGTGCGG) by QuantiNova SYBR green real-time 
PCR (QIAGEN). The PCR products of 16S rRNA (182 
bp; GenBank accession no. MN088851) and the ntrX gene 
sequence (153 bp; GenBank accession no. MN096569) 
were determined and analyzed. The sequence was 100% 
homologous with the sequences of E. chaffeensis strains, 
including the Arkansas, Jax, Saint Vincent, West Paces, 
Wakulla, Osceola, Liberty, and Heartland strains. The PCR 
results were negative for Coxiella burnetii, Orientia tsu-
tsugamushi, typhus group rickettsiae, spotted fever group 
rickettsiae, and Anaplasma phagocytophilum (Appendix 
Table, https://wwwnc.cdc.gov/EID/article/25/11/19-0665-
App1.pdf). Paired (acute- and convalescent-phase) serum 
samples were used to detect antibodies against E. chaffeen-
sis by using indirect immunofluorescence assay according 
to the manufacturer’s recommendation (Focus Diagnos-
tics, https://www.focusdx.com). IgG against E. chaffeen-
sis showed seroconversion (titers ranging from <1:16 to 
1:256) of the paired serum samples. IgG against Coxiella 
burnetii, Orientia tsutsugamushi, typhus group rickettsiae, 
spotted fever group rickettsiae, and Anaplasma phagocy-
tophilum were all negative. The results of the microscopic 
agglutination test and the isolation of Leptospira spp. were 
also negative.

The presence of an HME case highlights the need for 
further studies of the prevalence, geographic distribution, 
and control of this disease in Taiwan. Human monocytic 
ehrlichiosis patients with immunosuppressive conditions, 
such as diabetes, might have a higher risk for hospitaliza-
tion and life-threatening complications (10). In this case, 
the suspicion of rickettsial infection was based on the pa-
tient’s potential exposure to arthropodborne pathogens at 
her workplace and home, and the patient responded quickly 
to doxycycline treatment. Physician awareness of HME 
and early diagnosis and treatment are essential to improve 
disease outcomes. 
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During August–October, 2018, an outbreak of severe respi-
ratory illness was reported among poultry slaughter plant 
workers in Virginia and Georgia, USA. A multiorganizational 

team investigated the cause and extent of illness, deter-
mined that the illness was psittacosis, and evaluated and 
recommended controls for health hazards in the workplace 
to prevent additional cases.

Psittacosis results from inhalation of aerosolized drop-
pings or respiratory secretions of birds infected with 

Chlamydia psittaci. During 2008–2017, a total of 60 cases 
of psittacosis, a nationally notifiable disease in the United 
States, were reported to the National Notifiable Diseases 
Surveillance System (https://wwwn.cdc.gov/nndss).

The most common source of psittacosis in the 
United States is believed to be pet psittacine birds (e.g., 
parrots, cockatoos). The most recent large poultry-as-
sociated outbreaks in the United States were reported 3 
decades ago and were linked to turkeys (1,2). C. psittaci 
prevalence in poultry in the United States is unknown, 
although it has been recently identified in turkeys in 
the United States (3) and turkeys and chickens overseas 
(4,5). Poultry can be infected but show no overt signs of 
illness (6).

During August 31–September 4, 2018, the Virginia 
Department of Health (VDH) received reports of 10 per-
sons, all workers at the same chicken slaughter plant, hos-
pitalized with fever, headache, cough, and radiographic ev-
idence of pneumonia. Lower respiratory tract specimens (2 
bronchoalveolar lavage and 1 sputum) from 3 hospitalized 
workers were positive for C. psittaci by real-time PCR tar-
geting the C. psittaci locus tag CPSIT_RS01985 (7), per-
formed at the Centers for Disease Control and Prevention 
(CDC; Atlanta, GA, USA). The Virginia plant suspended 
operations on September 8.

On September 12, the Georgia Department of Public 
Health (GDPH) was notified that 3 employees of a Georgia 
chicken slaughter plant owned by the same company were 
hospitalized with pneumonia. C. psittaci was detected in 
sputum samples from all 3 patients. The Georgia plant sus-
pended operations on September 15.

After plant closures, VDH and GDPH staff inspected 
the respective plants, which both slaughter only chickens, 
and collected environmental samples to test for C. psittaci. 
Staff collected samples from areas where workers were 
close to or directly handled live chickens or carcasses. En-
vironmental samples were tested for chlamydial species 
by using real-time PCR, followed by high-resolution melt 
analysis (8), at the University of Georgia Infectious Dis-
ease Laboratory (Athens, GA, USA).

The company held employee meetings in each state 
and invited VDH and GDPH representatives to provide 
outbreak information and conduct active case finding. 
VDH and GDPH initiated investigations of cases and po-
tential risk factors. A case was defined as illness in a work-
er employed during August 1–September 7, 2018, at the  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 11, November 2019 2143

RESEARCH LETTERS

1These authors contributed equally to this article.



Virginia plant, or during August 13–September 28, 2018, 
at the Georgia plant, who had either physician-diagnosed 
pneumonia, or fever or chills with ≥2 symptoms of head-
ache, cough, or muscle aches. A confirmed case required 
PCR detection of C. psittaci in a clinical specimen.

At the Virginia plant, 50 cases (including 5 confirmed) 
were identified; 30 cases (including 8 confirmed) were 
identified at the Georgia plant. PCR cycle threshold values 
for the 13 confirmed cases ranged from 26 to 37. Using 
sequencing of the outer membrane protein A (ompA) gene, 
we identified genotype D of C. psittaci in patient speci-
mens; this genotype is most often found in poultry (4,5). 
Cases occurred during August 3–September 8 in Virginia 
and August 17–October 22 in Georgia.

We provide detailed characteristics for all patients 
(ill workers) (Table). A total of 58% of patients were 
men (age range 19–58 years). Bird evisceration was the 
most common job duty or title (reported by 53% of ill 
workers), consistent with previous psittacosis outbreaks 
(1,2,9,10). Twenty-nine workers were hospitalized (3 
in intensive care) and had stays from 1 to 37 days. No 
deaths were reported.

C. psittaci was not detected in any of the environmen-
tal samples from the Virginia (n = 62) and Georgia (n = 
46) plants. After extensive cleaning with sanitizers, includ-
ing quaternary ammonia, chlorine solutions, and chlorine 
dioxide foam (all registered by the US Environmental 
Protection Agency as effective against C. psittaci), the Vir-
ginia and Georgia plants reopened on September 18 and 
19, respectively. Georgia cases that occurred after the plant  

reopened were attributed to longer incubation periods. The 
incubation period for psittacosis is typically 1–4 weeks 
(6), but illness onset >30 days after exposure was reported 
in the 2 most recent poultry-associated outbreaks in the  
United States (1,2).

At the request of the US Department of Agriculture 
Food Safety and Inspection Service, the National Institute 
for Occupational Safety and Health conducted a health haz-
ard evaluation of the Virginia plant on September 19–20. 
Recommendations to the plant included repositioning cool-
ing fans, ensuring evisceration tools were working proper-
ly, and changes to other work practices to reduce bacterial 
contamination and aerosolization. A health hazard evalua-
tion was not requested at the Georgia plant, but company 
management reported implementing or evaluating options 
to implement all applicable recommendations at the plants.

