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SYNOPSIS

Blastomycosis is caused by inhalation of Blastomyces
spp. fungi. Limited data are available on the incidence
and geographic range of blastomycosis in the United
States. To better characterize its epidemiologic features,
we analyzed combined surveillance data from the 5
states in which blastomycosis is reportable: Arkansas,
Louisiana, Michigan, Minnesota, and Wisconsin. Surveil-
lance identified 4,441 cases during 1987-2018, a mean
of 192 cases per year. The mean annual incidence was
<1 case/100,000 population in most areas but >20 cas-
es/100,000 population in some northern counties of Wis-
consin. Median patient age was 46 years, 2,892 (65%)
patients were male, 1,662 (57%) were hospitalized, and
278 (8%) died. The median time from symptom onset to
diagnosis was 33 days. The severity of iliness and diag-
nostic delays suggest that surveillance underestimates
the true number of cases. More in-depth surveillance
in additional states could elucidate blastomycosis inci-
dence and inform efforts to increase awareness.

lastomycosis is a fungal infection caused pri-

marily by inhalation of the environmental fungi
Blastomyces dermatitidis and B. gilchristii. The in-
cubation period varies from 2 to 15 weeks, and the
clinical spectrum ranges from asymptomatic to
life-threatening infections involving acute respi-
ratory distress syndrome or extrapulmonary dis-
semination (1,2). Most identified cases involve
pulmonary infection that manifests similarly to
other causes of pneumonia (1,2). The clinical simi-
larities between blastomycosis and other pulmonary
infections often result in diagnostic delays and un-
necessary empiric antimicrobial drug treatment for
suspected bacterial pneumonia (3). Because acute ill-
nesses can self-resolve before diagnosis, and because
physician awareness of this generally uncommon dis-
ease probably is low in most parts of the United States,
many blastomycosis cases likely go undetected.

In the United States, most blastomycosis cases are
thought to occur in the midwestern, south-central, and
southeastern states, in areas surrounding the Ohio and
Mississippi River valleys, the Great Lakes, and the
Saint Lawrence River. Cases also occur outside these
regions, indicating that the infection’s true range is
broader than generally appreciated (4,5). Blastomyces
spp. appear to have an affinity for moist soil and de-
composing plant matter, but much remains unknown
about its precise environmental niche (6,7). The fungus
is difficult to isolate from the environment, making in-
vestigation of potential sources challenging.

Public health surveillance for blastomycosis in
the United States is limited because it is currently
reportable in only 5 US states: Arkansas, Louisiana,
Michigan, Minnesota, and Wisconsin. Blastomycosis

1000

is not nationally notifiable, so the Centers for Disease
Control and Prevention does not routinely receive
case reports from states where it is reportable. Never-
theless, surveillance data represent some of the most
comprehensive information about blastomycosis.
Before the Council of State and Territorial Epidemi-
ologists (CSTE) approved a standardized surveil-
lance case definition in 2019 (8), state health depart-
ments used different case definitions (Appendix,
https:/ /wwwnc.cdc.gov/EID/article/27/4/20-
4078-Appl.pdf). However, state surveillance gener-
ally collected similar demographic, clinical, and lab-
oratory data elements, enabling comparisons across
states. We summarized available blastomycosis sur-
veillance data to assess the overall burden of disease,
geographic patterns and temporal trends, and factors
associated with poor clinical outcomes.

Methods

We combined deidentified data on blastomycosis
cases reported in Arkansas during January 1995-
May 2018, Louisiana during January 1987-October
2018, Michigan during January 2007-December 2017,
Minnesota during January 1999-December 2018, and
Wisconsin during January 1990-December 2017. We
also used the Louisiana Hospital Inpatient Discharge
Database to identify additional cases among hospital-
ized patients in Louisiana during 1999-2014.

We included data elements that were collected
by >3 states. We considered event date as the earliest
date associated with the case; for example, symptom
onset, or first healthcare visit, laboratory test order,
or public health report. We considered all laborato-
ry tests recorded as positive for blastomycosis to be
positive, even without an explicitly stated qualitative
or quantitative result. Negative blastomycosis test re-
sults were not routinely available; therefore, we did
not include these in the analysis.

We used patients’ state and county of residence to
calculate annual state-specific incidence and county-
level mean annual incidence per 100,000 persons by
using yearly population estimates from the US Cen-
sus Bureau, Population Division, Vintage 2015 Spe-
cial Tabulation (https://www.census.gov). We used
x> Fisher exact, and t-tests to identify factors indepen-
dently associated with hospitalization or death, the
Cochran-Armitage test for trends in the proportion
of patients who were hospitalized or died, and nega-
tive binomial regression to assess incidence trends,
and we considered p<0.05 statistically significant.
We also compared demographic features and out-
comes among cases associated with outbreaks (out-
break cases) and those not associated with outbreaks
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(nonoutbreak cases) for Minnesota and Wisconsin,
the 2 states that reported outbreaks during the sur-
veillance periods we examined. Human subjects
review by the Centers for Disease Control and Pre-
vention determined this project to be consistent with
nonresearch public health surveillance.

Results

Descriptive Analysis

Data were available for 4,441 cases: 348 from Arkan-
sas, 296 from Louisiana, 186 from Michigan, 671 from
Minnesota, and 2,904 from Wisconsin. Most (2,892
[65%]) patients were male, and the median age was
46 years (range 0-97, interquartile range [IQR] 31-59)
(Table 1). Most (64%, n = 2,778) cases were among
persons of White race, 17% (740) were among persons
of unknown race, 9% (406) were among persons of
Black or African American races, and 5% (193) were
among Asian, Native Hawaiian, or other Pacific Is-
lander races. Most (2,828 [71%]) patients were not
Hispanic or Latino; ethnicity was unknown for 1,015
(26%) patients.

Symptom data were available for 2,005 patients
from Michigan, Minnesota, and Wisconsin beginning
in 2005. The most common symptoms were cough in
79% (range by state 51%-83%) of patients, fever in
61% (range by state 38%-69%), shortness of breath
in 55% (range by state 44%-85%), and weight loss in
54% (range by state 29%-62%).

Among 2,912 patients with hospitalization data,
57% (1,662) were hospitalized. The median length of
hospitalization was 7 days (range 1-379 days, IQR
4-15 days; n = 1,231). Among 3,385 patients with
mortality data, 278 (8%) died. The proportion of hos-
pitalized patients did not change significantly during
2007-2017 (p = 0.252), but the proportion of patients
who died increased from 9.9% to 12.4% (p = 0.017).

Data on positive blastomycosis laboratory tests
were consistently available from Arkansas, Michi-
gan, and Minnesota (Table 2). Among 1,241 reported
cases from the 3 states, the most common test types
were culture among 835 (67%) cases and microscopy
among 333 (27%) cases. Less commonly reported tests
included positive antigen tests for 206 (17%) cases
and antibody tests for 59 (5%) cases.

Among 777 patients with available data, the me-
dian time from symptom onset to diagnosis was 33
days (range 1-2,996 days; IQR 16-75 days). We did
not observe clear seasonal patterns by event month.
Minnesota had 32 (5%) outbreak cases and Wiscon-
sin had 181 (6%) outbreak cases. Outbreak cases were
more frequent among younger persons (median
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age 25 years) than nonoutbreak cases (median age 45
years; p = 0.0092). Outbreak cases also more often oc-
curred among female persons (41% vs. 34% of non-
outbreak cases; p = 0.0365) and non-White persons
(28% vs. 19% of nonoutbreak cases; p = 0.002). In ad-
dition, persons with outbreak cases were less likely
to be hospitalized (45% vs. 58 % of nonoutbreak cases;
p = 0.003) or to have died (2% vs. 9% of nonoutbreak
cases; p = 0.001).

Bivariable Analysis

Age; female sex; non-White race; and positive anti-
gen, culture, and microscopy tests had statistically
significant associations with hospitalization (Table 3).
The median age among hospitalized patients was 46
years compared with 44 years for nonhospitalized pa-
tients (p = 0.015). Female patients were more likely to
be hospitalized (relative risk [RR] 1.13; 95% CI 1.06-
1.21) than male patients. Persons of non-White races
were more likely to be hospitalized (RR 1.13; 95% CI
1.05-1.21) than persons of White race. Patients with
positive antigen tests (RR 1.25; 95% CI 1.13-1.37), pos-
itive culture (RR 1.28; 95% CI 1.20-1.36), and positive
microscopy (RR 1.32; 95% CI 1.23-1.43) were more
likely to be hospitalized than patients without posi-
tive results for those laboratory tests. Factors signifi-
cantly associated with death were older age (median
61 years vs. 44 years; p<0.001) and positive micros-
copy test (RR 1.76; 95% CI 1.34-2.38).

Table 1. Patient characteristics of blastomycosis cases reported
to public health, Arkansas, Louisiana, Michigan, Minnesota, and
Wisconsin, USA, 1987-2018*

Characteristic Value
Median age, y (range; IQR), n = 4,390 46 (0-97; 31-59)
Mean age, y, n = 4,390 45.3
Sex, n = 4,441

M 2,892 (65.1)

F 1,533 (34.5)

Unknown 16 (0.4)
Race, n = 4,316

White 2,778 (64.4)

Black or African American 406 (9.4)

Asian, Native Hawaiian, other Pacific 193 (4.5)

Islander

American Indian or Alaska Native 152 (3.5)

Other or multiple races 47 (1.1)

Unknown 740 (17.2)
Ethnicity, n = 3,984

Not Hispanic or Latino 2,828 (71.0)

Hispanic or Latino 141 (3.5)

Unknown 1,015 (25.5)
Hospitalized, n = 2,912

Y 1,662 (57.1)

N 1,250 (42.9)
Died, n = 3,385

Y 278 (8.2)

N 3,107 (91.8)

*Values are no. (%) except as indicated. IQR, interquartile range.
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Incidence

During years for which data were available from all
5 states, 2007-2017, surveillance detected 2,111 cases,
a mean of 192 cases per year. In Arkansas, incidence
declined from 1.3 cases/100,000 population in 1995 to
0.4 cases/ 100,000 population in 2017 (p<0.001) (Figure
1). Incidence was stable during each state’s surveil-
lance period in Louisiana, Michigan, and Minnesota.
Mean annual incidence was 0.2 cases/100,000 popu-
lation in Louisiana, 0.2 cases/100,000 population in
Michigan, and 0.6 cases/100,000 population in Min-
nesota. In Wisconsin, incidence peaked at >3 cas-
es/100,000 population during 2006, 2010, and 2015.
Mean annual county-level incidence in Wisconsin
was highest in Menominee (42.1 cases /100,000 popu-
lation), Lincoln (28.4 cases/100,000 population), and
Vilas (26.5/100,000 population) counties (Figure 2).

Discussion
We summarize blastomycosis surveillance data from
5 states and provide a broad update on the basic epi-
demiology of this enigmatic and underrecognized dis-
ease. Many patients experienced severe outcomes and
diagnostic delays. Our results show that blastomycosis
is underdetected, even in states where it is reportable,
and that more standardized and in-depth surveillance,
ideally in additional states, would help public health
professionals better identify highest-risk groups and
emerging areas for targeted prevention messaging.
Blastomycosis often results in severe illness,
even in previously healthy persons (9), but this ob-
servation might be influenced by underdetection of
asymptomatic or milder, self-resolving disease. The
high hospitalization rate of 57% noted in this analysis
demonstrates that blastomycosis surveillance detects
severe cases, which is typical for passive disease sur-
veillance. We found an annual mean of <200 cases/
year; a hospitalization rate of 57% suggests that =110
patients are hospitalized each year from states where
blastomycosis is reportable. In contrast, ~1,000 blas-
tomycosis-associated hospitalizations occur nation-
wide (10,11), showing that the limited surveillance
likely underdetects cases nationally.

Table 2. Positive laboratory tests among 1,241 blastomycosis
cases reported to public health, Arkansas, Michigan, and
Minnesota, United States, 1995-2018

Test type No. (%)
Antibody 59 (4.8)
Immunodiffusion 18 (1.5)
Complement fixation 7 (0.6)
Enzyme immunoassay 30 (2.4)
Unspecified antibody test 17 (1.4)
Antigen 206 (16.6)
Confirmatory test 965 (77.8)
Culture 835 (67.3)
Microscopy* 333 (26.8)
DNA probe 40 (3.2)
PCR 2(0.2)
Unspecified test type 166 (13.4)
Specimen type
Culture 769 (100)
Bronchial specimen 372 (48.4)
Sputum 180 (23.4)
Other tissue besides lung 121 (15.7)
Lung tissue 21 (2.7)
Multiple specimen types 14 (1.8)
Other 61 (7.9)
Microscopy 342 (100)
Bronchoalveolar lavage 110 (32.2)
Sputum 78 (22.8)
Other tissue besides lung 52 (15.2)
Lung tissue 47 (13.7)
Multiple specimen types 24 (7.0)
Other 31(9.1)

*Includes smear, histopathology, and unspecified microscopy tests.

The average time of >1 month from symptom on-
set to diagnosis indicates delays in seeking healthcare,
delays in diagnosis, or both. This time interval is con-
sistent with a previous report describing a median of
23 days between examination at a healthcare facility
and a median of 2.5 courses of antibacterial medica-
tions for presumed bacterial infection before pulmo-
nary blastomycosis was correctly diagnosed (3). Ear-
lier diagnosis might reduce unnecessary antibacterial
drug use, time, and resources invested in searching
for alternative diagnoses and could potentially
improve patient outcomes. Therefore, greater public
and provider education about blastomycosis is need-
ed, especially in areas where blastomycosis is less
commonly recognized.

The high proportion of patients with positive
confirmatory laboratory tests, such as culture and

Table 3. Factors associated with hospitalization or death among blastomycosis cases reported to public health, Arkansas, Louisiana,

Michigan, Minnesota, and Wisconsin, United States, 1987-2018*

Hospitalization Death
Characteristic RR (95% ClI) p value RR (95% Cl) p value
Older age NA 0.015 NA <0.001
Female sex 1.13 (1.05-1.21) <0.001 1.05 (0.83-1.33) 0.681
Non-White race 1.13 (1.05-1.21) 0.002 1.08 (0.82-1.42) 0.588
Antigen testt 1.25 (1.13-1.37) <0.001 1.27 (0.84-1.92) 0.255
Culturet 1.28 (1.20-1.36) <0.001 1.02 (0.79-1.33) 0.864
Microscopyt 1.32 (1.23-1.43) <0.001 1.76 (1.34-2.38) <0.001

*NA, not applicable; RR, relative risk.
tArkansas, Michigan, and Minnesota only.
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Figure 1. Annual state-specific
incidence (no. cases/100,000
population) among 5 states in
which blastomycosis is reportable,
United States, 1987-2018. Cases
reported during 2018 in Arkansas
and Louisiana were excluded
because data were not available
for the entire year.

microscopy, likely reflects detection of more severe
cases because serologic tests for blastomycosis offer
only presumptive evidence of infection (12), and se-
rologic tests were not included in most states” case
definitions (Appendix). The associations between
older age and confirmatory test types with hospital-
ization point to severe illness, and are unsurprising;
however, why women were more likely to be hos-
pitalized is unclear but could be related to delayed
diagnosis or underdiagnosis of less severe disease in
women. More blastomycosis hospitalizations typi-
cally occur among men (10,13), although a recent
study found female sex was independently associ-
ated with death in blastomycosis patients with acute
respiratory distress syndrome (14). The increased
risk for hospitalization among persons of non-White
races lends further evidence to the existence of blas-
tomycosis-related health disparities, as previously
suspected (15-17). Further studies could help deter-
mine whether these differences are related to genetic
predisposition (18), involvement in outdoor activi-
ties resulting in exposures to Blastomyces, or access
to medical care (19).