Clinicians evaluating poultry slaughter plant workers 
with febrile respiratory illness should consider psittacosis 
as a possible diagnosis. In the absence of a more likely di-
agnosis, clinicians should contact state health authorities 
to discuss whether C. psittaci testing should be requested 
through CDC, which has the only laboratory in the United 
States in which PCR testing for human specimens is cur-
rently available.
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Table. Characteristics of chicken slaughter plant workers tested during outbreak of psittacosis, Virginia and Georgia, United States, 
2018 

Characteristic 
No. (%) workers 

Confirmed, n = 13 Other, n = 67 All, n = 80 
Sex    
 M 10 (77) 36 (54) 46 (58) 
 F 3 (23) 31 (46) 34 (42) 
Symptoms 

 
  

 Fever 13 (100) 57 (85) 70 (88) 
 Cough 11 (85) 52 (78) 63 (79) 
 Muscle aches 10 (77) 47 (70) 57 (71) 
 Headache 9 (69) 59 (88) 68 (85) 
 Chills 9 (69) 51 (76) 60 (75) 
 Gastrointestinal* 6 (75) 13 (59) 19 (63) 
Clinical    
 Radiologically confirmed pneumonia 13 (100) 30 (45) 43 (54) 
 Hospitalized 11 (85) 18 (27) 29 (36) 
 Intensive care 3 (23) 0 3 (4) 
Job duties†    
 Evisceration 8 (62) 34 (51) 42 (53) 
 Live-bird handling 3 (23) 6 (9) 9 (11) 
 Cleaning 2 (15) 5 (7) 7 (9) 
 Packing or shipping 1 (8) 13 (19) 14 (18) 
 Inspection or quality assurance 1 (8) 6 (9) 7 (9) 
 Other‡ 0 5 (7) 5 (6) 
*Data for this symptom were not collected in Virginia; numbers reflect only Georgia numerators and denominators (confirmed, n = 8, other, n = 22; total,  
n = 30). 
†In Virginia, 1 patient did not report job duty; in Georgia, 2 patients with confirmed illness and 3 other patients reported multiple job duties. 
‡Includes maintenance and human resources (plant floor–based). 
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Antibodies against PD1 have been used to treat progressive 
multifocal leukoencephalopathy (PML), a rare brain disease 
caused by JC virus. We used these antibodies (nivolumab) 
to treat PML in 3 kidney transplant recipients. All died within 
8 weeks of diagnosis. Hence, nivolumab did not improve 
PML outcome after solid organ transplantation.

The role of T-cell exhaustion in the development of pro-
gressive multifocal leukoencephalopathy (PML), a 

rare brain disease caused by JC virus, has prompted clini-
cians to use immune checkpoint inhibitor molecules to treat 
JC virus–infected patients. Recently, Cortese et al. (1) used 
antibodies against PD1 to treat PML in 8 patients (6 with a 
history of blood disorders and 2 with HIV infection). They 
noted improvement or stabilization of symptoms for 5 pa-
tients but no benefit for the others.

Since 2017, we have treated PML in 3 kidney trans-
plant recipients with a definitive diagnosis, according to the 
American Academy of Neurology (https://www.aan.com) 
consensus, made 5 (range 2–17) years after transplantation. 
We have compiled clinical and radiologic findings for these 
patients (Appendix Figures 1–3, https://wwwnc.cdc.gov/
EID/article/25/11/19-0705-App1.pdf). Since transplanta-
tion, the patients had been receiving mycophenolic acid and 
steroids with either belatacept (n = 1) or tacrolimus (n = 2). 
At PML diagnosis, immunosuppressants were immediately 
withdrawn, and nivolumab (antibodies against PD1) was 
given at a dose of 3 mg/kg every 15 days (2 injections for 2 
patients and 3 injections for 1) (Table). For the patient who 
had received belatacept, we performed 3 apheresis sessions 
to remove the drug before nivolumab initiation. All patients 
died within the first 8 weeks after PML diagnosis because 
of rapid progression of neurologic symptoms. 



Magnetic resonance imaging was performed before 
each injection and a few days before death, but images 
showed no signs of immune reconstitution inflammatory 
syndrome. Conversely, images did show progression of 
PML features. As expected, the percentage of T cells ex-
pressing PD1, which was assessed for 2 patients, dramati-
cally decreased after receipt of nivolumab (Appendix Fig-
ure 4), whereas other inhibitory receptors tested (2b4 and 
CD160) remained stable or increased. In addition, func-
tional analysis showed a reduction of cytokine production 
by CD4+ and CD8+ T cells and an improvement of cyto-
toxic ability, a phenotype compatible with more terminally 
differentiated exhausted cells, which are less likely to re-
spond to anti-PD1 immune checkpoint inhibitor (2).

Research has suggested that PML could occur at any 
time after transplantation (3), even several years after en-
graftment, which was the case for the 3 patients reported 
here. As opposed to the results reported by Cortese et 
al. (1), the outcomes for the 3 patients we report, who 
received nivolumab, was very bad and in line with the 
PML outcomes usually reported after solid-organ trans-
plant patients (i.e., median survival time <6 months) (3). 
The difference between the patients reported by Cortese 
et al. and the patients that we report is probably use of 
immunosuppressive agents (calcineurin inhibitors or co-
stimulation blockers) that can lead to persistent T-cell 
dysfunction, despite withdrawal of these treatments, re-
sulting in refractory T-cell dysfunction after use of anti-
PD1 blockers, as reported in ex vivo experiments (4). 
This hypothesis is supported by the absence of kidney 
rejection in 2 of the 3 patients. Of note, all 5 patients 
reported by Cortese et al. (1) for whom anti-PD1 block-
ers were efficient were not receiving immunosuppressive 
therapy at PML diagnosis. 

Moreover, the 3 patients reported here had profound lym-
phopenia at diagnosis, which for 2 patients did not improve 
after receipt of nivolumab (Table). Although there is no es-
tablished relationship between the severity of lymphopenia 
and the response to anti-PD1, the 3 patients with unfavorable 
outcomes reported by Cortese et al. (1) also had severe lym-
phopenia. This finding suggests that immunotherapies can be 
ineffective in patients with severe lymphopenia. The use of ex 
vivo expanded, BK virus–specific T cells (5) should be tested 
in this setting. For the kidney transplant patients with PML 
reported here, use of nivolumab, associated with immunosup-
pressive therapy withdrawal, did not restore efficient immune 
response and did not improve the outcomes. 
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Table. Characteristics of 3 patients with PML who received nivolumab, France, 2017* 

Patient characteristics 
Total lymphocytes; 

CD4+; CD8+, n/mm3 Clinical course 
Additional 
therapy 

JCV in CSF, 
log10 copies/mL 

Loss of  
kidney function 

Patient 1: age 81 y; 
received transplant 5 y 
before PML diagnosis; 
received treatment with 
Tac, MPA, prednisone 

B: 300; 76; 56/LFU: 
1,000; 602; 250† 

Rapid progression of 
neurologic disorders despite 

2 injections of nivolumab; 
death from progression of 
PML 6 wk after diagnosis 

Mirtazapine  
15 mg/d 

B: 3.5/LFU: NA No 

Patient 2: age 77 y; 
received transplant 2 y 
before PML diagnosis; 
received treatment with 
belatacept, MPA, and 
prednisone 

B: 377; 162; 
106/LFU: 444;  

117; 210‡ 

Rapid progression of 
neurologic disorders despite 

3 injections of nivolumab; 
death from progression of 
PML 6 wk after diagnosis 

Mirtazapine 15 
mg/d;  interferon 
therapy (100 g) 

added 1 day 
after second and 
third injections 

B: 2.9/LFU: 5 Yes 

Patient 3: age 67 y; 
received transplant 17 y 
before PML diagnosis; 
received treatment with 
Tac, MPA, prednisone 

B: 487; 287; 67/LFU: 
2,076; 1,183; 477§ 

Rapid neurologic 
degradation despite 2 

injections of nivolumab; 
death from progression of 
PML 4 wk after diagnosis 

Mirtazapine  
15 mg/d 

B: 2.9/LFU: NA No 

*B, baseline; CSF, cerebrospinal fluid; JCV, JC virus; LFU, last follow-up; MPA, mycophenolic acid; NA, not available, PML, progressive multifocal 
leukoencephalopathy; Tac, tacrolimus. 
†LFU for patient 1 was 1 wk after the second injection of nivolumab. 
‡LFU for patient 2 was 4 d after the third injection of nivolumab. 
§LFU for patient 3 was 1 wk after the second injection of nivolumab. 
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Human yaws has historically been endemic to Kenya, but 
current epidemiologic data are lacking. We report serop-
revalence for Treponema pallidum antibodies in olive ba-
boons (Papio anubis) and vervet monkeys (Chlorocebus 
pygerythrus) in Laikipia County, Kenya. Our results suggest 
endemicity of the yaws bacterium in monkeys, posing a 
possible zoonotic threat to humans.