Reliance on often invasive and time-consuming
tests such as culture and microscopy for diagnosis
likely is a key factor in underdiagnosis of blastomyco-
sis because these tests might not be ordered until tests
for other diseases have been negative. Accordingly,
most specimen types in our analysis were from bron-
choalveolar lavage and lung and other tissue, which

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 4, April 2021

likely required biopsy. Given the prolonged time to
diagnosis we identified, improved noninvasive diag-
nostic methods with high sensitivity and specificity
for blastomycosis are needed for earlier and more fre-
quent testing, which could prevent hospitalizations
and deaths.

Consistent with previous reports, Wisconsin had
the highest number of cases and incidence of the 5
states where blastomycosis is reportable, with mean
annual incidence in several northern counties >20
cases/100,000 population. Peaks in incidence in Wis-
consin corresponded to a known outbreak at a yard
waste site in 2006 (20), an outbreak likely associated
with multiple sources in 2010 (21), and an outbreak
linked to recreational tubing on the Little Wolf Riv-
er in 2015 (22). For case-patients in these outbreaks,
younger age and higher likelihood of being non-White
was consistent with our findings (20,21). In addition,
the finding that patients with outbreak-associated
cases had less severe outcomes could reflect detection
of milder cases through enhanced case detection ef-
forts during outbreak investigations. However, out-
breaks comprised <6% of cases overall, suggesting
that most cases occur sporadically, which also is true
for histoplasmosis and coccidioidomycosis. Of note,
most of northern Wisconsin is rich in soils classified
as spodosols, which are characterized by high con-
centrations of organic matter in coarse, often sandy,
particles (23). Blastomyces spp. are thought to dwell
primarily in organic-rich soils. However, spodosols
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also occur widely in northern Michigan, where dis-
ease incidence was not elevated, and are less common
in northern Minnesota, where incidence was higher.
Further study, including the role of soil types, could
elucidate the natural habitat of these fungi.

For most states in this analysis, the relatively
stable incidence and hospitalization rates over time
were consistent with a previous analysis of blastomy-
cosis-related hospitalizations during 2000-2011 (10).
Another study found a decline in blastomycosis-asso-
ciated deaths nationwide during 1990-2010 (15); the
reasons for the increase in deaths we observed dur-
ing 2007-2017 are unclear but could reflect improve-
ments in case follow-up, a decline in reporting of less
severe cases, or other surveillance changes over time.

The limitations of our study include that pooling
surveillance data based on different blastomycosis
case definitions is fundamentally problematic; how-
ever, few other data sources would enable analyses
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of thousands of cases, which is helpful for studying
this uncommon disease. Furthermore, some states’
case definitions changed over time. Although blasto-
mycosis was reportable in each state during the years
included in this analysis, Arkansas did not have a
formal case definition, and Michigan did not have
one until 2012. Wisconsin classified all cases as con-
firmed until September 2015, when their case defini-
tion changed to include confirmed and probable case
classifications; for outbreaks in Wisconsin, a positive
serologic blastomycosis test plus an epidemiologic
link was sufficient to be considered a case. Moving
forward, the standardized blastomycosis case defi-
nition from the Council of State and Territorial Epi-
demiologists will enable more robust comparisons
between states and stratification of confirmed and
probable cases.

Combining data from different times in each state
is an additional potential limitation. Some states’

Figure 2. Mean annual
county-specific incidence (no.
cases/100,000 population)
among 5 states in which
blastomycosis is reportable,
United States, 1987-2018.
Cases reported during 2018 in
Arkansas and Louisiana were
excluded because data were not
available for the entire year.
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surveillance systems underwent changes during the
analysis period; for example, data elements were add-
ed or removed, resulting in inconsistent denomina-
tors in the pooled analysis. For certain variables, such
as race and ethnicity, missing data or values of “un-
known” were common and demonstrate that infor-
mation can be challenging to obtain because substan-
tial time and resources often are needed to conduct
case investigations (24). Data about environmental
exposures, immunocompromised status, body site of
infection, occupation, illness duration, and treatment
were not available consistently from every state. Wis-
consin and Minnesota conducted extensive follow-up
on cases (19,25), providing deeper insight into state-
specific features of blastomycosis. Collecting these
types of data in a standardized way in additional
states could help identify high-risk populations and
activities and help inform prevention efforts.

In summary, blastomycosis remains a rarely re-
ported but severe disease in most areas where it is
under public health surveillance. Our findings indi-
cate that blastomycosis likely is underdetected. Blas-
tomycosis also can occur in areas outside those where
it is commonly recognized (4) and might be emerging
in new areas, such as east-central New York (5). Sur-
veillance for blastomycosis in more areas and collec-
tion of more standardized, detailed data could help
identify emerging geographic hotspots or clusters,
new risk factors, and other epidemiologic patterns.
Increased awareness among healthcare providers and
the public could lead to faster diagnosis and treat-
ment for blastomycosis patients.
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Treponema [trep"”o-ne'ma]
Fabio C. Pogliani," Riidiger D. Ollhoff"

From the Greek trepo (rotate, turn) and ne ma (thread), Treponema is a genus of
gram-negative, anaerobic or microaerophilic bacteria. They are spiral-shaped
and have flagella, which extend from motors at the pole, producing undulating
movement through fluids, enabling tissue invasion and dissemination. In 1905,
microbiologist Fritz Richard Schaudinn and dermatologist Paul Erich Hoffmann
described Treponema pallidum subsp. pallidum as Spirochaeta pallida from a fresh hu-
man vulvar lesion.
Treponema spp. can invade the epidermis and oral, intestinal, and genital mucosa
of humans and animals. They cause human diseases, such as syphilis, yaws, pinta,
and bejel, and animal diseases, such as digital dermatitis. T. phagedenis, T. pedis, and
T. medium infect mainly cattle. T. paraluiscuniculi can cause syphilis in rabbits.
Most Treponema spp. are not cultivable, except for T. palllidum subsp. pallidum
and T. phagedenis. T. pallidum subsp. pallidum causative syphilis is a reemerging Tissue sample stained with Steiner silver stain. Image shows
disease in industrialized countries. Digital dermatitis, a polytreponemal disease, is numerous, corkscrew-shaped, darkly-stained, Treponema

. s . . . . allidum spirochetes, which cause syphilis. Skip Van Orden,
considered to be the major infectious claw disease in cattle worldwide. B tors for Dicoaas Cantrol 1008, TP P
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Reemergence of Human
Monkeypox and Declining
Population Immunity in the
Context of Urbanization,
Nigeria, 2017—-2020

Phi-Yen Nguyen, Whenayon Simeon Ajisegiri, Valentina Costantino, Abrar A. Chughtai, C. Raina Maclintyre

A monkeypox outbreak in Nigeria during 2017-2020 pro-
vides an illustrative case study for emerging zoonoses.
We built a statistical model to simulate declining immunity
from monkeypox at 2 levels. At the individual level, we
used a constant rate of decline in immunity of 1.29% per
year as smallpox vaccination rates fell. At the population
level, the cohort of vaccinated residents decreased over
time because of deaths and births. By 2016, only 10.1%
of the total population in Nigeria was vaccinated against
smallpox; the serologic immunity level was 25.7% among
vaccinated persons and 2.6% in the overall population.
The substantial resurgence of monkeypox in Nigeria in
2017 appears to have been driven by a combination of
population growth, accumulation of unvaccinated cohorts,
and decline in smallpox vaccine immunity. The expanding
unvaccinated population means that entire households,
not just children, are now more susceptible to monkeypox,
increasing risk of human-to-human transmission.

Since September 2017, Nigeria has been experienc-
ing the largest monkeypox outbreak in the coun-
try’s history. As of November 2019, the country had
reported 183 confirmed cases across 18 states (1). This
outbreak is also the largest recorded that has been
caused by the West Africa clade of the monkeypox
virus (MPXV). Beyond its scale, this outbreak is an
illustrative case study for emerging zoonosis because
of its epidemiologic characteristics.

Preliminary genetic analysis suggests multiple
zoonotic introductions from animal reservoirs into
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the human population (2). In 2018, an MPXV sample
isolated from a case-patient in Cameroon was found
to be genetically similar to a sample from Nigeria de-
spite no epidemiologic linkage, raising the possibility
of an epizootic event spanning the Nigeria-Cameroon
border (3). This finding is uncharacteristic of the West
Africa clade, which tends to cause temporally and
geographically isolated outbreaks (4,5). Moreover, the
2017-2020 Nigeria outbreak showed a higher preva-
lence among adults; 78% of patients were 21-40 years
of age (1), whereas historically, most case-patients
were <15 years of age (6). The changing demograph-
ics of this outbreak may offer insights into reasons be-
hind the reemergence of monkeypox in West Africa.
We hypothesized 2 main mechanisms to explain
this resurgence after 40 years of no reported cases.
First, residents have experienced increased exposure
to and interactions with forest animals, driven by de-
forestation, armed conflicts, and population migra-
tion. Second, herd immunity from since-discontinued
universal smallpox vaccination programs in the 1970s
has declined over time (7). The 2 theories, not mutu-
ally exclusive, represent the loss of 2 different barriers
to spillover (8). We aimed to examine the potential role
of declining population immunity and how it interacts
with the country’s rapid urbanization to affect the re-
emergence of monkeypox in Nigeria. Whereas data
on urbanization and land expansion are available, the
dearth of data from recent serologic surveys makes it
challenging to separate out changes in the levels of re-
sidual immunity from smallpox vaccination from the
endemicity of monkeypox in the population. By using
a statistical model to account for declining individual-
level immunity, we aimed to quantify the fraction of
the population that is susceptible to monkeypox and
plot the growth of this population during 1970-2018.
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Methods

Data Sources

We retrieved epidemiologic and demographic data
from monthly situational reports and weekly epide-
miologic reports from the Nigeria Centre for Disease
Control and Prevention, as well as from published
literature. Annual population data and crude death
rates for 1970-2020 came from the World Bank data
portal (9,10) and state population data and area size
used to determine population density from the Nige-
ria National Bureau of Statistics (11).

Population Immunity Model

We sought to model declining immunity against
monkeypox at 2 levels. At the individual level, we
assumed that smallpox vaccination provides 85% ef-
fective cross-immunity against MPXV among all vac-
cinated persons (12) and that the level of serologic im-
munity to MPXV for each vaccinated person would
decline at a constant rate until it reached 0%, at which
point the person would be fully susceptible to MPXV.
We set the rate of decline for serologic immunity lev-
els at 1.29% (95% CI 0.56-2.71) per year, based on
findings from a 2006 study in which the authors plot-
ted the fraction of vaccinated case-patients protected
against fatal or severe disease against the number of
years since their most recent smallpox vaccination
(13). At the population level, we assumed that 77.2%
of the population in 1970 had received smallpox vac-
cination based on data from a series of surveys in
1969 that reported the proportion of populations in
northern and western regions of Nigeria with evi-
dence of smallpox vaccination by jet injectors (14). We
used population sizes of these 2 regions to calculate a
weighted country-level estimate of vaccination cover-
age, which we used in the model (Table 1). Because
the surveys were conducted through 1969, we chose
1970 as the first year for the model.

In each subsequent year, we calculated that the
size of the vaccinated population in the model would
decline at a rate equivalent to that year’s crude death
rate. The difference between total population report-
ed by World Bank and the living vaccinated popula-
tion represented the immunologically naive popula-
tion; this figure accounted for the number of newly

born children and unvaccinated immigrant persons
recruited into the subsequent year’s unvaccinated
population figure for the model. We calculated pop-
ulation immunity level by multiplying the propor-
tion of the living vaccinated population in the total
population by the individual immunity level. The
model used countrywide population data, not state
population data, because the latter became available
only beginning with the 1991 census (15). We as-
sumed that vaccination coverage was uniform across
all states in 1970 and no subsequent vaccination cam-
paigns occurred after 1970. To visualize the decline
of immunity over time, we plotted the proportion of
immunological-naive populations during 1970-2018
and superimposed individual- and population-level
immunity levels onto this plot (Figure 1).

Geographic Distribution

We tabulated total confirmed and suspected or
probable cases in each state through September
2020 based on case definitions (Table 2) and mapped
these data as a chronopleth (Figure 2, panel A). We
calculated population density and annual popula-
tion growth rate during 2006-2016 for each state
(Table 3) and mapped these data with Nigeria's
2018 road network overlaid as a chronopleth (16)
(Figure 2, panel B). Risk ratios were calculated for
states with population densities and annual growth
rates higher than the national averages (Table 3).
Only states with confirmed cases were considered
for analysis because the definition of suspected or
probable cases has low specificity and can lead to
misdiagnosis with similar rash-like illnesses such
as varicella zoster virus (17).

Results

Increase in Susceptible Population over Time

During 1970-2018, the overall population of Nigeria
increased from 55.98 million to 195.87 million. The
unvaccinated, immunologically naive population in-
creased from 12.76 million (22.8% of total population)
in 1970 to 177.62 million (90.7% of total population)
in 2018. From 43.22 million (77.2% of total popula-
tion) in 1970, the vaccinated population declined
to ~18.25 million (9.3% of total population) in 2018.

Table 1. Estimation of a weighted country-level estimate of smallpox vaccination coverage, Nigeria, 1969

Category Northern Nigeria Western Nigeria
Population assessed* 6.8 million 4.4 million
Weight assigned to region in calculation of overall coverage, % 60.7 39.3
Proportion of population with evidence of smallpox vaccination, %
Region 88.4 60.0
Nation 77.2

*Provided in the source study (14).
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Figure 1. Relationship between population- and individual-level smallpox vaccination and immunity rates and resurgence of monkeypox

cases in Nigeria, 1970-2018.

In addition, the cross-immunity protection of 85%
conferred by smallpox vaccination for monkeypox,
using the assumed linear rate of decline over time
from vaccination, fell to only 23.1% (95% CI 0.0%-
58.1%) among vaccinated persons. Combining the ef-
fects of declining immunity from these 2 factors, the
overall population immunity, estimated to be 65.6%
in 1970, declined to only 2.2% (95% CI 0.0%-5.4%) in
2018 (Figure 1). In 2016, the year preceding the out-
break, the percentage of the population vaccinated
was 10.1% and estimated population immunity was
2.6% (95% C1 0.0%-6.0%).