Yaws is a disease caused by the bacterium Treponema 
pallidum subsp. pertenue, which is believed to be an 

exclusively human pathogen (1). However, this bacterium  

has recently been identified in African nonhuman pri-
mates (NHPs) (2), raising concerns about a possible 
zoonotic reservoir for human infection. Kenya is 1 of 76 
countries that the World Health Organization categorizes 
as previously endemic for yaws, but no current data sup-
port its presence or absence (http://apps.who.int/gho/data/
node.main.NTDYAWSEND). However, sustainable yaws 
eradication will rely on information about transmission 
dynamics and potential links between human and NHP T. 
pallidum strains (3).

In the early 1960s, Fribourg-Blanc and Mollaret tested 
150 serum samples from wild-caught baboons (Papio sp.) 
from Guinea and Kenya (4). Although 72 (65%) of 111 
serum samples from Guinea were positive for T. pallidum 
antibodies, none of the samples from Kenya were positive. 
In subsequent years, an additional 276 serum samples from 
baboons in Kenya supported the absence of T. pallidum in-
fection. However, a more recent study of baboon samples 
collected during 1977–1994 in Kenya reported serologic 
evidence of T. pallidum infection in Nanyuki, Laikipia 
County (prevalence 57.5%) (5). For our study, we hypoth-
esized that 39 years after the first samples were positive for 
antibodies against T. pallidum in Nanyuki (5), infection is 
still present in the NHP population.

All animal protocols were approved by the Kenya 
Wildlife Service (permit #4004), the Institute of Primate 
Research Scientific and Ethics Review Committee, and the 
Smithsonian Institution Animal Use and Care Committee. 
In October 2016, we sampled 65 olive baboons (Papio 
anubis) and 2 vervet monkeys (Chlorocebus pygerythrus) 
at sites surrounding the Mpala Research Centre in Laiki-
pia County, Kenya. We performed a preliminary serologic 
screening by using the immunochromatographic Dual 
Path Platform (DPP) HIV-Syphilis Assay (Chembio Di-
agnostic Systems, Inc., http://chembio.com) according to 
the manufacturer guidelines. This syphilis (T. pallidum) 
assay is a useful screening tool because antibodies against 
Treponema subspecies are cross-reactive (6). We tested 
67 samples with the DPP assay; 49 were positive and  
18 negative.

However, because this test is not certified for use with 
NHPs, we subsequently confirmed results by using the T. 
pallidum Particle Agglutination Assay (TPPA) (SERODIA 
TPPA, https://www.fujirebio-us.com), which has been vali-
dated for use in baboons (7). Of the 52 samples tested with 
the TPPA assay, there were 33 positive, 6 negative, and 13 
inconclusive results. Inconclusive TPPA results indicate 
nonspecific antibodies reacting with nonsensitized par-
ticles. Because of limited sample material, we were unable 
to perform repeated testing with a preabsorption step to 
remove all nonspecific binding antibodies (as described in 
the assay manual) and therefore excluded the inconclusive 
TPPA results from our analysis.
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If we defined seropositive monkeys as those with posi-
tive results for the TPPA or DPP, 1 of 2 vervet monkeys 
and 53 (85.5%) of 62 baboons were seropositive. Male ba-
boons (90.4%, 38/42) had a relative seropositivity risk ratio 
of 1.3 (95% CI 0.984–1.858) when compared with female 
baboons (72.2%, 13/18); however, this difference was not 
significant (p = 0.111 by Fisher exact test). If we includ-
ed age, in addition to sex, in the analysis, adult male and 
female baboons both showed 100% seropositivity (21/21 
and 10/10, respectively). Subadult males and females also 
showed seropositivity of 100% (6/6 and 1/1, respectively). 
Juveniles had a combined seropositivity of 61.1%: a total 
of 81.8% (9/11) of males and 28.6% (2/7) of females were 
seropositive. Infants had the lowest seroprevalence rate 
(50%, 2/4) (Table).

None of the tested NHPs had overt clinical signs of in-
fection, such as skin lesions, which might have contained T. 
pallidum DNA. However, several other studies found that 
NHPs are frequently seropositive for T. pallidum antibod-
ies without clinical lesions (5,8,9). Because wild NHPs are 
not treated and bacterial clearance is unlikely, the absence 
of lesions presumably corresponds to the latency stage of 
infection, which is also a key characteristic of human trepo-
nematoses (10). Future molecular investigations should in-
clude nontreponemal tests to further support the assump-
tion that animals are in the latency stage and should target 
the DNA of the pathogen, which would enable compari-
son of T. pallidum strains of NHP origin from Kenya with 
those infecting NHPs in neighboring countries and possibly 
humans. In Tanzania, a country that has a similar history 
of previous yaws endemicity in humans and lacks current 
prevalence data, clinical lesions have been documented 
in olive baboons, vervet monkeys, yellow baboons, and 
blue monkeys, in addition to widespread seroprevalence 

in NHPs closely matching previous human infection geo-
graphic distribution (9).

Our results suggest that evidence of Treponema expo-
sure in NHPs continues to be present in Laikipia County al-
most 4 decades after it was first detected. Our data provide 
further evidence that, in East Africa, T. pallidum infection 
is endemic to NHPs and that multiple NHP taxa contain 
antibodies indicating latent infection. Providing reliable 
information on the epidemiology of treponematoses in hu-
mans and NHPs has major programmatic implications for 
yaws eradication. Under a One Health approach, we call 
for additional yaws surveillance in communities in Kenya, 
especially in regions where NHPs and humans coexist.
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Table. Demographic data and serologic results for nonhuman 
primates sampled for Treponema pallidum antibodies, Laikipia 
County, Kenya, October 2016* 

Species, age group† 
No. positive/no. tested (%) 
Male Female 

Olive baboon (Papio anubis)  
 Adult 21/21 (100) 10/10 (100) 
 Subadult 6/6 (100) 1/1 (100) 
 Juvenile 9/11 (82) 2/7 (29) 
 Infant  2/4 (50) ND 
 Subtotal 38/42 (90) 13/18 (72) 
Vervet monkey (Chlorocebus pygerythrus)  
 Adult 0/1 (0) ND 
 Juvenile 1/1 (100) ND 
 Subtotal 1/2 (50) ND 
Total 39/44 (89) 13/18 (72) 
*Samples were tested by using the Dual Path Platform Assay or the 
Treponema pallidum Particle Agglutination Assay. ND, not done. 
†Age ranges for P. anubis baboons, infant, <1.3 y; male juvenile, 1.3–6 y; 
female juvenile, 1.3–5 y; male subadult, 6–9 y; female subadult 5–6 y; 
male adult, >10 y; female adult, >6 y (Appendix reference 1, 
https://wwwnc.cdc.gov/EID/article/25/11/19-0716-App1.pdf). Age ranges 
for C. pygerythrus monkeys: juvenile, 22–40 mo; adult, >40 months 
(Appendix reference 2). 
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We characterized exposures and demographics of Middle 
East respiratory syndrome coronavirus cases reported to the 
Saudi Arabia Ministry of Health during July 1–October 31, 
2017, and June 1–September 16, 2018. Molecular character-
ization of available specimens showed that circulating virus-
es during these periods continued to cluster within lineage 5.