Geographic Distribution

States that reported >10 confirmed cases within a year
were Rivers (36), Bayelsa (31), Lagos (19), and Delta
(17) (Table 3). Exported cases in the United Kingdom,
Singapore, and Israel had epidemiologic linkages to
clusters in these states with the highest numbers of
monkeypox cases (18,19). Most states with confirmed
cases were concentrated in the South-West (3), South-
South (6), and South-East (4) zones, with sporadic
spread to the North-West and North-Central zones,
which include highly populated states such as the
Federal Capital Territory (FCT), Nasawara, and Pla-
teau (Table 3).

Among 17 states with confirmed cases, 4 (Riv-
ers, Akwa Ibom, Oyo, and FCT) had annual popula-
tion growth rates higher than the national average of
3.93%; Abuja (FCT), the capital city, increased 15.3%
(Table 3). In 2016, the national population density
was 421.1 persons/km?, but 8 states had population
densities >500 persons/km? Lagos state reported
more than 3,500 persons/km? (Table 3). A dense net-
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work of roads converges in the South-South zone
and Lagos state, an area with an overall population
density of >1,000 persons/km? (Figure 2, panel B).
States with population densities higher than the na-
tional average were 2.1 (95% CI 1.0-4.2) times more
likely to report confirmed cases (p = 0.039). High-
er risk (risk ratio 1.2, 95% CI 0.5-2.7; p = 0.65) was
also observed among states with annual popula-
tion growth higher than the national average, albeit
without statistical significance.

Discussion

Our investigation shows that a large decline in esti-
mated population immunity was observed before a
2017 increase in cases of monkeypox. On this basis,
we postulate a relationship between decreased im-
munity to smallpox and resurgence of monkeypox
in Nigeria. The potential role of declining popula-
tion immunity in the resurgence of monkeypox has
been raised in earlier studies (4,6,7,20). Epidemiolog-
ic evidence suggests previous smallpox vaccination

Table 2. Case definitions for monkeypox in Nigeria

Term Definition

Suspected case  Acute illness with fever >38.3°C, intense
headache, lymphadenopathy, back pain,
myalgia, and intense asthenia followed 1-3
days later by a progressively developing rash
often beginning on the face (most dense) then
spreading elsewhere on the body, including
soles of feet and palms of hand

Meets the clinical case definition; not
laboratory confirmed, but has an
epidemiological link to a confirmed case
Clinically compatible case that is laboratory
confirmed by positive IgM, PCR, or virus
isolation

Probable case

Confirmed case
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Figure 2. Monkeypox in Nigeria and factors affecting spread. A) Case distribution by state, September 2017-September 2020. B)
Population density by state in 2016 (gray shading) and nationwide road network in 2018 (black lines).

provides at least partial protection against severe
MPXV infections (13,20), further supported by im-
munologic studies of smallpox vaccine. Residual IgG
and neutralizing antibodies were shown to persist in
vaccinated persons (21-23) and have been associat-
ed with milder disease among infected patients (24).
Among US monkeypox patients, those vaccinated
for smallpox displayed evidence of vaccination im-
munity (orthopoxvirus [OPXV] IgG and memory
B cells) after monkeypox exposure (24). Smallpox
vaccine induces both humoral and cell-mediated
response against OPXV, including MPXYV, targeting
a wide range of viral particles and preventing viral
replication (23,25).

Our results show that the effect of a decline in
individual-level immunity among vaccinated per-
sons, as well as population growth in the postvac-
cination era, has substantially reduced the overall
population immunity level within the past 45 years.
The median age of the patients was 29 years old (2),
notably higher than for previous outbreaks except
from the 2017 outbreak in Central African Republic
(median 27.5 years of age) and a single case in Sierra
Leone in 1970 (27.5 years old) (4). This finding can
be explained by the fact that children too young to
get vaccinated in the 1970s have grown up and now
form most of the contemporary susceptible popula-
tion. The smallpox vaccination campaign officially
ceased in 1980; by 2017, when the monkeypox out-
break in Nigeria occurred, the unvaccinated cohort
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would encompass all residents <37 years of age. This
contemporary susceptible population is composed
mainly of working adults who maintain wider social
contact and are more likely to engage in activities
that include risk of animal exposures, such as hunt-
ing, farming, or trading bush meat (26). In addition,
the expanding unvaccinated population means that
entire households are now susceptible to monkey-
pox instead of just children, which enhances the risk
of human-to-human transmission. In fact, the index
case in 2017 was part of a 5-member family cluster
of cases (27).

Most confirmed cases were concentrated in the
southern zones, which are characterized as natural
ecologic niches of monkeypox because of swamps
and rain forests (2,4). Satellite imagery during 2000-
2016 shows a substantial increase in built-up areas
and farmland in southern Nigeria, created at the ex-
pense of these forested areas (28). This expansion of
developed areas increases the likelihood of reservoir
animals, such as rodents, rabbits, and primates, be-
ing displaced from their natural habitat and living
among humans, thus increasing interspecies con-
tact (29). Past serologic surveys found higher sero-
prevalence of OPXV-specific IgG among residents
of forested habitat, suggesting frequent exposure
to MPXV and other OPXV (5,30,31). This evidence
is further supported by the disproportionate preva-
lence among men in this outbreak (male:female ratio
= 3:1), because predominantly men perform most
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high-risk occupations dealing with wild animals,
such as hunting and trading bush meat (4,32). In ad-
dition, expansion of urban transport networks may
have contributed to widespread transmission in this
outbreak, because states with >10 confirmed cases
tended to be converging points for major roads (Fig-
ure 2, panel B).

Of note, an increasing number of cases were
detected in drier savannahs in the northern zones,
which are not typical ecologic niches of MPXV (2).
This finding is possibly because more animal-human
interfaces are occurring outside of MPXV natural
habitats because of savannah being cleared for farm-
ing and settlement. In fact, savannah-to-agricultural
land transition constituted the largest segment of land
conversion in Nigeria during 1975-2013 (33). More-
over, interstate railway lines and highways may have
enabled patients from monkeypox clusters to travel
north from southern locations and subsequently in-
fect local residents.

Reemergence of Human Monkeypox, Nigeria

Several models have conceptualized zoonotic
transmission as a multistage process with several
bottlenecks that can influence the probability of
spillover (8,34). In these models, host-specific and
pathogen-specific factors determine how many
pathogens are released into the environment and
how long they survive. Individual human behav-
iors determine the probability and dose of expo-
sure; individual human physiology and immunity
determine the probability and severity of infection
upon exposure (8). In other words, although urban-
ization and land conversion increase the frequency
of animal exposure and the average exposure dose,
human immunity potentially opposes this effect by
lowering the probability of infection. At the same
time, although smallpox vaccination may provide
partial protection, sufficiently large infectious inocu-
lum, through prolonged or frequent animal contact,
can overcome such protection and manifest symp-
tomatically (24,35).

Table 3. Annual population growth and number of cases, by state, Nigeria, 2006—2016*

Population density,

Population density,

Annual population

State Zone Area, km? 2006, persons/km?® 2016, persons/km? growth, % No. cases

Abia SE 4,900 580.7 760.7 3.1 1-9 confirmed cases
Adamawa NE 38,700 82.1 109.8 3.4 Only suspected/probable cases
Akwa Ibom SS 6,900 565.5 794.5 4.0 1-9 confirmed cases
Anambra SE 4,865 858.8 1,136.2 3.2 1-9 confirmed cases
Bauchi NE 49,119 94.7 1331 4.0 Only suspected/probable cases
Bayelsa SS 9,059 188.2 251.5 3.4 30-39 confirmed cases
Benue NC 30,800 138.1 186.4 3.5 1-9 confirmed cases
Borno NE 72,609 57.4 80.7 4.0 Only suspected/probable cases
Cross River SS 21,787 132.8 177.5 3.4 1-9 confirmed cases
Delta SS 17,108 240.4 331.0 3.8 11-19 confirmed cases
Ebonyi SE 6,400 340.1 450.1 3.2 Only suspected/probable cases
Edo SS 19,187 168.5 220.8 3.1 1-9 confirmed cases

Ekiti SW 5,435 441.4 601.8 3.6 1-9 confirmed cases
Enugu SE 7,534 433.7 585.5 3.5 1-9 confirmed cases

FCT NC 7,607 184.9 468.5 15.3 1-9 confirmed cases
Gombe NE 17,100 138.3 190.5 3.8 No cases

Imo SE 5,288 742.7 1,022.8 3.8 1-9 confirmed cases
Jigawa NW 23,287 187.3 250.3 3.4 No cases

Kaduna NW 42,481 143.9 194.3 3.5 Only suspected/probable cases
Kano NW 20,280 463.6 644.8 3.9 Only suspected/probable cases
Katsina NW 23,561 246.2 3324 3.5 Only suspected/probable cases
Kebbi NW 36,985 88.1 120.1 3.6 Only suspected/probable cases
Kogi NC 27,747 119.4 161.2 3.5 Only suspected/probable cases
Kwara NC 35,705 66.2 89.4 3.5 Only suspected/probable cases
Lagos SW 3,671 2,482.6 3,418.8 3.8 11-19 confirmed cases
Nasarawa NC 28,735 65.1 87.8 3.5 1-9 confirmed cases
Niger NC 68,925 57.4 80.6 4.0 Only suspected/probable cases
Ogun SW 16,400 228.7 318.2 3.9 No cases

Ondo SW 15,820 218.8 295.3 3.5 Only suspected/probable cases
Osun SW 9,026 378.6 521.3 3.8 No cases

Oyo SW 26,500 210.6 295.9 4.0 1-9 confirmed cases
Plateau NC 27,147 118.1 154.7 3.1 1-9 confirmed cases
Rivers SS 10,575 491.6 690.7 4.0 30-39 confirmed cases
Sokoto NwW 27,825 133.1 179.6 3.5 No cases

Taraba NE 56,282 40.8 54.5 3.4 No cases

Yobe NE 46,609 49.8 70.7 4.2 No cases

Zamfara NW 37,931 86.4 119.0 3.8 Only suspected/probable cases
National average  NA 24,592 304.4 4211 3.93

*NA, not applicable; FCT, Federal Capital City; NC, North-Central; NE, North-East; NW, North-West; SE, South-East; SS, South-South; SW, South-West.
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Although no cases were reported in Nigeria dur-
ing 1978-2017, because of the high prevalence of
smallpox vaccination among the 1970s cohort, mild
and asymptomatic infections might have occurred but
gone unreported. In addition, the West Africa clade
is associated with lower virulence (36), which could
have enabled the disease to spread through mild or
asymptomatic cases not captured by passive surveil-
lance. In fact, before the 2017 outbreak, monkeypox
was not in the Integrated Disease Surveillance and
Response system list of reportable diseases (37). Se-
rologic surveys of West Africa populations revealed
active levels of IgG suggestive of routine exposure to
OPXV, albeit without patients recalling symptoms or
having scars (6,30). The resurgence of monkeypox in
Nigeria in 2017, although seemingly unprecedented,
may be the result of alignment of several control gaps
in the spillover process, driven by a combination of
factors: modern urbanization, urban densification,
waning of immunity among vaccinated residents,
and accumulation of unvaccinated cohorts.

This study is subject to some limitations be-
cause our model was built on several assumptions.
We assumed that the base population in 1970 start-
ed with a uniform immunity level of 85%; in reality,
persons vaccinated before 1970 would have had a
lower immunity level at the start of the model and
persons vaccinated from 1970-1980 would have
started with a higher immunity level at a later year.
We assumed that 77.2% vaccination coverage was
uniform across all states, but our uniform vacci-
nation coverage and protection levels represent a
simplified averaging of heterogeneous rates of cov-
erage across states. Finally, for our model, we as-
sumed that no vaccination campaigns occurred in
Nigeria after 1970. In fact, several vaccination cam-
paigns were conducted during 1969-1980 in Ni-
geria (38), but there was insufficient data on these
campaigns’ frequency and coverage to accurately
quantify their effects on the population immunity
level. The model also did not account for changing
kinetics of antibodies and T-cells in persons receiv-
ing a booster dose (39).

Next, in the absence of state-specific population
growth rates, we were unable to simulate rural-ur-
ban migration in the model, which resulted in an
urban-rural growth differential and could lead to
differential increase in the susceptible population
between states (40,41). However, accurately esti-
mating this effect would require expanding the pa-
rameters of a future model to account for population
migration between states, data that are not pub-
licly available. Last, the estimated rate of serologic

1012

immunity decline we used had a wide confidence
interval in the source study (13); that would have
increased the margin of error for our estimates of
individual and population immunity levels. The
model would benefit from future studies that more
accurately estimate rates of immunity decline.

The wide geographic spread of the 2017 outbreak
in Nigeria was likely driven by the lower level of re-
sidual OPXV immunity, population growth, an in-
crease in the proportion of susceptible persons, and
potential spillover events at the animal-human inter-
faces caused by human settlements encroaching into
forested areas. The initial spillovers may have been
followed by rapid human-to-human transmission
enabled by high population density and a growing
immunologically naive population fully susceptible
to MPXV. High prevalence among working adults
21-40 years of age, born after universal vaccination
programs were discontinued, suggests that declining
population immunity plays a substantial role in the
reemergence of monkeypox.

Fewer monkeypox cases were diagnosed in 2020,
which other researchers have attributed to the self-
limiting nature of MPXV human transmission (e.g.,
because of nonairborne mode of transmission, low
probability of infection per contact) (4,42). However,
we cannot rule out the possibility of future muta-
tions that might enable sustained human-to-human
transmission or adoption of more cosmopolitan ani-
mal reservoir hosts. Such occurrences would present
substantial public health risks. These ongoing risks
highlight the importance of serosurveillance to un-
derstand the extent of OPXV endemicity within the
population. The role of vaccination in preventing
monkeypox is being considered, and clinical trials
for healthcare workers are underway (43,44). In the
absence of seroprevalence data in Nigeria, this study
provides an alternative method to estimate the resid-
ual level of vaccine immunity and adds another per-
spective to the discourse on monkeypox reemergence
in West Africa.
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Death in People from Dog Bites

Rabies vaccines are highly effective, but delivering them can be
challenging. The challenge is even greater for stray animals, which
might not trust a stranger trying to deliver a life-saving vaccination.

How can public health officials ensure that stray dogs
(and the people around them) are protected against rabies?

Some researchers may have an answer: Oral vaccines in dog treats.