Middle East respiratory syndrome (MERS) coronavi-
rus (MERS-CoV) epidemiology in Saudi Arabia is charac-
terized by healthcare-associated outbreaks (1,2), occasion-
al household-contact transmission (3), and sporadic cases 
without apparent links to other known cases (4,5). Since 
2015, healthcare-associated transmission has decreased as 
infection prevention and control practices have improved 
(6); however, sporadic cases continue to be reported, of-
ten associated with contact with dromedaries (4,7). Sur-
veillance and routine investigation of recent MERS cases 
are critical to monitor the epidemiology of this emerging 
pathogen. We characterized exposures and demographics 
of MERS cases reported to the Saudi Arabia Ministry of 
Health during July 1–October 31, 2017, and June 1–Sep-
tember 16, 2018, and performed molecular characterization 
of available specimens to describe circulating viruses dur-
ing these periods.

We summarized demographics and exposures using 
Ministry of Health investigation data. To further character-
ize exposures among sporadic cases (no known epidemio-
logic link to a hospital outbreak or known case) reported 
during July 1–October 31, 2017, we conducted telephone 
interviews using a standardized questionnaire addressing 
demographics and activities during the 14 days before 
symptom onset (exposure period). For deceased or un-
available patients, we interviewed proxies. We did not con-
duct interviews for cases reported during June 1–Septem-
ber 16, 2018; this period was selected because of specimen 
availability. Cases were confirmed by testing respiratory 
specimens with MERS-CoV real-time reverse transcrip-
tion PCR assays (8). We shipped 20 specimens to the US 
Centers for Disease Control and Prevention for genome 
sequence analysis (9).

During July 1–October 31, 2017, a total of 61 MERS 
cases were reported from 12 of 13 administrative re-
gions. Median patient age was 50 (range 10–89) years; 43 
(70%) were male, and 23 (38%) died. Nine (15%) cases 
were associated with a hospital outbreak, 10 (16%) were 
household contacts of known cases, and 42 (69%) were 
classified as sporadic and further investigated. During 
November 2017, we interviewed 35 (83%) sporadic case-
patients, 9 directly and 26 by proxy; 7 were unavailable. 
Among the 42 sporadic case-patients, median age was 57 
(range 25–89) years; 35 (83%) were male, and 33 (79%) 
reported underlying conditions, most commonly diabetes 
(n = 24) and hypertension (n = 23). All were symptom-
atic and hospitalized; 22 (52%) died. During the exposure 
period, 21 (50%) sporadic case-patients reported camel 
contact: 12 had direct contact (touching), 5 indirect con-
tact (visiting a setting with camels or exposure to others 
with direct camel contact), and 4 contact that could not 
be further classified. Among patients with camel contact, 6 
also reported visiting a healthcare facility without a known 
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MERS-CoV outbreak for a reason unrelated to their sub-
sequent MERS illness. Of the 21 sporadic case-patients 
without camel contact, 8 (38%) visited a healthcare facil-
ity without a known MERS-CoV outbreak, 5 (24%) denied 
high-risk (camel- or healthcare-related) exposures, 1 (2%) 
was reclassified after interview as a contact of a previously 
identified case-patient, and 7 (17%) had insufficient expo-
sure data to further characterize.

We analyzed MERS-CoV whole-genome sequences 
from 4 sporadic cases from 2017 (Figure). All sequences 
demonstrated 99.9% nucleotide (nt) sequence identity 
and clustered together within lineage 5, the predominant  

circulating lineage since 2015 (9). Three were from the 
same region and had an identical 3-nt in-frame deletion in 
open reading frame (ORF) 4b (Figure). Among case-pa-
tients with the deletion, 1 had incomplete exposure data, but 
2 reported visiting the same hospital during their nonover-
lapping exposure periods. None reported camel contact. 
The fourth patient did not report high-risk exposures. All 
4 patients died; interviews for 3 were conducted via proxy.

During June 1–September 16, 2018, a total of 32 MERS 
cases were reported from 10 administrative regions (10). 
Median patient age was 56 (range 29–84) years; 28 (88%) 
were male, and 23 (72%) reported underlying conditions, 
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Figure. Phylogenetic tree of MERS-CoV whole-genome sequences obtained in Saudi Arabia (black dots) compared with 472 previously 
published human and camel genome sequences from GenBank. Tree inferred using MrBayes version 3.2.6 (https://nbisweden.github.
io/MrBayes) under a general time-reversible model of nucleotide substitution with 4 categories of γ-distributed rate heterogeneity and a 
proportion of invariant sites. Box at the top of the tree on the left shows location of the tree on the right, showing lineage 5. Δ1 indicates 
3-nt in-frame deletion in open reading frame 4a and Δ2 indicates 66-nt in-frame deletion in open reading frame 1a. Clade-credibility 
values >70% are indicated at selected nodes. Sequences from this study include GenBank accession numbers MK462243–MK462256 
and MK483839. Scale bars indicate nucleotide substitutions per site. MERS-CoV, Middle East respiratory syndrome coronavirus; Hu, 
human; KSA, Kingdom of Saudi Arabia.



most commonly diabetes (n = 19) and hypertension (n = 
15). Eleven (34%) patients died. Seven (22%) cases were 
in household contacts of known cases, 2 (6%) were health-
care-associated, and 23 (72%) were considered sporadic. 
Twelve (52%) sporadic case-patients reported camel con-
tact. We obtained whole-genome sequences from 11 speci-
mens and full or partial spike gene sequences from 5. One 
virus sequence obtained in 2018 from a patient from the Ta-
buk region was most similar to those in the 2017 clade; the 
other 10 virus sequences showed 99.5%–99.9% nt identity 
and formed a separate clade. This clade included a sequence 
from a 2018 case-patient from Saudi Arabia who traveled to 
the United Kingdom. Sequence variability among the 2018 
viruses supports the disparate geographic origin of these 
cases. A case-patient in the Riyadh region who reported no 
high-risk exposures had a 66-nt in-frame deletion in ORF1a 
(Figure; GenBank accession no. MK462255).

In conclusion, dromedary contact was common for re-
cent case-patients with sporadic MERS-CoV in Saudi Ara-
bia, indicating continued zoonotic transmission to humans. 
MERS-CoV infection continues to be reported periodically 
among those without known high-risk exposures, war-
ranting further investigation. Recently circulating viruses 
remain in lineage 5, the predominant circulating strain in 
Saudi Arabia since 2015. Sporadic unique ORF sequence 
deletions continue to be observed, highlighting the impor-
tance of ongoing molecular virology surveillance.
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Mycobacterium microti is a member of the Mycobacte-
rium tuberculosis complex that causes pathology in many 
mammals. M. microti infections have been found in some 
countries in Europe. We report an outbreak of tuberculosis 
caused by M. microti in wild boars in Spain.

Mycobacterium microti is a member of the Mycobac-
terium tuberculosis complex (MTBC), which also 

includes M. tuberculosis and M. bovis, the main causes of 

human and animal tuberculosis (TB), respectively. Even 
though voles and other wild small rodents were initially 
identified as its natural hosts (1), M. microti can cause pa-
thology in a wide range of mammals, including pets, live-
stock, wildlife (2–5), and humans (6). M. microti infections 
have been previously reported in several countries in Eu-
rope, including Switzerland, Italy, and France (3,7–9). We 
report an outbreak of tuberculosis caused by M. microti in 
free-ranging wild boars in the Iberian Peninsula in Spain. 