In this EID podcast, Dr. Ryan Wallace, a CDC veterinary
epidemiologist, explains an innovative strategy for
delivering safe and effective oral vaccines.
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Animal Reservoirs and Hosts
for Emerging Alphacoronaviruses
and Betacoronaviruses

Ria R. Ghai, Ann Carpenter, Amanda Y. Liew, Krystalyn B. Martin, Meghan K. Herring, Susan |. Gerber,
Aron J. Hall, Jonathan M. Sleeman, Sophie VonDobschuetz, Casey Barton Behravesh

The ongoing global pandemic caused by coronavirus dis-
ease has once again demonstrated the role of the fam-
ily Coronaviridae in causing human disease outbreaks.
Because severe acute respiratory syndrome coronavirus
2 was first detected in December 2019, information on
its tropism, host range, and clinical manifestations in ani-
mals is limited. Given the limited information, data from
other coronaviruses might be useful for informing scien-
tific inquiry, risk assessment, and decision-making. We
reviewed endemic and emerging infections of alphacoro-
naviruses and betacoronaviruses in wildlife, livestock,
and companion animals and provide information on the
receptor use, known hosts, and clinical signs associated
with each host for 15 coronaviruses detected in humans
and animals. This information can be used to guide imple-
mentation of a One Health approach that involves human
health, animal health, environmental, and other relevant
partners in developing strategies for preparedness, re-
sponse, and control to current and future coronavirus
disease threats.

oronaviruses are a family of RNA viruses whose

large genomes, propensity for mutation, and fre-
quent recombination events have resulted in a diver-
sity of strains and species that are capable of rapid
adaptation to new hosts and ecologic environments
(1). This viral plasticity has garnered widespread
concern because of zoonotic potential and the conse-
quences of new emergence events in both human and
animal populations. The emergence of a new strain
of severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2), which causes coronavirus disease
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(COVID-19) has once again demonstrated the role
of the family Coronaviridae in causing human disease
outbreaks. SARS-CoV-2, a novel betacoronavirus,
was identified in human patients from Wuhan, China,
during December 2019 and has resulted in a global
pandemic, an unprecedented public health emergen-
cy, and untold economic and societal repercussions
worldwide. Similar to the 2002-2003 severe acute re-
spiratory syndrome (SARS) epidemic, a live animal
market where hundreds of animal species were sold
is suspected to be associated with the emergence or
early spread of COVID-19 in humans (2).

Although COVID-19 is novel in the breadth of
the human outbreak, several pathogenic alphacoro-
naviruses and betacoronaviruses have shown similar
patterns of emergence. As early as the 1930s, corona-
viruses pathogenic to livestock, companion animals,
and laboratory animals were identified (3). During
the 1960s, 2 human coronaviruses, HCoV-229E and
HCoV-OC43, were detected in patients who had com-
mon colds (4,5). Although it is speculated that HCoV-
OC43 might also have emerged through a global
pandemic in the late 1800s (6), the 2002-2003 SARS
outbreak is the first known global epidemic caused by
a coronavirus. The SARS epidemic triggered research
within this viral family (3). This research led to detec-
tion of 2 new human coronaviruses, HCoV-NL63 and
HCoV-HKU1 (7,8). HCoV-229E, HCoV-OC43, HCoV-
NL63, and HCoV-HKU1 are now accepted as glob-
ally endemic common cold species that are typically
associated with mild-to-moderate respiratory illness.
In 2012, the most deadly human coronavirus to date
was detected in the Arabian Peninsula: Middle East
respiratory syndrome coronavirus (MERS-CoV) (9).
A cumulative body of research on these and other
coronaviruses has shown that most alphacoronavi-
ruses and betacoronaviruses infecting humans have
come from animal hosts and that both historic pat-
terns and coronavirus biology establish an urgent
ongoing threat to human and animal health (10).
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Although coronaviruses are divided into 4 viral gen-
era, namely alphacoronaviruses, betacoronaviruses,
gammacoronaviruses, and deltacoronaviruses, we fo-
cus on alphacoronaviruses and betacoronaviruses be-
cause all known human coronaviruses are from these
genera, and they may therefore pose an increased risk
for causing future pandemics.

This review is intended to compile data to inform
a One Health approach to combatting emerging al-
phacoronaviruses and betacoronaviruses. One Health
is a collaborative, multisectoral, and transdisciplinary
approach—working at the local, regional, national,
and global levels —with the goal of achieving optimal
health outcomes recognizing the interconnection be-
tween humans, animals, plants, and their shared en-
vironment (11). For example, in Qatar, a One Health
approach for MERS-CoV prevention and control has
been implemented since early in the outbreak, and
is associated with improvements in coordination,
joint outbreak response rates, and diagnostic capac-
ity (12). Similarly, in the United States, establishment
of the One Health Federal Interagency COVID-19
Coordination Group has been instrumental in ensur-
ing an efficient and coordinated all-of-government
response by creating a mechanism to communicate,
share timely updates, and align messaging (13). More
generally, the One Health approach is endorsed as
an effective means of combatting zoonotic diseases
internationally by the Tripartite international health
organizations, consisting of the Food and Agricul-
ture Organization of the United Nations, the World
Health Organization, and the World Organisation for
Animal Health (14).

As with other zoonotic diseases, effective im-
plementation of a One Health approach for emerg-
ing coronaviruses requires an understanding of the
transmission dynamics and human and animal hosts
associated with the pathogen. Therefore, this review
summarizes information from other coronavirus
emergence events, which might be useful in identi-
fying trends, establishing baselines, and informing
decision-making by using a One Health approach
around the current COVID-19 pandemic and future
emerging coronavirus threats. Specifically, we pro-
vide information on the receptor used by each cur-
rent or previously emerging coronavirus because
tropism can help predict host susceptibility (Table
1) for all known hosts of each coronavirus and their
host category (i.e., reservoir, intermediate, spill-
over, susceptible through experimental infection,
or nonsusceptible through experimental infection)
(Table 2, https://wwwnc.cdc.gov/EID/article/27/
4/20-3945-T2.htm) and clinical signs associated with
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coronavirus infection (Table 3, https://wwwnc.cdc.
gov/EID/article/27/4/20-3945-T3.htm)

Emerging Coronaviruses and Wildlife

More than 70% of zoonotic emerging infectious dis-
eases in humans are caused by pathogens that have
a wildlife origin (11). Several mammalian orders are
now known to host coronaviruses, including carni-
vores, lagomorphs, nonhuman primates, ungulates
and rodents (3). However, the attention has focused
on Chiroptera (bats), which are hypothesized to be
the origin host for all alphacoronaviruses and beta-
coronaviruses, and therefore all human coronavirus-
es (Table 2) (1,3).

After rodents, bats are the second most diverse
and abundant mammalian order, comprising 20% of
all mammalian biodiversity worldwide. In the past 2
decades, research has intensified to determine why
bats harbor more zoonotic diseases than other mam-
malian taxa, including pathogens that result in high-
consequence infectious diseases, such as Ebola and
Marburg filoviruses; Nipah and Hendra paramyxovi-
ruses; and SARS-CoV, SARS-CoV-2, and MERS-CoV,
emerging in humans (15). Behavioral and ecologic
traits, such as their gregariousness, sympatry with
mixed species assemblages in roosts, and long lifes-
pan relative to size, have been suggested explanations
for why bats are reservoirs to many viral pathogens
(15). Physiologically, bats have comparatively high
metabolic rates and typically do not show clinical
signs after viral infection. Recently, it has also been
shown that bats have several immune characteristics
that are unique among mammals and that cumula-
tively dampen their antiviral responses (16). Those
factors also probably contribute to their effectiveness
as viral reservoirs.

Coronavirus richness and diversity detected in
bats far exceeds those of other mammalian orders;
>11 of 18 chiropteran families across 6 continents
have tested positive for >1 coronavirus species (3).
A study surveying the diversity of wildlife corona-
viruses across global disease hotspots identified 100
distinct viruses, of which 91 were detected in bats
(10). This study reported that patterns of coronavi-
rus diversity mirrored bat diversity and evolution-
ary history, reinforcing the idea that bats are the
predominant reservoir of zoonotic and emerging
coronaviruses (10). On the basis of extrapolations
made in the same study, Anthony et al. predicted
that bats harbor ~3,204 coronaviruses, most of which
remain undetected (10). Although much coronavirus
diversity remains to be detected, several SARS-like
coronaviruses have been detected already in bats,
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Table 1. Current or previously emerging coronaviruses*

Animal Reservoirs and Hosts for Coronaviruses

Receptor (abbreviation)

Pathogen (abbreviation) Disease (abbreviation) Viral genus [suspected]
Alphacoronavirus 1 (ACoV1); strain canine enteric Canine coronavirus infection Alphacoronavirus Aminopeptidase N
coronavirus (CCoV) (CCoV) (APN, CD13)
Alphacoronavirus 1 (ACoV1); strain feline Feline infectious peritonitis virus  Alphacoronavirus Aminopeptidase N
infectious peritonitis virus (FIPV) (FIP) (APN, CD13)
Bat coronavirus HKU10 NA Alphacoronavirus Unknown
Ferret systemic coronavirus (FRSCV) Ferret systemic coronavirus Alphacoronavirus Unknown

(FRSCV)-associated disease

Human coronavirus NL63
Human coronavirus 229E

Porcine epidemic diarrhea virus (PEDV)

Common cold
Common cold

Porcine epidemic diarrhea

Alphacoronavirus Angiotensin-converting
enzyme 2 (ACE2)
Human aminopeptidase N
(hAPN, CD13)

[Aminopeptidase N

Alphacoronavirus

Alphacoronavirus

(PED) (APN, CD13)]
Rhinolophus bat coronavirus HKUZ2; strain swine ~ Swine acute diarrhea syndrome  Alphacoronavirus Unknown
acute diarrhea syndrome coronavirus (SADS- (SADS)
CoV)
Betacoronavirus 1; strain bovine coronavirus NA Betacoronavirus ~ Human leukocyte antigen

Betacoronavirus 1; strain canine respiratory
coronavirus

Betacoronavirus1; strain human coronavirus
0C43

Human coronavirus HKU1

Middle East respiratory syndrome coronavirus

Canine infectious respiratory
disease (CIRD)
Common cold
Common cold

Middle East respiratory

class | (HLA-1)
Human leukocyte antigen
class | (HLA-1)
Human leukocyte antigen
class | (HLA-1)
Human leukocyte antigen
class | (HLA-1)
Dipeptidyl peptidase 4

Betacoronavirus

Betacoronavirus

Betacoronavirus

Betacoronavirus

(MERS-CoV) syndrome (MERS) (DPP4, CD26)
Severe acute respiratory syndrome coronavirus Severe acute respiratory Betacoronavirus Angiotensin-converting
(SARS-CoV) syndrome (SARS) enzyme 2 (ACE2)
Severe acute respiratory syndrome coronavirus 2 Coronavirus disease Betacoronavirus Angiotensin-converting
(SARS-CoV-2) (COVID-19) enzyme 2 (ACE2)

*All coronaviruses are described in Tables 2 and 3, including the receptor used for viral entry. NA, not available.

including viruses that use the same human cellular
receptor molecule as SARS-CoV and SARS-CoV-2,
and might therefore pose an increased risk for future
emergence from bats to humans (17).

Despite the risks associated with bat-origin coro-
naviruses, bats play integral roles in ecosystems, in-
cluding insect suppression through predation, prey
for numerous predators, pollinators for economi-
cally and ecologically useful plants, and seed dis-
persal for countless tropical trees and shrubs (18).
Therefore, mitigating the risks of future emergence
events from bats would benefit from minimizing
close interaction between humans and bats and oth-
er wildlife, by reducing or stopping wildlife sales at
wet markets, wildlife hunting, and encroachment on
wildlife habitat.

Although further research on bats might help to
understand the origins of coronaviruses, other wild-
life species are intermediate hosts for human emerg-
ing coronaviruses. Intermediate hosts might not only
add complexity to coronavirus transmission dynam-
ics, but might also amplify viral spillover to new hosts
by closing gaps in interaction frequency between spe-
cies, and by increasing transmissibility and/or infec-
tiousness through viral adaptation (19). A canonical
example is SARS-CoV, whose intermediate host is
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accepted to be palm civets (Table 2; Appendix,
https:/ /wwwnc.cdc.gov/EID/article/27/4/20-
3945-Appl.pdf). In this instance, close interaction be-
tween humans and civets sold through wildlife mar-
kets probably facilitated transmission to humans, and
passage and ongoing recombination in civet interme-
diate hosts is believed to have played a critical role in
human receptor tropism (19,20) (Table 1).

Some wildlife species are at risk for human coro-
navirus spillover. Wild great apes, all species of which
are endangered, are a taxonomic group vulnerable to
spillover from humans, at least in part because they
are our closest living relatives. Several documented
respiratory outbreaks that resulted in clinical signs
ranging from mild illness to death in chimpanzee and
gorilla populations originated from a human source
(21,22). The human betacoronavirus HCoV-OC43
was reported as the causative agent of mild-to-mod-
erate respiratory illness among wild chimpanzees in
Cote D'Ivoire in late 2016 and early 2017 (Table 2; Ap-
pendix), suggesting the susceptibility of these chim-
panzees to human coronaviruses. As the COVID-19
pandemic continues, there is concern that susceptible
wildlife, such as great apes, might be exposed to the
virus through human contact, resulting in a new host
reservoir, which could pose a risk for perpetuating
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enzootic transmission and zoonotic transmission into
recovering human populations.

Wildlife infections with SARS-CoV-2 have al-
ready occurred; the first natural infection of SARS-
CoV-2 in a wild animal, and the first confirmed ani-
mal cases in the United States, were in tigers (n = 5)
and lions (n = 3) at a zoo in New York, NY (Table
2; Appendix). Unlike most other asymptomatic ani-
mal cases reported previously, the large cats dem-
onstrated respiratory signs that included coughing
and wheezing but ultimately made a full recovery
(Table 3). SARS-CoV-2 infection in wild felids in
captivity highlights the complex interactions hu-
mans might have with wildlife, including the poten-
tial for human-to-wildlife transmission. Given these
interlinkages, framing risk by using a One Health
approach might more comprehensively address the
socioeconomic and environmental drivers of disease
emergence, leading to potentially novel, mutually
beneficial solutions. For example, risks could be re-
duced by improving wildlife importation, trade and
market regulations, and sanitary standards, which
would not only protect public health and animal
health but also result in positive wildlife conserva-
tion outcomes.

Emerging Coronaviruses and Livestock

Some coronaviruses naturally infect livestock and
can have devastating economic consequences,
such as swine acute diarrhea syndrome coronavi-
rus (SADS-CoV), porcine epidemic diarrhea virus
(PEDV), and betacoronavirus 1. Although recent
studies suggest that pigs are not susceptible hosts
for SARS-CoV-2 infection (23,24), pigs are a com-
mon host for alphacoronaviruses and betacoronavi-
ruses; 6 viral species cause disease (25) (Table 2). Of
these species, the enteric alphacoronavirus PEDV is
considered reemerging, and the enteric alphacoro-
navirus SADS-CoV (a strain of the Rhinolophus bat
coronavirus HKU?2) is considered emerging (25). Al-
though PEDV was detected in China in the 1970s, a
highly pathogenic variant caused considerable loss-
es to the United States pork industry in 2013-2014
(26). SADS-CoV is highly pathogenic in swine and
was detected in Guangdong Province in China dur-
ing 2016-2017, causing the death of nearly 25,000
piglets (27) (Table 3). SADS-CoV emerged within
100 km of the accepted locale of the SARS index case,
and like SARS-CoV and SARS-CoV-2, SADS-CoV is
suspected to originate in horseshoe bats (Rhinolophus
spp.) (Table 2; Appendix). However, unlike SARS-
CoV and SARS-CoV-2, SADS-CoV has not been de-
tected outside China (25).
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Among betacoronaviruses, a strain of betacoro-
navirus 1 also infects pigs (25). Porcine hemaggluti-
nating encephalomyelitis virus has been circulating
for decades and causes rapid death in piglets (25)
(Table 3). Unlike other coronaviruses, betacoronavi-
rus 1 is a unique species complex, in that its distinct
strains are host-specific to a range of different spe-
cies, including wild and domestic ungulates, rabbits,
and canines (19,28) (Table 2; Appendix). Perhaps
the most well-studied strain of betacoronavirus 1 is
bovine coronavirus (BCoV), which has a major eco-
nomic role because it can be associated with a suite
of clinical disease in calves and cattle, including calf
diarrhea, winter dysentery, and respiratory infec-
tion (28) (Table 3). BCoV also infects several other
livestock species, including horses, sheep, and cam-
els (19,28) (Table 2).

Livestock have also been intermediate hosts in
the emergence of 3 human coronaviruses. An un-
known ungulate species, speculated to be cattle, is
accepted as the intermediate host of HCoV-OC43
(6,29), a strain of betacoronavirus 1 (Table 2). On the
basis of molecular clock calculations, HCoV-OC43 is
predicted to have jumped from livestock to humans
around 1890, a timeframe coincident with pandem-
ics of respiratory disease in cattle (which resulted
in widespread culling) and humans (although this
outbreak is historically attributed to influenza) (6).
Dromedary camels are accepted as established hosts
of MERS-CoV and are believed to be associated with
the emergence of HCoV-229E in humans on the ba-
sis of closely related viruses found in camelids (Table
2; Appendix). Dromedary camels inhabit the Middle
East and northern Africa and comprise 90% of extant
camels on earth. In much of their range, dromedaries
are a major livestock species that are used as racing
and working animals, as well as for their milk, meat,
and hides.

Livestock can also be spillover hosts of human
coronavirus infection. After the 2002-2003 SARS
outbreak, a study conducted on farms in Xiqing
County, China, tested livestock (pigs, cattle, chick-
ens, and ducks) and companion animals (dogs and
cats), leading to detection of 1 pig that was posi-
tive for SARS-CoV by antibody test and reverse
transcription PCR (30) (Table 2). A larger and more
complex series of livestock outbreaks of SARS-
CoV-2 has been unfolding since April 2020. Mink
farms across Europe and North America have re-
ported outbreaks of SARS-CoV-2 (Tables 2, 3). In
most outbreaks, farmed mink were suspected to be
initially infected by COVID-19-positive farm em-
ployees (31,32). Findings from the Netherlands have
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also identified instances of spillback from mink to
humans through ongoing investigations (33). Na-
tional surveillance and control efforts have been
implemented in several countries, many of which
have subsequently identified other SARS-CoV-2-
positive species living on or nearby mink farms, in-
cluding cats, dogs, and escaped or wild mink (32).
Several countries have implemented mandatory re-
porting of any virus-positive animals and depopu-
lation or quarantine of affected farms (32). In Eu-
rope, several million mink have been culled, and a
moratorium has been placed on the mink industry
in some countries; such early and coordinated One
Health actions are needed to prevent bidirectional
transmission of zoonotic diseases (32).

Emerging Coronaviruses and

Companion Animals

Companion animals are members of many house-
holds and can improve the physical and mental well-
being of their owners (34). In the United States, ~71.5
million households (57%) own >1 companion animal
(35). Among households with companion animals,
dogs (67%) and cats (44%) are the most commonly
owned (35). Despite the many benefits of pet owner-
ship, close interactions with pets pose risks for zoo-
notic disease transmission (34). Zoonotic diseases that
are spread between humans and companion animals
include rabies, salmonellosis, campylobacteriosis,
and hookworm (34,36,37). Companion animals are
estimated to be a source of >70 human diseases (38),
and the burden of zoonotic diseases attributed to in-
teractions with companion animals is substantial. For
example, rabies kills 59,000 persons per year glob-
ally, and 99% of human rabies cases originate from
rabid dogs (37).

Several common coronaviruses have been de-
tected in companion animals, although none of the
coronaviruses that are endemic to companion animal
populations are zoonotic. One of the most common
respiratory diseases in dogs is canine infectious re-
spiratory disease, or kennel cough, which typically
causes cough and nasal discharge in puppies and
dogs (39,40). Although kennel cough can be caused
by several pathogens, most frequently the bacterium
Bordetella bronchiseptica, canine respiratory coronavi-
rus (CRCoV) is a contributing pathogen to this syn-
drome (39,41) (Table 1). CRCoV is believed to origi-
nate from BCoV through a common ancestor, host
variant, or a host species shift and is therefore consid-
ered a strain of betacoronavirus 1 (39,41). Regardless
of how CRCoV and BCoV are genetically related, ex-
perimental studies have shown that dogs challenged
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with BCoV can become infected and transmit the vi-
rus to other dogs, although they do not exhibit clini-
cal signs of disease (Tables 2, 3; Appendix).

Canine enteric coronavirus (CCoV) is an al-
phacoronavirus often associated with mild enteri-
tis in puppies and dogs, especially in group hous-
ing situations (42). However, during 2005, a novel,
highly pathogenic variant strain of CCoV-II, CB/05,
was identified (43) (Table 2). This new variant is
now pantropic, and results in a mortality rate up to
100% in isolated outbreaks in puppies (43) (Table 3).
Because of its increased pathogenicity and changes
in tissue tropism, CCoV is considered an emerging
pathogen (42).

Although CCoV is generally considered to be spe-
cific to dogs, cats experimentally challenged with the
virus can be infected with CCoV and mount an an-
amnestic response to further exposure, although they
do not develop clinical signs of illness (Table 3; Ap-
pendix). In addition, although there are 2 serotypes
of feline coronavirus (FCoV), FCoV type I and FCoV
type 1I, type Il is hypothesized to have originated
from a recombination event between FCoV type I and
CCoV, which suggests co-infections of coronaviruses
among companion animals might yield opportunity
for emergence of new disease (44).

Companion animals might also act as spillover
hosts for human coronaviruses. A study after the
2002-2003 SARS outbreak showed that pet cats liv-
ing in a Hong Kong, China, apartment complex were
naturally infected with SARS during the epidemic
(45). After the epidemic, challenge experiments in
cats and ferrets found that both species could be ex-
perimentally infected and transmit the infection to
immunologically naive animals of the same species
they were housed with (45) (Table 2). In this experi-
ment, cats did not show clinical signs of illness, al-
though ferrets became lethargic, showed develop-
ment of conjunctivitis, and died on days 16 and 21
postinfection. However, unlike human cases, there
was no evidence that SARS-CoV-associated pneu-
monia was a cause of death (Table 3). Rather, the
main findings in deceased ferrets were marked he-
patic lipidosis and emaciation (45).

Companion animals, specifically dogs and cats,
are among the most commonly infected groups of
animals in the ongoing COVID-19 pandemic. Natu-
ral cases of suspected human-to-animal transmission
have been confirmed in dogs and cats from several
countries, and the earliest reports date back to March
2020 in Hong Kong (32). As of January 2021, there
are ~100 confirmed cases of SARS-CoV-2 infections
in dogs and cats in the United States; most of those
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cases resulted from exposure to owners who had
COVID-19 (46). Experimental challenge studies ad-
ditionally suggest that similar to SARS-CoV, several
companion animals, including cats, ferrets, and gold-
en hamsters, are all susceptible to SARS-CoV-2 infec-
tion under laboratory conditions (Table 2; Appendix).
Furthermore, studies in cats, hamsters, and ferrets
showed that they are capable of direct and indirect
transmission to healthy animals of the same species
in experimental settings (23,24,47,48), which under-
scores the need for infection prevention and control
practices for humans and companion animals (49).

The global prevalence of companion animal
ownership underscores the need for better under-
standing of pathogens, such as coronaviruses, that
can infect pets. Because companion animals harbor
endemic coronaviruses and might also be at risk for
spillover for some human zoonotic coronaviruses,
there is potential for coronavirus recombination
events and new viral emergence to occur within
these hosts. Therefore, ensuring that persons under-
stand how to safely interact with their companion
animals is essential for ensuring that persons and
companion animals stay healthy while also protect-
ing animal welfare.

Conclusions

A considerable number of mammalian species, includ-
ing wildlife, livestock, and companion animals, are
susceptible to infection with alphacoronaviruses and
betacoronaviruses. The propensity of alphacorona-
viruses and betacoronaviruses to jump to new hosts,
coupled with their relatively large host ranges, sug-
gests that a One Health approach could be used to de-
velop strategies to mitigate the effects of current and
future coronavirus emergence events. During the CO-
VID-19 pandemic, One Health collaboration between
public health and veterinary sectors has already bol-
stered critical healthcare resources and infrastructure,
leading to improvements in diagnostic testing capac-
ity and human resource availability (50). In the United
States, the One Health Federal Interagency COVID-19
Coordination Group has developed risk communica-
tion and messaging for companion animals, livestock,
and wildlife and has been instrumental in coordinat-
ing joint outbreak response and diagnostic testing in
animals. As these examples highlight, integration of
the One Health approach into preparedness planning,
joint epidemiologic investigations, surveillance, labo-
ratory diagnostics, risk assessment, and field research
is not only beneficial but a useful approach to safe-
guard the health, welfare and safety of humans, ani-
mals, and their shared environment.
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Difficulties in Differentiating
Coronaviruses from Subcellular
Structures in Human Tissues
by Electron Microscopy

Hannah A. Bullock, Cynthia S. Goldsmith, Sherif R. Zaki, Roosecelis B. Martines, Sara E. Miller

Efforts to combat the coronavirus disease (COVID-19)
pandemic caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) have placed a renewed fo-
cus on the use of transmission electron microscopy for
identifying coronavirus in tissues. In attempts to attribute
pathology of COVID-19 patients directly to tissue damage
caused by SARS-CoV-2, investigators have inaccurately
reported subcellular structures, including coated vesicles,
multivesicular bodies, and vesiculating rough endoplas-
mic reticulum, as coronavirus particles. We describe mor-
phologic features of coronavirus that distinguish it from
subcellular structures, including particle size range (60—
140 nm), intracellular particle location within membrane-
bound vacuoles, and a nucleocapsid appearing in cross
section as dense dots (6—12 nm) within the particles. In
addition, although the characteristic spikes of coronavi-
ruses may be visible on the virus surface, especially on
extracellular particles, they are less evident in thin sec-
tions than in negative stain preparations.

he Coronaviridae family of viruses contains sev-

eral human pathogens, including severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent of the coronavirus disease (CO-
VID-19) pandemic. Since early 2020, the unprec-
edented collective response to the COVID-19 pan-
demic from the scientific and medical community
has led to numerous SARS-CoV-2-related publica-
tions and underscored the urgent need to demon-
strate and verify the presence of coronavirus direct-
ly in tissues. Among these publications are reports
describing the pathology of SARS-CoV-2 infection
in patient specimens, which have been scrutinized
intensely by electron microscopy (EM) for evidence
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of the virus. Consequently, several articles have er-
roneously described the identification of coronavi-
rus particles by EM in the lung (1-6), kidney (6-13;
B. Diao et al., unpub. data, https://doi.org/10.1101
/2020.03.04.20031120), heart (14,15), brain (16), liver
(17), intestine (6,18), skin (19), and placenta (20-22)
(Table). However, most of the presumed virus or vi-
rus-like particles shown in all of these reports either
represent normal subcellular organelles previously
demonstrated in cells (23) or, otherwise, lack suffi-
cient ultrastructure and morphologic features to be
conclusively identified as coronavirus. Since early
May 2020, letters to the editors of several journals
have refuted these descriptions (24-30), yet the mis-
identification of coronavirus particles continues. It
is essential for our collective understanding of CO-
VID-19 clinical pathology and pathogenesis as well
as the field of diagnostic EM that these misidentifica-
tions of SARS-CoV-2 particles be addressed.

As of November 2020, only 2 articles and 1 let-
ter to the editor had been published documenting
clear EM evidence of SARS-CoV-2 directly in tissue
samples (30-32), and another 2 articles showed rare
viral particles (33,34). Here, we review published
articles that used EM to search for SARS-CoV-2 in
patient tissue samples. Our goal is to highlight the
importance of coronavirus morphology and cellu-
lar localization in diagnosis and detection. In ad-
dition, we provide a side-by-side comparison of
the subcellular structures that have been most fre-
quently misinterpreted as SARS-CoV-2 along with
actual viral particles that have been identified in
COVID-19 autopsy tissues.

Coronavirus Structure

Knowledge of coronavirus ultrastructure and mor-
phogenesis is paramount to avoiding errors in
identification. The name coronavirus was coined by
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June D. Almeida, who visualized the virus by EM
in 1967 (35). The name was derived from the sur-
face peplomers or spikes that give the viral parti-
cles the appearance of having a solar corona. These
spikes are one of the more distinctive features for a
coronavirus. For diagnostic EM, coronaviruses can

be observed using 2 techniques, negative stain (36)
and thin section (36,37). Negatively stained samples
are prepared by adsorbing virus suspended in fluid
onto a plastic-coated grid, wicking off excess liq-
uid, and staining with a heavy-metal salt solution.
The virus is coated with the stain, which penetrates

Table. Structures misidentified as coronavirus particles by transmission electron microscopy in publications, March—November 2020*

Structures misidentified as coronavirus

Original reference Tissue (Figure no., panel) Correct identification Response

Yao et al. (1) Lung Spiked vesicles in the cytoplasm (1, A—C) CCVs NA

Pesaresi et al. (2) Lung Vacuole containing vesicles (1, A, B) MVB NA

Clusters of dark particles some associated RER and possibly
with membranes (1, C, D) ribosomes
Clusters of dark particles (2, A, B, E) Unidentifiable structures
Grimes et al. (3) Lung Vacuole containing vesicles (2, A) MVB NA
Spiked vesicle in cytoplasm (2, B) Possible CCV

Ackermann et al. (4) Lung Dark circular structures (3, D) Unidentifiable structure  Scholkmann et al. (29)
Borczuk et al. (5) Lung Clusters of dark particles associated with Vesiculating RER NA

membranes (6, E)