During June 2017–March 2019, a total of 9 free-rang-
ing wild boars with lesions associated with TB were de-
tected in the outbreak area, covering ≈3,000 hectares in the 
Catalan Pyrenees (Figure). TB was confirmed histologi-
cally, first by hematoxylin and eosin staining (9/9) and then 
by Ziehl-Neelsen staining of acid-fast bacilli (7/9). In all 
cases, submandibular lymph nodes showed granulomatous 
necrotizing lymphadenitis, sometimes with scant acid-fast 
bacilli, similar to that found in M. microti infections previ-
ously described in wild boar, which were generally con-
fined to lymph nodes in the head (7,8). 

To confirm the causative agent for these infections, we 
extracted DNA from tissue samples (DNAExtract-VK, Va-
cunek, http://vacunek.com) and performed real-time PCR 
(TBC-VK, Vacunek), which confirmed MTBC in 6 of 9 
suspected cases. DVR spoligotyping at VISAVET Health 
Surveillance Centre, Universidad Complutense de Madrid, 
identified the pathogen in 4 of the 6 confirmed MTBC cases 
as M. microti (spoligopattern SB0423; Mycobacterium bovis 
spoligotype database, http://www.mbovis.org). In the other 
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Figure. Outbreak area for wild boar tuberculosis (TB) cases, Spain, June 2017–March 2019. Circles show cases of wild boars with TB 
lesions. Stars indicate the location of cattle herds with positive skin tests (not confirmed at slaughterhouse); triangles, pentagons, and 
diamonds show locations of Mycobacterium tuberculosis complex–seropositive ungulates (no tissue samples were obtained from these 
animals). Colors indicate etiologic agent identification: red, M. microti; orange, any M. tuberculosis complex; yellow, unidentified. Different 
hunting areas are indicated. The border between Spain and France and the main village (Vielha) are labelled. Inset maps show location of the 
study area on the Iberian Peninsula. 



2 cases, the laboratory was unable to determine the species 
because of low DNA load from the sample. This result likely 
was due to the slow in vitro growth rate of M. microti in in-
fected animals, which makes it difficult to isolate in routine 
diagnostic laboratories. 

Spoligopattern SB0423 is included in a phylogenetic 
cluster with spoligopattern SB0112, also associated with M. 
microti, on the basis of neighbor joining. Both spoligotypes 
are localized in the eastern French Pyrenees, close to the bor-
ders with Spain and Andorra (3). Most M. microti cases in 
France, found in cats, dogs, and llamas during 2005–2016 
and, since 2015, in wild boars and badgers, have been found 
within 50 km of the outbreak area in Spain. The 2017 M. 
microti cases described in this report were found closer to 
the border with France; the remaining 2 cases, detected in 
2019, were localized near the southern limit of the outbreak 
area (Figure). 

In the outbreak area, up to 18 animals in 3 cattle herds 
showed positive results for a single intradermal tuberculin 
skin test (Figure). However, none of these animals showed 
gross lesions in target tissues (i.e., lungs, pulmonary, and 
retropharyngeal lymph nodes) at a slaughterhouse or posi-
tive results to mycobacterial culture and PCR. Similarly, in 
a recent case in France, a cow reacting to a TB skin test did 
not show TB-like lesions in respiratory tissues and returned 
negative results from cultures, but M. microti DNA was 
finally detected in retropharyngeal lymph nodes only by 
using advanced molecular techniques (5). These results in-
dicate that cattle exposed to M. microti may induce positive 
results to diagnostic tests performed in bovine TB eradica-
tion campaigns. M. microti infection can sometimes cause 
visible lesions in cattle (2), but the fact that M. microti are 
natural knockouts for the virulence-related RD1mic genomic 
region (10) may indicate a lower pathogenicity compared 
with other MTBC species and account for these negative 
test results. 

We tested additional wild ungulates in the outbreak 
area and found that 6 (2 red deer, 1 fallow deer, and 3 cham-
ois) were seropositive for MTBC using a MPB83-specific 
IgG indirect ELISA test (Figure). Unfortunately, no tissue 
samples were submitted to examine for lesions or to detect 
and identify mycobacteria. However, overall positive re-
sults for M. microti and the absence of other MTBC strains 
during the 2017–2019 period in the outbreak area suggest 
a multihost circulation of M. microti. Because voles are 
known maintenance hosts of M. microti (1), further inves-
tigation of wild small rodent populations in the outbreak 
area could determine the epidemiology of this outbreak in 
greater detail. 

These findings, together with previously reported cas-
es nearer the border between France and Spain, indicate 
a transboundary circulation of M. microti across the Pyre-
nean border that should be taken into account for wildlife 

TB surveillance. Coordinated action between animal health 
authorities and laboratories in Spain and France is required, 
as well as the improvement of livestock management and 
biosecurity practices. 
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We estimated the availability of the injectable antimicrobial 
drugs recommended for point-of-care treatment of gonor-
rhea and syphilis among US physicians who evaluated 
patients with sexually transmitted infections in 2016. Most 
physicians did not have these drugs available on-site. Fur-
ther research is needed to determine the reasons for the 
unavailability of these drugs.

Rates of sexually transmitted infections (STIs) are on 
the rise in the United States. Compared with the inci-

dence in 2013, the numbers of reported gonorrhea (+75%) 
and syphilis (primary and secondary, +153%) cases in 2017 
were dramatically increased (1). Timely (optimally same-
day) treatment of bacterial STIs with a highly effective  

regimen is critical for national STI control efforts and can 
help mitigate the development of drug resistance, a particu-
larly pertinent issue for Neisseria gonorrhoeae (2). In ad-
dition, the high number of congenital syphilis cases in the 
United States in 2017 highlights the need for efficient and 
effective treatment of Treponema pallidum infection (3).

The recommended first-line treatment for uncomplicat-
ed gonorrhea is intramuscular ceftriaxone (250 mg) and for 
primary and secondary syphilis is intramuscular penicillin G 
benzathine (2.5 million units) (4). On-site access to these in-
jectable medications in clinics facilitates point-of-care treat-
ment and helps mitigate drug resistance to N. gonorrhoeae 
and T. pallidum when these drugs are used instead of the oral 
antimicrobial drug alternatives. Therefore, we set out to de-
termine a nationally representative estimate of the availabil-
ity of these medications and examine if differences existed 
by geographic location and between offices designated and 
not designated as patient-centered medical homes (PCMHs).

We used the 2016 Physician Induction File of the Na-
tional Ambulatory Medical Care Survey (5) to assess the 
number of physicians who treat patients with STIs and had 
injectable antimicrobial drugs available on-site. The Phy-
sician Induction File is a nationally representative survey 
of office-based, nonfederal physicians in the United States 
and includes information regarding practice characteristics 
and habits. Use of the data is restricted, and access is fa-
cilitated through the Research Data Center, National Center 
for Health Statistics, Centers for Disease Control and Pre-
vention, in Hyattsville, Maryland, USA. A total of 1,030 
physicians (46.2% unweighted response rate), representing 
an estimated 330,581 (95% CI 326,994–334,168) physi-
cians in the United States, completed the Physician Induc-
tion File in 2016. In this survey, physicians who reported 
evaluating or treating patients for STIs were asked which 
antimicrobial drugs they had available on-site for same-
day management of gonorrhea and syphilis, including in-
tramuscular ceftriaxone and penicillin G benzathine at the 
recommended doses. We determined national estimates of 
reported on-site, same-day availability for these antimicro-
bial drugs and stratified results by PCMH designation and 
US region. We used multiple logistic regression models to 
determine if PCMH designation and region were predictive 
of on-site availability of these 2 medications.

An estimated 45.2% (149,483, 95% CI 138,850–
160,116) of office-based physicians indicated that they 
evaluate patients for STIs in their offices. Of these, 77.9% 
(116,479, 95% CI 105,360–127,598) reported not hav-
ing penicillin G benzathine available on-site and 56.1% 
(83,827, 95% CI 73,709–93,945) reported not having cef-
triaxone. Access to both of these drugs was generally high-
er in the South (Table). Physicians in offices not designated 
PCMHs were more likely than those in offices designated 
PCMHs to report lacking on-site availability of ceftriaxone 
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(odds ratio 2.03, 95% CI 1.15–3.57) and penicillin G ben-
zathine (odds ratio 3.20, 95% CI 1.63–6.29) (Table).

Our nationally representative analysis demonstrates 
that most office-based physicians who provide STI services 
reported not having on-site access to the recommended in-
jectable medications for gonorrhea and syphilis manage-
ment. The PCMH designation has been noted as an indica-
tor for quality of care by the American Medical Association 
(6) and thus might be an indication for greater access to 
more complex treatments and supplies, such as injectable 
antimicrobial drugs. In addition, previous research has 
found that PCMHs have larger provider staffs and are affili-
ated with larger medical groups or health systems that may 
have access to greater resources, characteristics that might 
result in these practices having greater access to injectable 
medications to treat gonorrhea and syphilis patients (7). 
Differences in drug availability by region were not statisti-
cally significant; however, we note that the point estimates 
of on-site availability were highest among physicians in 
areas with the highest levels of STIs (the southern United 
States) and where congenital syphilis has been most com-
monly observed (the western United States) (1).

We provide a national estimate of the percentage of 
US physicians treating patients with STIs that report not 
having the recommended antimicrobial drugs on-site for 
same-day treatment of gonorrhea and primary and sec-
ondary syphilis. In light of our findings, we believe that 

future research should focus on determining the factors 
preventing physicians from providing these medications 
on-site. The costs of obtaining and carrying these medica-
tions, as well as issues of storage and shelf life, should be 
explored to determine if these factors are barriers. In addi-
tion, the implications of prescribing alternative treatments 
or delaying care in situations when medications are not 
readily available on-site should be further explored. Miti-
gating the lack of medication availability to treat these 
infections will help public health officials stop the rise in 
STI disease.
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Table. On-site availability of drugs to manage gonorrhea and syphilis and likelihood of drug nonavailability by type and location of 
clinic, United States, 2016* 

Category 
Weighted population, 

no. (95% CI) 
On-site drug availability, % (95% CI) 

 Likelihood of 
nonavailability† 

Yes No β OR (95% CI) 
Ceftriaxone, 250 mg, intramuscular 
 PCMH designation‡ 
  Yes 44,028 (35,296–52,760) 54.4 (42.1–66.3) 45.6 (33.7–57.9)  Referent Referent 
  No 89,381 (79,356–99,406) 37.3 (30.0–45.0) 62.7 (55.0–70.0)  0.71 2.03 (1.15–3.57) 
 Region of office§ 
  Northeast 33,384 (28,666–38,102) 34.3 (22.7–47.5) 65.7 (52.5–77.3)  Referent Referent 
  South 45,574 (39,694–51,454) 49.0 (38.4–59.6) 51.0 (40.4–61.6)  0.63 0.53 (0.27–1.06) 
  Midwest 33,296 (28,374–38,218) 41.4 (28.9–54.8) 58.6 (45.2–71.1)  0.28 0.76 (0.35–1.64) 
  West 37,228 (31,038–43,418) 48.6 (35.8–61.6) 51.4 (38.4–64.2)  0.62 0.54 (0.26–1.14) 
Penicillin G benzathine, 2.5 million units, intramuscular 
 PCMH designation‡ 
  Yes 44,028 (35,296–52,760 34.2 (23.2–46.6) 65.8 (53.4–76.8)  Referent Referent 
  No 89,381 (79,356–99,406) 14.6 (9.5–21.1) 85.4 (78.9–90.5)  1.16 3.20 (1.63–6.29) 
 Region of office§ 
  Northeast 33,384 (28,666–38,102) 17.8 (8.9–30.3) 82.2 (69.7–91.1)  Referent Referent 
  South 45,574 (39,694–51,454) 32.1 (22.8–42.5) 67.9 (57.5–77.2)  0.83 0.43 (0.19–1.00) 
  Midwest 33,296 (28,374–38,218) 15.5 (7.3–27.3) 84.5 (72.7–92.7)  0.22 1.25 (0.46–3.39) 
  West 37,228 (31,038–43,418) 19.6 (9.4–33.8) 80.4 (66.2–90.6)  0.13 0.88 (0.32–2.40) 
*The data source was the National Center for Health Statistics, National Ambulatory Medical Care Survey (5). All analyses were conducted by using 
SUDAAN (https://www.rti.org/impact/sudaan-statistical-software-analyzing-correlated-data) to account for the complex sampling design of the survey. OR, 
odds ratio; PCMH, patient-centered medical home. 
†Likelihood determined by using a logistic regression model that included the factors PCMH designation and region of country.  is the coefficient of the 
variable, indicating direction and strength of the association. 
‡PCMH designation of first-listed National Ambulatory Medical Care Survey–sampled office. An estimated weighted total of 149,483 office-based 
physicians indicated that they evaluate patients for or treat patients with sexually transmitted infections at their first-listed sampled office. PCMH data were 
missing (i.e., the physician refused to answer, did not know, or left blank or an instrument error occurred) for 10.8% of weighted office-based physicians 
treating gonorrhea and syphilis. 
§Estimates might not sum to the estimated weighted total because of rounding of weighted numbers. 
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Diphyllobothriosis is a reemerging zoonotic disease be-
cause of global trade and increased popularity of eating 
raw fish. We present molecular evidence of host switch-
ing of a human-infecting broad fish tapeworm, Dibothrio-
cephalus latus, and use of salmonids as intermediate or 
paratenic hosts and thus a source of human infection in 
South America.

Diphyllobothriosis is an emerging zoonotic disease 
caused by broad fish tapeworms. Except for the Pa-

cific broad tapeworm (Adenocephalus pacificus), whose 
life cycle is completed in the sea, all species of the genus 
Dibothriocephalus (formerly in Diphyllobothrium) were 
limited to the freshwaters in the Northern Hemisphere (1). 
However, some of these tapeworms also were reported in 
the Southern Hemisphere, including South America, espe-
cially Patagonia, in the 20th century. Although the introduc-
tion routes of these human parasites remain unknown, their 
larvae (plerocercoids) have appeared in South America in 
nonnative but economically important salmonids, such as 
rainbow, brown, and brook trout (2,3).

Several cases of diphyllobothriosis have been reported 
from South America, and plerocercoids of tapeworms iden-
tified as Dibothriocephalus latus and D. dendriticus have 
been reported in fish (Appendix Table 1, https://wwwnc.
cdc.gov/EID/article/25/11/19-0792-App1.pdf). However, 
species identification was based almost exclusively on mor-
phologic characteristics. Considering general uniformity, 
intraspecific variability, and shortage of species-specific 
morphologic traits (especially in plerocercoids), all previ-
ous reports of D. latus and D. dendriticus tapeworms from 
South America need verification (4). Reports concerning 
the most commercially important species of salmonids be-
ing infected with D. latus tapeworms are especially dubi-
ous because this species most likely uses only freshwater 
percid, esocid, and gadid fish as its second intermediate 
hosts in the Northern Hemisphere (1,4).

Reliable identification of plerocercoids, which are the 
source of diphyllobothriosis, is crucial from the epidemi-
ologic point of view because salmonids are of great eco-
nomic value in South America as a food source for local 
populations, sport fishing, and exportation (5). We provide 
molecular evidence of second intermediate or paratenic 
host switching of human-infecting D. latus tapeworms in 
Patagonia, South America. 