Spiked vesicle in cytoplasm (7, F) ccv
Bradley et al. (6) Lung Collections of vesicles (5, A, D) Unidentifiable structures  Dittmayer et al. (30)
Coated vesicles (5, B) CCVs
Vacuole containing vesicles (5, C) MVB
Intestine  Circular membranes in cytoplasm (5, E) ~ Unidentifiable structures NA
Extracellular spiked vesicles (5, F) Unidentifiable structures
Kidney  Spiked vesicles within a membrane (5, G) CCVs NA
Membrane bound vesicles (5, H) Unidentifiable structures
Suetal. (7) Kidney Spiked vesicles in cytoplasm (2, A-D) CCVs Calomeni et al. (24);
Miller et al. (27);
Roufosse et al. (28)
Kissling et al. (8) Kidney Vacuole containing vesicles (1, E, F) MVB Calomeni et al. (24);
Miller et al. (27);
Roufosse et al. (28)
Varga et al. (9) Kidney Circular membrane structures with Vesiculating RER Goldsmith et al. (26);
surrounding black dots (1, A, B) Roufosse et al. (28)
Farkash et al. (10) Kidney Spiked vesicles in cytoplasm (3, A-C) CCVs Miller et al. (25);
Roufosse et al. (28)
Vacuole containing vesicles (3, D) MVB
B. Diao et al., unpub. Kidney Spiked vesicles in cytoplasm (3) CCVs Roufosse et al. (28)
data,

https://doi.org/10.1101/20
20.03.04.20031120

Abbate et al. (11) Kidney Spiked vesicle in cytoplasm (1) ccv NA
Menter et al. (12) Kidney Vacuoles containing vesicles (4, A—C) MVB, NA
Collection of membrane bound particles Unidentifiable structure
(4. D)
Werion et al. (13) Kidney Circular vesicles with internal black dots Outside-in RER NA
(3, A-C)
Tavazzi et al. (14) Heart Spiked vesicles in cytoplasm (2, A-F) CCVs Dittmayer et al. (30)
Dolhnikoff et al. (15) Heart Roughly circular black structures (3, A, D)  Unidentifiable structures  Dittmayer et al. (30)
Clusters of dark particles, some RER and clusters of
associated with membranes (3, B, C) ribosomes
Paniz-Mondolfi et al. (16) Brain Vacuole containing circular particles (3, A, Unidentifiable structures NA
B
Vacuole containing vesicles (1, C, D) MVB
Wang et al. (17) Liver Circular structures with surrounding black Vesiculating RER NA
dots (1, M; 2, J)
Qian et al. (18) Intestine Spiked vesicles in cytoplasm (3, A, B) CCVs NA
Colmenero et al. (19) Skin Spiked vesicle in cytoplasm (4, D) ccv NA
Hosier et al. (20) Placenta Spiked vesicles in cytoplasm (4, C—F) CCVs NA
Spherical particles (4, G-I) Unidentifiable structures
Algarroba et al. (21) Placenta Spiked vesicles in cytoplasm (2—-6) CCVs NA

Sisman et al. (22) Placenta Vacuole containing circular particles (1, C) Unidentifiable structures NA

*CCV, clathrin or coatomer coated vesicles; MVB, multivesicular body; NA, not

applicable; RER, rough endoplasmic reticulum.
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between spikes protruding on the virus surface,
making them visible. Thus, negative stain EM im-
ages readily show the prominent spikes that are
associated with coronaviruses (Figure 1, panel A).
For thin section EM, tissues or infected cell culture
specimens are fixed in formalin or glutaraldehyde,
stained with osmium, embedded in epoxy resin,
baked to harden, and sectioned using an ultrami-
crotome. The resulting ultrathin sections show
a cross-sectional view of the cells and viruses. In
ultrathin sections of fixed tissues, coronavirus
particles are 100 nm in diameter including their
peplomer spikes and 80 nm in diameter excluding
spikes (Figure 1, panel B). The spikes on corona-
virus particles within cytoplasmic vacuoles (Fig-
ure 1, panel C) are not easily visible by thin sec-
tion EM, unless the tissue is processed with tannic

Differentiating Coronavirus by Electron Microscopy

acid; instead, they usually appear as a fuzz on the
surface of the virus. The difference in the appear-
ance of the virus in negative stain versus thin sec-
tion contributes to the confusion and misidentifi-
cation of coronaviruses. Spikes are very rarely as
clear in thin-sectioned specimens as they are when
seen by negative stain EM.

Coronavirus Biology

Proper identification of coronaviruses within tissue
samples requires understanding the biology of the
virus and its replicative process (37-39); this knowl-
edge ensures that the microscopist is searching for
it in the correct cellular location, saving valuable
time and helping to avoid misidentifying normal
cellular structures as virus. In an infected cell, virus
replication takes place within the host cell cytoplasm.

Figure 1. Overview of the ultrastructural features of coronavirus morphology as seen by negative stain and thin section. A)
Extracellular viral particles 100 nm in diameter with prominent peplomers (spikes). Prepared from a cell culture sample by
negative stain using heavy metal salt solutions to coat the outside of the virus. Scale bar indicates 100 nm. B) Extracellular
viral particles ~100 nm in diameter with clearly visible spikes. Cross sections through the helical nucleocapsid are visible on the

interior of the particle as electron-dense black dots, 6-12 nm in diameter. Prepared by thin section from a formalin-fixed autopsy
specimen. Scale bar indicates 100 nm. C) Intracellular viral particles ~80 nm in diameter held within a membrane-bound vacuole.
Cross sections through the helical nucleocapsid are visible inside the particles. Prepared by thin section from a formalin-fixed
autopsy specimen. Scale bar indicates 200 nm. D) Intracellular viral particles (arrowhead) within a membrane-bound vacuole and
nearby clathrin-coated vesicles (CCV) in the cytoplasm (arrows). CCV spikes directly contact the cell cytosol; viral spikes, barely
visible as a faint fuzz, contact the vacuole contents. Cross sections through the helical nucleocapsid are visible inside the viral
particles but not within the CCVs. Prepared by thin section from a glutaraldehyde-fixed cell culture sample. Scale bar indicates
500 nm.
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Several studies have documented that the coronavi-
rus replicative process induces formation of modi-
fied host cell membranes, including structures like
double-membrane vesicles and convoluted mem-
branes (39,40). Coronavirus structural components,
including envelope, membrane, and spike proteins,
are inserted into the endoplasmic reticulum (ER) and
eventually move to the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC) (37,41). Com-
plete virions are produced when the helical viral nu-
cleocapsids bud through membranes of the ERGIC,
taking with them ERGIC membrane, which pinches
off to form spherical viral particles inside vesicles; the
budding process provides the viral envelope (37,38).
This region between the rough ER (RER) and the
Golgi complex is known as the budding compart-
ment. Virions then accumulate in the intracisternal
space that forms a vacuole; if spikes were visible, they
would be observed within the area of this membrane-
bound vacuole (Figure 1, panels C, D). The vacuoles
with viral particles migrate to the cell surface where
the vacuolar and plasma membranes fuse, and the
virus is extruded, resulting in extracellular particles
in which spikes may be more apparent (38) (Figure
1, panel B). Of note, accumulations of coronavirus
would not be found free within the cytoplasm of a
cell, and at no point would the spikes of a coronavirus
be in direct contact with the cytosol.

Structures Commonly Misidentified
as Coronaviruses
We performed a literature search for reports pub-
lished during March 1-November 30, 2020, that
used EM to identify coronavirus directly in patient
specimens. We used the keywords ultrastructure or
electron microscopy in conjunction with COVID-19,
SARS-CoV-2, or coronavirus when searching Google
Scholar, PubMed, MEDLINE, Web of Science, and
Scopus. We identified 27 reports with EM findings.
Four of these reports and 1 letter to the editor includ-
ed correctly identified coronavirus (30-34). The other
23 articles revealed a pattern of subcellular structures
misidentified as virus (Table), including clathrin-
coated and coatomer-coated vesicles (CCVs; 48%),
multivesicular bodies (MVBs; 26%), circular cross-
sections through vesiculated RER (19%), spherical
invaginations of RER (4%), and other nonviral struc-
tures (30%). Figure 2 shows an overview of these sub-
cellular components observed within autopsy tissues.
The most common structures erroneously iden-
tified as coronaviruses were CCVs (Table; Figure 2,
panel A), which play essential roles in cellular trans-
port. The clathrin protein is associated with vesicle
formation and transport at the plasma membrane
and trans-Golgi network. Coatomer proteins mediate
transport within the Golgi complex and between the
Golgi complex and ER (42). Although the sizes of the

Figure 2. Overview of differential ultrastructural features of subcellular structures commonly misidentified as coronaviruses; all were
prepared by thin section from formalin-fixed autopsy specimens. A) Clathrin-coated vesicles (CCVs), circular vesicles with a fringe of
clathrin protein (arrow), in the cell cytoplasm range in size from 60 nm-100 nm. Differentiation: clathrin surrounding the vesicle may
be misinterpreted as viral spikes, however, CCVs are free in the cell cytoplasm, and clathrin is in direct contact with the cytoplasm.
Intracellular coronaviruses are found within membrane-bound vacuoles, and spikes, if visible, are in contact with the vacuolar
contents. CCVs lack the internal black dots that signify cross sections through the viral nucleocapsid. Scale bar indicates 200 nm. B)

Multivesicular body (MVB), a collection of membrane-bound roughly spherical vesicles formed by the inward budding of an endosomal
membrane. Differentiation: MVBs may be confused with a vacuolar accumulation of coronavirus particles. Vesicles within multivesicular
bodies do not have internal black dots that signify cross sections through the viral nucleocapsid. Scale bar indicates 200 nm. C)
Circular cross sections through rough endoplasmic reticulum (RER) (arrows) found free within the cytoplasm. Differentiation: ribosomes
along the endoplasmic reticulum may be confused with viral spikes. Ribosomes of vesiculating RER are in direct contact with the cell
cytoplasm, unlike coronavirus spikes, which would be in contact with vacuolar contents. Vesiculating RER lacks cross sections through
the viral nucleocapsid. Scale bar indicates 1 um.
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CCVs and the virus may be similar, the cellular lo-
cation of each and the lack of cross sections through
the viral nucleocapsid are key differentiating features
(Figure 1, panel D). CCVs are found free in the cy-
toplasm, not within the membrane-bound vacuoles
where intracellular coronavirus particles are found
(Figure 1, panel D). The clathrin or coatomer projec-
tions protruding from the vesicles as a fringe can be
easily misinterpreted as viral spikes. These clathrin
and coatomer proteins, however, are in direct con-
tact with the cell cytosol (Figure 1, panel D; Figure 2,
panel A), whereas spikes on intracellular coronavirus
particles, if visible, are within the vacuolar contents
and not the cell fluid (Figure 1, panels C, D). An ad-
ditional morphologic feature visible in coronaviruses
in thin section EM is the helical nucleocapsid (41,43),
which can be seen in cross sections as electron-dense
black dots 6-12 nm in diameter on the inside of the
viral particles (Figure 1 panels B-D). CCVs do not
contain these black dots (Figure 1, panel D; Figure 2,
panel A). The lack of these dots in a subcellular struc-
ture is a good indicator that it is not coronavirus.

Several reports have misidentified multivesicu-
lar bodies (MVBs) as coronavirus particles (Table).
MVBs are a type of late endosome consisting of mul-
tiple vesicles within a membrane-bound structure
formed from the inward budding of an outer endo-
somal membrane (Figure 2, panel B) and are part of
standard cellular processes for protein degradation
(23,24). MVBs may be confused with vacuolar ac-
cumulations of coronavirus; both have the appear-
ance of a membrane-bound collection of spherical
particles (Figure 1, panels C, D; Figure 2, panel B).
The key differentiating feature is the lack of cross
sections through the viral nucleocapsid within the
spherical profiles of the MVB. Any purported mem-
brane-bound accumulation of virus-like particles
without the black dots signifying cross sections
through the viral nucleocapsid is likely an MVB
rather than a vacuole containing coronavirus. MVBs
have also been misidentified as double-membrane
vesicles, a part of the replication complex for coro-
naviruses. However, double-membrane vesicles are
composed of 2 tightly apposed membranes, which
is not the case with MVBs (37,40). In a letter to the
editor of the journal Kidney International, Calomeni
et al. discussed the prevalence of MVBs in kidney
biopsies from the pre-COVID-19 era (24).

Circular cross sections through vesiculated RER,
with its ribosome-studded membranes, have also
been highlighted as viral particles in tissue samples
(Table). The RER is the site of protein synthesis and
plays a role in viral replication; however, it has been
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misidentified as virus itself in some recent publica-
tions. A thin section through an area of RER may
give the appearance of a circular membrane with
small dark spikes along the outside edge of the
membrane (Figure 2, panel C). In this instance, the
spikes along the membrane are in fact ribosomes,
not viral peplomers. The substantial variability in
size of circular cross sections through the RER in-
dicate that these are not viral particles; coronavirus
particles with spikes are typically around 80-100 nm
in diameter. Vesiculating RER also lacks the interior
black dots of cross sections through the viral nucleo-
capsid, and the ribosomes, mistaken for spikes, are
in direct contact with the host cell cytoplasm, rather
than the vacuolar content.

An additional structure that has misled investiga-
tors appears to be an invagination of RER that results
in roughly spherical particles with ribosomes inside
(13), referred to in one paper as outside-in RER (44).
These virus-like particles are uniform and compa-
rable in size to coronaviruses, <100 nm in diameter.
The particles meet the morphological criteria for a
coronavirus except that the dots inside are larger (=20
nm) than those in cross sections through coronavirus
nucleocapsids (=6-12 nm). The exact nature of their
composition or relationship to any cellular processes
has not been determined.

Identifying Coronaviruses Using

Formalin-Fixed Tissue and Formalin-Fixed,
Paraffin-Embedded Samples

Although EM alone is a powerful tool, a multipronged
approach for detecting and identifying viral particles
can be key to the prompt and accurate diagnosis of
the extent of infection and for further investigation
into disease pathology. This fact is particularly true
in rapidly developing situations, such as the COV-
ID-19 pandemic, when transmission of high-quality
scientific information is of paramount importance.
Although formalin- or glutaraldehyde-fixed tissues
embedded for EM are necessary for accurate classi-
fication of viral morphology and morphogenesis, the
detection of virus within a tissue may require a more
targeted approach to find the infected area, such as by
working closely with a pathologist to select promising
areas for EM from formalin-fixed tissues displaying
evident disease pathology (e.g., areas of pulmonary
consolidation) or by using formalin-fixed, paraffin-
embedded (FFPE) blocks (31).

The benefit of using FFPE samples is the ability
to perform a variety of diagnostic methodologies on
serial sections from the same tissue, enabling com-
parison and correlation of test results. For example,
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immunohistochemistry (IHC) tests using antibod-
ies for a specific pathogen can be applied to sec-
tions of FFPE tissue on glass slides and, based on
the IHC results, areas of interest that are likely to
contain the antigen or virus can be identified for
EM analysis. The selected areas can be prepared for
EM by embedding a tissue section 4-6 pm thick af-
fixed to a glass side in situ on the slide (on-slide), or
the targeted tissue can be removed from the FFPE
block using a biopsy punch, deparaffinized, and
embedded in epoxy (31,36). However, processing
and analyzing each of these sample types presents
challenges; the foremost is the accurate identifica-
tion of viral particles, because the ultrastructural
morphology of the virus and the surrounding tis-
sue may be degraded by the processing for light mi-
croscopy. Having an area of interest selected that is
already positive for a virus by another test, such as
IHC or in situ hybridization (ISH), aids in viral de-
tection and identification by EM. For this approach
to be successful, IHC and ISH assays must be rig-
orously evaluated and validated by using negative
controls and by testing antibody cross-reactivities
to prevent false positives and the misinterpretation
of nonspecific staining.