We found a total of 44 plerocercoids in 3 salmonid spe-
cies: from Lake Gutiérrez, Rio Negro, Argentina (October 
2017), rainbow trout (Oncorhynchus mykiss), of which 2/7 
fish examined were infected; brown trout (Salmo trutta), of 
which 3/4 were infected; and brook trout (Salvelinus fonti-
nalis), of which 5/10 were infected; and from Lake Alicura, 
Neuquén, Argentina (April 2018), brown trout, of which 
3/4 were infected. Most plerocercoids were encysted in the 
body cavity, mainly among the pyloric ceca, and only a few 
were free in the muscle. We selected, photographed, and 
sequenced the partial cox1 gene of 22 larvae in accordance 
with the procedure described by Wicht et al. (6). We also 
photodocumented morphologic vouchers (hologenophores) 
of sequenced specimens (Figure).

Our morphologic and molecular evaluation revealed 
the presence of D. dendriticus plerocercoids in 12 fish (8 
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in O. mykiss rainbow trout, 2 in S. trutta brown trout, and 
2 in S. fontinalis brook trout); their sequences were iden-
tical with those of D. dendriticus tapeworms from Chile 
(GenBank accession nos. AB623150 and AB623149). 
We also detected the presence of D. latus plerocercoids 
in 10 fish (1 in O. mykiss rainbow trout, 3 in S. trutta 
brown trout, and 6 in S. fontinalis brook trout); these se-
quences were identical with those of D. latus tapeworms 
from Italy (GenBank accession no GU997614) (Appen-
dix Table 2).

D. dendriticus plerocercoids have been reported in 
>50 species of freshwater fish of 12 families, and salmo-
nids represent the principal, most common fish hosts (7). In 
contrast, D. latus plerocercoids have never been confirmed 
reliably in salmonids in the Northern Hemisphere, where 
they occur in relatively few freshwater fish species, such as 
perch (Perca spp.), pike (Esox spp.), ruffe (Gymnocepha-
lus cernua), burbot (Lota lota), and walleye (Sander spp.) 
(4), which are not present in South America. Therefore, D. 
latus tapeworms had to adapt to new second or paratenic 
intermediate hosts (i.e., salmonids) after their introduction 
to the Southern Hemisphere, even though salmonids are 
not suitable hosts in the Northern Hemisphere, where these 
tapeworms occurred originally (1,4).

The origin of freshwater, human-infecting broad fish 
tapeworms in South America remains unknown. Salmonids 
were introduced to Chile (from Germany) and Argentina 
(from the United States) at the beginning of the 20th centu-
ry as eggs or juveniles from a hatchery (8,9). However, no 
evidence indicates that naturally infected salmonids were 
imported to South America. Introduction of adult tape-
worms of Dibothriocephalus spp. through infected humans 
or dogs cannot be ruled out, nor can the introduction of D. 
dendriticus tapeworms by migratory birds (1,4).

Our findings provide evidence of host switching of D. 
latus plerocercoids in Patagonia. Adaptation to new fish 
hosts might have serious epidemiologic consequences be-
cause of the economic importance of salmonids and their 
consumption by humans locally and abroad. Moreover, these 
introduced salmonids currently represent a substantial pro-
portion of the total fish population in most of the lakes in the 
Andes region (5,10). Therefore, parasitologic examination 
of fish before their exportation on ice is necessary to avoid 
emergence of new foci of human diphyllobothriosis.
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Figure. Microphotographs of Dibothriocephalus spp. plerocercoids from 3 salmonid species in Lago Gutiérrez, Patagonia, Argentina. 
A) D. dendriticus and D. latus plerocercoids from Oncorhynchus mykiss rainbow trout. B) D. latus plerocercoids from Salvelinus 
fontinalis brook trout. C) D. dendriticus plerocercoids from Salmo trutta brown trout. D) D. latus plerocercoids from S. trutta brown trout. 
E, F) D. dendriticus plerocercoids from O. mykiss rainbow trout. G) D. latus plerocercoids from S. fontinalis brook trout.
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To the Editor: We read with interest the article by 
Haviari et al. concerning a health care–associated outbreak 
of Achromobacter xylosoxidans infections after prostate 
biopsies (1). Although noteworthy, the description lacks 
some data.

First, the isolates of Achromobacter cannot be referred 
to as A. xylosoxidans from just the method used in this 
study, API 20 NE mass spectrometry (bioMérieux, https://
www.biomerieux.com). Since 2012, a total of 18 species 
have been defined in the genus Achromobacter (2). Only 
multilocus sequence typing or sequencing 765 bp of the 

housekeeping gene nrdA enables the identification of the 
isolates to the species level (3). To date, in the few studies 
available, a great variety of species have been detected in 
clinical samples, with A. xylosoxidans the most predomi-
nant (4,5). Correct identification of the isolates involved in 
all types of infection is necessary to help understand the 
epidemiology, pathogenicity, and resistance pattern of the 
various species.

Second, the antimicrobial drug resistance profiles are 
not given (except for ceftriaxone, which is an intrinsic re-
sistance, and ofloxacin) but again are valuable epidemio-
logic data. This information might help in detecting the 
emergence of new cases in the unit or in other hospitals, as 
well as in discussing the therapeutic options.

Finally, all the bacteria recovered in the container be-
longed to environmental waterborne genera frequently 
encountered in wet sites in hospitals. As discussed by the 
authors, these microorganisms have been involved in con-
tamination of antiseptic solutions containing quaternary am-
monium compounds or chlorhexidine. Unfortunately, the 
authors did not mention which disinfectants were used in 
the biopsy room (for hands, sinks, surfaces, or containers) 
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and did not investigate for these potential sources of con-
tamination. In the absence of identification of any reservoir 
and despite the new measures adopted, new cases might  
still occur.

In conclusion, these missing data are needed for other 
hospitals to identify epidemiogenic Achromobacter iso-
lates. Complete information would help in implementing 
control measures to contain and prevent outbreaks.
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To the Editor: We read with interest the article by 
Martens et al., which analyzed the frequency of mac-
rolide resistance–mediating mutations in Mycoplasma 
genitalium infections in the southeastern region of the 
Netherlands during 2014–2017 (1). The authors reported 
high rates of macrolide resistance in M. genitalium in-
fections (281/827; 34.0%) and observed a decrease in 
the rate in 2017 (115/290; 39.7%) compared with 2016 
(92/207; 44.4%), after an increase in the number of tests  
of cure performed.

Increasing rates of macrolide resistance in M. genita-
lium are a problem not only in the Netherlands but also 
worldwide: 77.4% in New Zealand (2) and 41% in the 
United Kingdom (3). Macrolide resistance in M. genita-
lium as a consequence of single-dose azithromycin treat-
ment has been previously reported (4). European Academy 
of Dermatology and Venereology guidelines recommend 
azithromycin in an extended regimen (500 mg day 1,250 
mg days 2–5, orally) as a first-line treatment, followed by a 
test of cure 4–6 weeks after treatment (5).

In northern Spain, local protocols for the treatment 
of M. genitalium infections are based on the European 
guideline. We performed a prospective/retrospective 
study during August 2015–October 2018. We confirmed 
173 cases of M. genitalium infection; mean patient age 
was 29.4 years, and 57.2% (99/173) were male. We 
found macrolide-resistant M. genitalium strains in 21.8% 
(27/124) patients, which is a lower rate than was found 
in the Netherlands. Most of the patients attending post-
treatment follow-up showed wild-type M. genitalium, and 
only 10.9% (5/46) became resistant to azithromycin treat-
ment, in contrast with 89.6% (60/67) reported by Martens 
et al. We suggest that the decrease in macrolide resistance 
resulted from the increased number of posttreatment fol-
low-ups. Our data confirm this. We believe that giving 
local advice on the basis of extended azithromycin treat-
ment and posttreatment follow-up can limit the spread of 
macrolide resistance.
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On September 28, 2014, a 
42-year-old Liberian man was 

admitted to a Texas hospital and 
quickly placed in isolation with a 
presumptive diagnosis of Ebola virus 
disease (EVD), a diagnosis that was 
subsequently confirmed. When car-
ing for him, staff were advised to use 
personal protective equipment as rec-
ommended by the Centers for Dis-
ease Control and Prevention. Unfortunately, the patient died 
on October 8, and 2 nurses who had cared for him contracted 
EVD (1). This failure of infection control contributed to the 
public spread of panic, served as a wake-up call to the public 
health community, and helped convince the Centers for Dis-
ease Control and Prevention that EVD should be treated only 
in specialized hospitals with highly trained personnel (2).