An example of this approach in autopsy tissues
is shown in Figure 3. We selected an area of inter-
est for EM based on a positive IHC result for SARS-
CoV-2 in ciliated epithelial cells from the trachea
(Figure 3, panel A). Using FFPE samples leads to
compromised ultrastructure and a reduction in vi-
ral particle size because of the additional process-
ing these samples undergo, including embedding
in paraffin, deparaffinizing, staining, and drying,

before being dehydrated and embedded in epoxy for
EM. This deteriorated ultrastructure is particularly
evident in the on-slide sample (Figure 3, panel B).
Although morphology is compromised, the presence
of large numbers of intracellular and extracellular
uniformly sized particles in areas corresponding to
positive immunostaining or molecular labeling are
clues to the presence of viruses. The extracellular vi-
ral particles are smaller than would be observed in
a typical glutaraldehyde-fixed thin section sample
due to shrinkage from processing, closer to 75 nm in
diameter than 100 nm, but can still be differentiated
from the surrounding ciliary structures. Closer ex-
amination of the FFPE biopsy punch sample (Figure
3, panel C) reveals apparent cross sections through
the viral nucleocapsid as well as a surrounding fuzz
which is suggestive of peplomers. Using a multifac-
eted approach such as this for SARS-CoV-2 detection
enables accurate determination of the localization of
the virus within tissues and correlation of histopath-
ological with ultrastructural features of SARS-CoV-2
infection.

Conclusions

EM is powerful in its ability to provide a window
into the ultrastructure, and thus function, of tissues
and the infectious agents they may contain. It gives
scientists a valuable tool to provide clear visual evi-
dence of viral infection and disease pathology, unlike
biochemical tests that require choosing a priori the
correct reagent and may yield false positive or false
negative results. However, knowledge of both viral
morphogenesis and normal subcellular architecture
is necessary to identify viruses correctly by EM. The

Figure 3. Use of immunohistochemistry and electron microscopy to detect severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in formalin-fixed paraffin embedded (FFPE) autopsy tissues. A) Immunostaining (arrows) of SARS-CoV-2 in the
epithelial cells of the trachea. Scale bar indicates 20 ym. B) Ultrastructural features of extracellular SARS-CoV-2 particles (arrow)
in association with ciliated cells of the trachea from paraffin section in panel A, prepared using an FFPE on-slide method. Scale
bar indicates 200 nm. C) Thin section of a biopsy punch from the original FFPE block in panel A showing viral particles (arrow) =75

nm. Scale bar indicates 200 nm.
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issue of virus misidentification within tissue samples
is not unique to coronaviruses or limited to those
subcellular structures we addressed in this report;
nuclear pores may be mistaken for herpesvirus, peri-
chromatin granules for smaller DNA viruses such as
parvoviruses or polyomaviruses, and ribosomes for
picornaviruses. Neurosecretory granules and glyco-
calyceal bodies can also be misidentified as viruses
(23,45,46). Before declaring the presence of viruses,
particularly complex enveloped viruses with mul-
tiple appearances in different stages of maturation,
we recommend consulting with a trained diagnostic
EM professional who has extensive knowledge of vi-
ral ultrastructure. If, after such consultation, a defini-
tive identification still cannot be made, a descriptive
report may be used, including the size, morphology,
and cellular location of the particles of interest. One
should only use the term virus or a more specific
term, such as coronavirus, when the particles in ques-
tion can be positively identified. The term virus-like
may be used when only some morphologic criteria
for virus identification have been met or in cases of
deteriorated ultrastructure.

The use of diagnostic EM for infectious diseas-
es pathology research is at its best when it involves
collaboration between specialists in pathology, mi-
croscopy, and microbiology. The scientific commu-
nity’s interest in diagnostic EM and the need for
trained professionals in this field is highlighted by
the number of recent articles seeking to identify
SARS-CoV-2 particles in patient specimens. In each
case of erroneously identified coronavirus particles,
the structures mistaken for virus are common cel-
lular organelles. These misinterpretations are easy
to make without extensive training and are made
easier by the publication of incorrectly identified
viral structures. Articles with misidentified viral
particles are used by others to verify the presence
of viral particles in their own research, potentially
wrongfully documenting the presence of the virus
in damaged tissues. However, rather than actual
virus infection of a failing organ, the damage could
be due to lack of support of the infected organ due
to the body’s response to toxins, such as cytokines
and circulating debris, or to clotting (47,48). These
continued misinterpretations could have meaning-
ful impacts on future publications about coronavi-
rus detection and research.

Coronaviruses have been the cause of 3 life-
threatening human disease outbreaks over the past
18 years: SARS-CoV in 2002, Middle East respira-
tory syndrome coronavirus in 2012, and finally, the
2020 SARS-CoV-2 pandemic. Given the abundance

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 4, April 2021

Differentiating Coronavirus by Electron Microscopy

of coronaviruses in the natural environment, the
scientific literature should accurately reflect the
nature of SARS-CoV-2 infection, including the ul-
trastructure and cellular location within the cell of
the virus. This need is important not only for our
current understanding of SARS-CoV-2 infection
but also as the public health community prepares
for future outbreaks. Diagnostic EM has played
a key role in previous outbreaks of Nipah virus,
SARS-CoV, monkeypox virus, and Ebola viruses,
as well as many others (49), and will continue to
be a tool for detecting and characterizing new and
emerging pathogens.
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Methicillin-resistant Staphylococcus aureus, bet-
ter known as MRSA, is often found on human skin.
But MRSA can also cause dangerous infections that
are resistant to common antimicrobial drugs. Epide-
miologists carefully monitor any new mutations or
transmission modes that might lead to the spread of
this infection.

Approximately 15 years ago, MRSA emerged in
livestock. From 2008 to 2018, the proportion of in-
fected pigs in Denmark rocketed from 3.5% to 90%.

What happened, and what does this mean for hu-
man health?

In this EID podcast, Dr. Jesper Larsen, a senior re-
searcher at the Statens Serum Institut, describes the
spread of MRSA from livestock to humans.
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Characteristics of SARS-CoV-2
Transmission among Meat
Processing Workers in Nebraska,
USA, and Effectiveness of Risk
Mitigation Measures

Jocelyn J. Herstein, Abraham Degarege, Derry Stover, Christopher Austin,
Michelle M. Schwedhelm, James V. Lawler, John J. Lowe, Athena K. Ramos, Matthew Donahue

The coronavirus disease (COVID-19) pandemic has
severely impacted the meat processing industry in the
United States. We sought to detail demographics and
outcomes of severe acute respiratory syndrome corona-
virus 2 infections among workers in Nebraska meat pro-
cessing facilities and determine the effects of initiating
universal mask policies and installing physical barriers
at 13 meat processing facilities. During April 1-July 31,
2020, COVID-19 was diagnosed in 5,002 Nebraska meat
processing workers (attack rate 19%). After initiating both
universal masking and physical barrier interventions,
8/13 facilities showed a statistically significant reduction
in COVID-19 incidence in <10 days. Characteristics and
incidence of confirmed cases aligned with many nation-
wide trends becoming apparent during this pandemic:
specifically, high attack rates among meat processing
industry workers, disproportionately high risk of adverse
outcomes among ethnic and racial minority groups and
men, and effectiveness of using multiple prevention and
control interventions to reduce disease transmission.

In the early months of the coronavirus disease
(COVID-19) pandemic, meat processing facilities
became among the largest epicenters of COVID-19
outbreaks in the United States (1). Declared a critical
infrastructure industry in April 2020 (2), meat pro-
cessing facilities are particularly vulnerable to COV-
ID-19 because of the high density of workers required
for operations, prolonged close contact of personnel
on the production line, indoor work environments
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with compact cafeteria and locker room areas, and a
workforce with diverse cultural and linguistic back-
grounds that make educational efforts more challeng-
ing (3). A Centers for Disease Control and Prevention
(CDC) report found that, as of May 31, 2020, >16,000
workers in meat and poultry processing facilities in
the United States had been diagnosed with COVID-19
and 86 had died (4); as of October 2020, those case
counts and deaths had more than tripled (5).

Meat processing facilities in Nebraska employ
~26,000 workers (6). The first COVID-19 illness
among meat processing facility workers in Nebraska
was identified March 9, 2020. As of July 2020, cases
had been reported among workers in 23 Nebraska
meat processing facilities. The University of Nebras-
ka Medical Center (UNMC) and Nebraska Depart-
ment of Health and Human Services partnered to
mitigate COVID-19 risks in Nebraska among workers
in this industry. Nebraska Department of Health and
Human Services expanded case investigations and
contact tracing teams and coordinated 2 mass testing
events with participating meat processing facilities.
UNMC created evidence-based guidelines for facili-
ties (7) and assembled a team of infectious disease
and infection prevention and control (IPC) experts to
provide onsite and virtual technical assistance to fa-
cilities to evaluate gaps in IPC practices and provide
facility-specific IPC recommendations.

Local and state health departments conducted
case investigations to collect information on demo-
graphics, employer, occupation, industry, illness
descriptions, medical history, and outcomes among
Nebraska meat processing workers. Moreover, al-
though industry-specific guidelines for mitigating
COVID-19 transmission in meat processing facilities
have been issued by CDC and other public health
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organizations (7,8), the effectiveness of these mea-
sures among workers has not been reported. We
present data on the effectiveness of initiating a uni-
versal mask policy and installing physical barriers
(plexiglass or plastic partitions) between worksta-
tions and at cafeteria tables on reducing COVID-19
incidence at meat processing facilities in Nebraska.

Methods

Characteristics of Laboratory-Confirmed Cases

We used SAS version 9.4 (https:/ /www.sas.com) to
develop a keyword algorithm to identify meat pro-
cessing facility workers by using occupation, indus-
try, and employer data fields from case investigations
conducted among Nebraska residents with laborato-
ry-confirmed COVID-19. Specimens were collected
from healthcare providers, work-sponsored testing
events, state—sponsored testing events, and station-
ary state-sponsored testing sites during April 1-July
31, 2020. We used R 4.0.2 with dplyr version 1.0.2
(https:/ /cran.r-project.org) to examine the duration
of timelines between illness onset dates, specimen
collection dates, and case investigation dates. Data
from records with erroneous timelines were excluded
from timeline analyses (Table 1), including records in
which the same dates were recorded for illness onset,
specimen collection, and investigation (not possible
within the case investigation workflow) or if illness
onset occurred after the case investigation.

We classified workers with laboratory-confirmed
COVID-19 into 1 of 3 timeline categories based on the
relationship between the illness onset date, specimen
collection date, and case investigation date: primary
timeline, probable timeline, or presymptomatic time-
line. We classified workers into the primary timeline
if they had an illness onset date followed by specimen
collection date, followed by investigation date. We
classified workers into the probable timeline if they

SARS-CoV-2 and Meat Processing Workers in Nebraska

were investigated before their positive test result was
available. We further classified workers in the proba-
ble timeline into 3 subcategories: 1) illness onset occur-
ring the same day as the investigation date, followed
by specimen collection; 2) illness onset date followed
by an investigation date, followed by specimen collec-
tion date; or 3) illness onset date followed by specimen
collection date occurring on the same day the investi-
gation began. We classified workers into the presymp-
tomatic timeline if they had a specimen collection date
followed by illness onset date, followed by an investi-
gation date. We used the R package tablel version 1.2
to create frequency tables for demographics, illness de-
scriptions, medical history, and outcomes.

Effects of Mask and Physical Barrier Interventions

The UNMC team provided technical assistance as
voluntarily requested by meat processing facilities
in the state to identify facility-specific recommen-
dations on additional risk mitigation measures that
could be implemented. We used a 4-page checklist
summarizing primary IPC recommendations for
meat processing facilities to guide technical assis-
tance site visits or calls and subsequent debriefing
with plant leadership (7). The checklist included
recommendations for engineering controls (e.g.,
enhancing ventilation, installing physical barri-
ers between workers on the production line and in
cafeterias), administrative controls (e.g., cohorting
of consistent work teams, education, environmen-
tal cleaning and disinfection policies), and personal
protective equipment. Site visit personnel complet-
ed the checklist and gathered information on the
workforce (e.g., number of employees, employee de-
mographics) and dates of initiating a universal mask
policy, installing physical barriers, or both. For each
facility, the dates of initiating a universal mask poli-
cy and completing physical barrier installation were
collated and used in the analyses.

Table 1. Timeline exclusions, subsets, and median durations for case investigations of severe acute respiratory syndrome coronavirus
2 infection among meat processing workers, Nebraska, April 1-July 31, 2020*

lliness onset to Specimen collection  lliness onset to

Category specimen collection to Investigation investigation
Beginning total 3,695 4,834 3,817
Erroneous timelines excluded: onset date = collection 16 16 16
date = investigation date
Erroneous timelines excluded: investigation — onset 39 39 40
Probable cases analyzed separately: onset = investigation — collection 29 29 31
Probable cases analyzed separately: onset — collection = investigation 76 116 76
Probable cases analyzed separately: onset — investigation — 19 55 19
collection
Presymptomatic cases analyzed separately: collection — onset — 214 214 214
investigation
Primary timeline totals: onset — collection — investigation 3,302 4,365 3,421
Median (range) for primary timeline, d 3 (0-53) 4 (1-109) 8 (1-110)
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We used Stata version 16 (https://www.stata.
com) to conduct a retrospective analysis of data on
the incidence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection among em-
ployees in the meat processing facilities that received
technical assistance during April-July 2020. To esti-
mate when the effect of an intervention, measured
by case counts, might be observed, we estimated the
total duration from exposure through testing and
diagnosis (positive test) at 10 days based on prior
analyses (9). The main outcome variable we assessed
was the incidence of SARS-CoV-2 infection.

For each plant, before-intervention incidence
per 1,000 persons per day was calculated by divid-
ing the number of cases reported before or <10 days
after intervention by the product of the total number
of employees and the number of days from baseline
to 10 days after intervention. Postintervention inci-
dence per 1,000 persons per day was calculated by
dividing the number of new cases reported 10 days
after intervention by the product of the total number
of cases 10 days after intervention and the number of
days from 10 days after intervention to the last day
of the study period. Z-test of proportion was used to
compare incidence per 1,000 persons per day before
or <10 days after intervention with incidence 10 days
after the intervention. Differences in the incidence of
SARS-CoV-2 infection before and after the interven-
tion were considered significant where p was <0.05.

Results

Characteristics of Laboratory-Confirmed and
Probable Cases
During April 1-July 31, 2020, among Nebraska resi-
dents working at meat processing facilities, 5,002 of
~26,000 received a diagnosis of COVID-19 (attack
rate 19%). Of those, 3,817 (76%) had a recorded illness
onset date, 4,834 (97%) had a recorded specimen col-
lection date, and 5,002 (100%) had a recorded inves-
tigation date; 3,695 (74%) had both illness onset and
specimen collection dates recorded, 4,834 (97%) had
both specimen collection and investigation dates re-
corded, and 3,817 (76%) had both illness onset and in-
vestigation dates recorded. After excluding erroneous
timelines, probable cases, and presymptomatic cases
(Table 1), we used data from confirmed cases with ill-
ness onset followed by specimen collection followed
by investigation to calculate durations for the prima-
ry timeline; we calculated durations independently
for the probable and presymptomatic timelines.