The following spring, a different deadly virus spread 
rapidly through a modern healthcare system. In South Ko-
rea, over the course of 2 months, an outbreak of Middle 
East respiratory syndrome led to 186 confirmed cases and 
38 deaths; most of the patients contracted the virus within 
healthcare facilities (3).

These examples may be dramatic, but healthcare-asso-
ciated infections are acquired daily and affect an estimated 
4% of all hospitalized patients (4). Patients are infected by 
microbes that are introduced by our actions (e.g., catheter-
associated urinary tract infections), are made more deadly 
for patients with a frail medical status (e.g., influenza), or 
are emerging and resistant (e.g., Candida auris, carbapen-
em-resistant Enterobacteriaceae).

Although we may never win the war against disease-
causing microorganisms, we can celebrate victories. Since 
the practice of infection prevention and control became 
a specialty in the 1960s, healthcare-associated infections 
have decreased substantially (5). New leaders in the field 
of infection prevention and control will always be needed. 
It is for these emerging experts that Lautenbach and col-
leagues have updated their book, Practical Healthcare Epi-
demiology, to a fourth edition. They set forth to provide “a 
pragmatic, easy-to-use reference” that provides “real-world 
advice” as if they were speaking to a person who would be 
running an infection prevention program and who was just 
starting in this field. They have succeeded.

Practical Healthcare Epidemiology covers a broad 
range of topics, organized into appropriately themed sec-
tions. The authors speak with authority, and there are no 
weak chapters. The chapter “Ethical Aspects of Infection 
Prevention,” a subject that is often given short shrift, is it-
self worth the price of admission.

The 56 listed contributors are a major source of 
strength, but they also contribute to the book’s minor 
weaknesses. Organizational consistency is lacking across 
chapters and even within chapters (e.g., the terms “anti-
biotic” and “antimicrobial” are used interchangeably). 
I found it slightly annoying that despite being aimed at 
“fledgling healthcare epidemiologists,” the book contains 
no job description for this position and uses “healthcare 
epidemiologist” and “hospital epidemiologist” synony-
mously, without explanation.

But enough nit-picking. Practical Healthcare Epide-
miology is valuable not just for its intended audience of 
new practitioners but for anyone involved in infection 
prevention and control. I especially recommend it for 
those looking for a practical, easy-to-understand—but not  
simple—resource.

Edward Lifshitz
Author affiliation: New Jersey Department of Health, Trenton,  
New Jersey, USA
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Among Europe’s oldest gardens are those at the Real 
Alcázar Palace in the heart of Seville, Spain. This 

palace and its gardens were designated as an UNESCO 
World Heritage Site in 1987. During 1910, King Alfonso 

XIII summoned artist Joaquin Sorolla y Bastida to Seville 
to paint a portrait of the king for the Hispanic Society of 
America. While waiting 3 weeks for the king’s arrival, 
Sorolla completed 18 paintings, including Court of the 
Dances, Alcázar, Sevilla, this issue’s cover art, one of a 
pair of paintings that shows different views of the same 
resplendent garden known for its fruit trees, produce, and 
fragrant flowers.
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Joaquin Sorolla y Bastida (1863–1923). Court of the Dances, Alcázar, Sevilla, 1910 (detail). Oil on canvas, 37.5 × 25 in./95.2 × 63.5 
cm. Digital image courtesy of the Getty’s Open Content Program, The J. Paul Getty Museum, Los Angeles, CA, USA.

ABOUT THE COVER

“Many Things Grow in the Garden That  
Were Never Sown There”

Byron Breedlove

Author affiliation: Centers for Disease Control and Prevention, 
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid2511.AC2511



Sorolla scholars Blanca Pons-Sorolla and Monica 
Rodriguez Subirana describe Sorolla—frequently referred 
to as the “master of light” for his luminous, shimmering 
canvases―as “one of the most estimable, prolific, and 
fascinating personalities in the history of modern Span-
ish painting.” Although Sorolla is best known for “depict-
ing the color, movement, and play of light on the sea like 
no one else,” Pons-Sorolla and Subirana point out that he 
also was one of the finest portraitists of his time and a 
noted landscape artist who “excelled at depicting gardens, 
one of the motifs he reproduced with the greatest splendor 
and sensibility.”

In Court of the Dances, Alcázar, Sevilla, Sorolla’s 
characteristically thick, dynamic brushstrokes capture the 
fecundity and textures of this sun-speckled garden. The 
intense blue sky glimpsed through the tangled vegetation 
contrasts with the deep green foliage. Spanish sunlight 
filters through tangles of flora, making leaves and fronds 
glow and shadows spill across the walkway, columns, 
and walls of this well-tended garden. Pons-Sorolla and  
Subirana note Sorolla “was interested in showing the sight 
lines around which the gardens were arranged, and how 
one entered these spaces through the leafy trees, placed in 
perspective with the background so as to convey a feeling 
of an infinite path.”

According to the J. Paul Getty Museum, which houses 
this work, “The courtyard of Seville’s Alcázar Palace, the 
city’s most splendid example of Moorish architecture, spar-
kles in the dappled summer sunlight. As always, Joaquín 
Sorolla y Bastida was concerned with color and light, bril-
liance and atmosphere. The colored reflections of the light 
animate the scene and help to define the forms, creating a 
sense that nature is ever-changing.”

“Many things grow in the garden that were never sown 
there” is among the enduring adages that English physician 
and writer Thomas Fuller included in his book Gnomolo-
gia (1732). That maxim, in its most literal sense, applies to 
various weeds, invasive plants, and other unwelcome flora 

that can surreptitiously infiltrate cultivated gardens such as 
those Sorolla depicted at the Alcázar Palace.

More broadly, this saying also provides a metaphor 
for the complex interactions of factors driving the surge 
in emerging infections across the globe, including climate 
change, human population growth and migration, anti-
microbial resistance, and modern agricultural practices. 
Public health officials and researchers must be vigilant 
and focused in preparing for and responding to pathogens 
emerging in geographic locations and in populations where 
they were rare, nonexistent, or unknown.
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statements about safety and tolerability of Omr-IgG-
am compared with that of intravenous immunoglobulin 
(IVIG) and normal saline (NS) in patients with WNV 
neuroinvasive disease is correct? 

A.  IVIG was significantly safer than Omr-IgG-am, 
according to recorded serious adverse events (SAEs), 
deaths, and laboratory testing
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better morbidity and mortality outcomes in the NS 
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2. According to the phase 2, randomized, double-
blind, multicenter study by Gnann and colleagues, 
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C.  Median duration of hospital stay was 10, 12, and 
8.5 days for Omr-IgG-am, IVIG, and NS groups, 
respectively

D.  On day 90, three-quarters of patients had normal/
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3. According to the phase 2, randomized, double-blind, 
multicenter study by Gnann and colleagues, which of 
the following statements about clinical implications of 
safety and efficacy of Omr-IgG-am compared with that 
of IVIG and NS in patients with WNV neuroinvasive 
disease is correct? 
A.  The study authors recommended treatment with Ig 

products for patients with neuroinvasive WNV disease 
B.  Rash was the most common presenting symptom
C.  Cerebrospinal fluid showed a predominance  

of neutrophils
D.  Delays in enrollment and study drug administration could 

have reduced the potential efficacy of Omr-IgG-am
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