For the primary timeline, the median duration from
illness onset to specimen collection was 3 days (n =

1034

3,302), from specimen collection to investigation was 4
days (n = 4,365), and from illness onset to investigation
was 8 days (n = 3,421). For probable cases, the median
duration from illness onset to specimen collection was 4
days (n =124), from specimen collection to investigation
was 0 days (n = 200), and from illness onset to investiga-
tion was 2.5 days (n = 124). For presymptomatic cases,
median duration from specimen collection to illness on-
set was 3 days (n = 214), from specimen collection to in-
vestigation was 6 days (n = 214), and from illness onset
to investigation was 4 days (n = 214).

Among the 5,002 total COVID-19 case-patients, the
median age was 43 years (mean 42.7 years, range 13-
81 years). Men accounted for 2,919 (58%) cases; 3,343
(67%) identified as Hispanic or Latino, 2,678 (54%) as
White, 570 (11%) as Asian, 405 (8%) as Black or Afri-
can American, 27 (<1%) as American Indian or Alaska
Native, 16 (<1%) as Native Hawaiian or other Pacific
Islander, and 1,306 (26%) as other race or unknown.
Twenty-seven case-patients (<1%) were pregnant.

Symptoms were reported by 4,237 (85%) work-
ers, 501 (10%) were asymptomatic, and 264 (5%) had
unknown symptom status. Of those reporting symp-
toms, the average illness duration was 12.8 days (me-
dian 11 days). Headache (2,526; 60%), cough (2,442;
58%), and muscle pain (2,344; 55%) were most fre-
quently reported symptoms. Smoking (124/4,237;
2%) was reported more frequently among workers
not identifying as Hispanic or Latino (64; 5%) than
among Hispanic or Latino workers (52; 2%). A preex-
isting medical condition was reported by 1,117 (22%)
workers, most frequently diabetes (359; 32%) or car-
diovascular disease (240; 21%). Diabetes was reported
more frequently among workers identifying as His-
panic or Latino (277; 36%) than among non-Hispan-
ic/Latino workers (72; 23%).

Among symptomatic case-patients, 225 (4%; me-
dian age 55 years, range 19-49 years) were hospital-
ized for an average duration of 8.4 days and 83 (2%;
median age 57 years, range 21-79 years) required
intensive care unit (ICU) admission; 21 (<1%; me-
dian age 63 years, range 39-79 years) workers died.
Among the 225 hospitalized patients, 161 (72%) were
men, as were 65 (78%) requiring ICU admission, and
17 (81%) who died. Hispanic or Latino ethnicity was
reported for 164 (73 %) hospitalized patients, 65 (78%)
requiring ICU admission, and 18 (86 %) who died.

Effects of Mask and Physical Barrier Interventions

We analyzed case counts and intervention initiation
dates for 13 facilities for which data were available;
technical assistance was provided onsite at 12 facilities
and by telephone call to 1 facility. Facilities consisted

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 4, April 2021



of primary processing plants for beef (n = 7), pork (n
= 3), and poultry (n = 1), as well as 2 secondary pro-
cessing plants. The number of workers employed at
the 13 facilities ranged from <400 to several thousand
(mean 1,675). Placement of physical barriers varied by
facility, but they were generally located on the produc-
tion line and at cafeteria tables; barriers consisted of
plexiglass partitions, plastic wrap secured around PVC
pipes, or plastic sheeting. Although the site visit teams
recommended use of surgical masks, national shortages
of personal protective equipment early in the pandemic
led to the adoption of different masking requirements;
some facilities allowed cloth masks, and other facilities
acquired and provided surgical masks to workers. Of
the 13 facilities, 5 (38 %) initiated a universal mask policy
>10 days before physical barriers were installed; 6 (46%)
initiated a universal mask policy and installed physical
barriers <10 days apart; and 2 (15%) had universal mask
policies but no physical barriers in place at the time of
technical assistance and whether physical barriers were
installed later is unknown.

We analyzed the incidence of SARS-CoV-2 infec-
tion before and after the date the last intervention was
initiated (e.g., date physical barriers were installed
if universal mask policy began first). Ten days after
the last intervention was initiated, 8 facilities (62%)
showed a statistically significant (p<0.05) decrease in
incidence and 3 (23%) showed a nonsignificant de-
crease; 1 (7 %) facility showed a statistically significant
(p<0.05) increase in incidence and 1 (7%) showed a
nonsignificant increase in incidence (Table 2). Three
facilities reported case counts from the time between
initiating mask policy and physical barrier interven-
tions that allowed us to compare incidence before

SARS-CoV-2 and Meat Processing Workers in Nebraska

mask intervention, between mask and physical bar-
rier initiation, and after both were in place simultane-
ously (Table 3). All 3 facilities showed a significant re-
duction (p<0.05) in incidence, particularly with both
interventions deployed.

Discussion

The meat processing industry in Nebraska employs
~26,000 workers (6), of whom 5,002 were diagnosed
with COVID-19 during March-July 2020. The at-
tack rate during this time period (19%) was more
than double the 9.1% attack rate that was reported
in a multistate analysis of meat processing facili-
ties across the United States through May 2020 (4).
Cases in meat processing facilities have far-reaching
effects, potentially fueling outbreaks within sur-
rounding communities where workers and work-
ers’ families comprise a substantial proportion of
area residents. In addition, plants are often located
in rural communities with limited infrastructure and
resources to respond to outbreaks. In Nebraska, the
8 counties with the highest COVID-19 case rates per
capita (as of September 2020) are also home to large
meat processing facilities (10).

This report supports the increasing body of evi-
dence that the COVID-19 pandemic has disproportion-
ately affected racial and ethnic minority groups (11). Al-
though 67% of confirmed cases were among Nebraska
meat processing workers reporting Hispanic or Latino
ethnicity, they constituted 73% of hospitalized case-pa-
tients, 78% of ICU admissions, and 86% of deaths, indi-
cating a higher proportion of poor outcomes (hospital-
izations, ICU admissions, deaths) compared with other
racial and ethnic groups. Likewise, data presented here

Table 2. Comparisons of the incidence of severe acute respiratory syndrome coronavirus 2 infection before and after mask or physical
barrier interventions or both among employees in 13 meatpacking facilities in Nebraska, April-July 2020*

Incidence /1,000 persons /d

Facility <10 d after final intervention 10 d after final intervention p value for difference
Facilities that initiated a universal mask policy >10 d before physical barriers
A 7.27 0.33 <0.001
B 3.21 0.69 <0.001
C 3.46 0.27 <0.001
D 3.64 0.15 0.072
E 0.48 2.09 0.008
Facilities that initiated a universal mask policy and physical barriers <10 d of each other
F 17.16 0.58 <0.001
G 2.49 1.27 0.002
H 4.08 0.78 <0.001
| 6.82 1.40 <0.001
J 2.19 0.059 <0.001
K 0.65 1.90 0.180
Facilities that only initiated a universal mask policy
L 3.2 2.87 0.745
M 3.29 3.178 0.944

*For facilities that initiated both a universal mask policy and physical barriers, date of last intervention was defined as start date of latter intervention (i.e.,
if physical barriers were initiated first, final intervention date was date of mask policy initiation). For facilities that initiated only masking, final intervention

date was the initiation date.
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Table 3. Comparisons of the incidence of severe acute respiratory syndrome coronavirus 2 infection among meat processing workers
before mask intervention, between mask and physical barrier intervention, and after physical barrier intervention in meatpacking
facilities, Nebraska, April-July 2020

Incidence /1,000 persons /d

<10 d after mask Between day 10 after mask and day 10 >10 d after physical p value
Facility intervention after physical barrier intervention intervention for difference*
A 3.46 3.23 0.26 <0.001
B 11.13 42.2 0.58 <0.001
C 2.63 0.26 0.32 <0.001

*p value difference represents difference in incidence before initiation of mask intervention and after physical barrier intervention.

reflect emerging evidence suggesting disease manifesta-
tions are more severe in men (12,13). Despite comprising
58% of confirmed case-patients, men represented 72%
of hospitalized case-patients, 78% of ICU admissions,
and 81% of deaths. Higher risk of poor outcomes among
men and ethnic and racial minority groups demands tai-
lored prevention and education strategies to subgroups
shown to be more affected by adverse outcomes, both
for this specific work environment and for broader local,
state, and federal public health policy applications. Plant
or corporate management can work to address these dis-
parities among their worker populations by engaging
with language and culture experts to ensure appropri-
ate and effective communication and educational mate-
rials (e.g., videos, infographics) by providing materials
in all languages spoken by workers and partnering with
respected local community leaders (e.g., religious and
spiritual leaders, elders) and community organizations
to educate and disseminate information to workers.
The proportion of SARS-CoV-2 infections that
remain asymptomatic is uncertain, although some
reports estimate it to be higher than 30% (14-16). The
percentage of asymptomatic COVID-19 cases (10%)
among Nebraska meat processing workers was
lower than these estimates. However, because few
Nebraska meat processing facilities completed mass
testing events during the study period, it is likely
that many asymptomatic cases went undetected and
are not reflected in this report. Indeed, a mass test-
ing event at 1 Nebraska facility found that nearly one
third of workers confirmed with COVID-19 reported
no symptoms (17). Data on the 214 presymptomatic
case-patients described in this report suggest detect-
able levels of virus in these persons and therefore
transmission potential (18-20) at a median of 3 days
before onset. Mass and routine testing enables iden-
tification of asymptomatic and presymptomatic in-
fections, leading to swifter isolation, fewer days of
potential exposure, and faster identification, quaran-
tine, and testing of close contacts. As detailed in this
report, identifying presymptomatic cases shortened
the duration from symptom onset to investigation by
a median of 4 days. Facilitywide or corporationwide
routine testing programs, with frequency of testing
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informed by both local community transmission
rates and cases identified within the plant, can posi-
tion meat processing plants to identify cases early
and stem potential outbreaks.

Risk mitigation strategies based on symptoms,
such as active screening protocols and paid sick leave
policies, are limited by asymptomatic and presymp-
tomatic transmission and emphasize the importance of
multilayered IPC interventions. Industry-specific guid-
ance released by the CDC and the Occupational Safety
and Health Administration in late April (8) centered on
the Hierarchy of Controls risk mitigation framework
(https:/ /www.cdc.gov/niosh/topics/hierarchy/
default.html) to reduce transmission within facilities
(21). Although many of these risk mitigation strategies
are similar to those recommended for various other
high-risk industries (e.g., schools, long-term care facili-
ties), the effectiveness of these IPC measures in the meat
processing work environment has not been reported.

Our results indicate significantly reduced inci-
dence of COVID-19 cases in 62% of studied facilities
following adoption of universal masking and physi-
cal barrier interventions. Several factors may explain
why some facilities did not see incidence decrease and
1 saw incidence significantly increase after initiating
these measures. First, as an engineering control, physi-
cal barriers are generally considered one of the most
effective measures to reduce person-to-person trans-
mission of a communicable disease because they do
not rely on worker adherence (21). However, since the
study period, evidence has mounted supporting the
substantial role of aerosols in transmitting COVID-19
(22-24). Although physical barriers installed between
meat processing workers on the production line and
at cafeteria tables would block larger respiratory drop-
lets, the primary mode of transmission according to the
CDC (22), they would not fully protect against aerosol
transmission. Moreover, low temperatures and limited
fresh air supply combined with physically demanding
work conditions could facilitate longer-range aerosol
transmission (25). Enhancements in ventilation (e.g.,
increasing the number of air exchanges per hour, in-
stalling high efficiency particulate air [HEPA] filtra-
tion) should therefore be considered the most effective
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engineering control for COVID-19. More study is need-
ed on aerosol transmission dynamics in this setting.

Second, although masking is one of the most ef-
fective tools for reducing COVID-19 transmission
(26,27), the effectiveness of a universal mask policy
relies on workers being educated on and adhering to
proper mask use. A previous study of Nebraska meat
processing workers found that only 44% of workers
had received information on how to wear and care for
a mask properly (28). Observed adherence to proper
mask use (e.g., wearing the mask over both mouth
and nose, minimizing adjustment or touching of the
front of the mask) varied during site visits; at some
plants, nearly all workers exhibited proper use, but
at other facilities nearly half of workers wore masks
below their noses.

The IPC challenges inherent in meat processing
facilities cannot be addressed with only 1 or 2 mea-
sures; multilayered interventions are more effective
than any single measure (29). In addition to IPC-fo-
cused strategies to reduce transmission within the fa-
cility, such as reducing density, engineering controls,
physical distancing, active screening, environmental
cleaning and disinfection, and masking, workforce
policies ensuring social protections such as paid sick
leave and flexible absenteeism policies are critical
tools to prevent the disease from entering the work-
place. However, given the inherent IPC challenges
faced by the industry (e.g., high density of workers,
duration of shifts, indoor environment, crowded caf-
eterias where masks are removed), it is also possible
that no combination of interventions will be com-
pletely effective at reducing transmission in meat pro-
cessing facilities, particularly when high rates of local
community transmission exist. Facilities that did not
see a significant reduction in incidence after initiat-
ing mask policies and physical barriers may not have
incorporated other strategies to the same degree as
facilities that did see significantly reduced incidence.
Alternatively, some facilities we assessed might have
initiated key interventions well before cases among
their workers were diagnosed, causing interventions
to appear less effective in this study.

A limitation of this study is that, although we at-
tempted to distinguish the effectiveness of a univer-
sal mask policy from that of physical barrier installa-
tion, only 3 facilities had enough cases between the
initiation of the 2 interventions to evaluate the sepa-
rate direct effects of the measures. Moreover, when it
became apparent in mid-April that meat processing
facilities were particularly vulnerable to and being
affected by COVID-19, facilities scrambled to incor-
porate IPC strategies within a short timeline and re-
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quested simultaneous technical assistance from our
team. In many cases, site visits were conducted <10
days after a universal mask policy or physical barrier
installation was begun. Our site visits and incorpora-
tion of additional IPC measures beyond physical bar-
riers and masking might have contributed to reduced
incidence. In addition, we were not able to definitive-
ly separate out whether transmission to case-patients
occurred in the workplace or in the community and
therefore couldn’t determine the exact effect risk mit-
igation measures had on incidence compared with
trends in community transmission rates. However,
COVID-19 cases among meat processing workers
represented almost 1 in 5 cases in Nebraska during
the study period (there were 27,036 total cases in Ne-
braska from the beginning of the pandemic through
July 31, 2020) (30). In addition, Nebraska’s first wave
of COVID-19 cases peaked in early May and gradu-
ally declined from May to July; our findings indicate
that mitigation measures had a more rapid effect on
incidence than reductions reflected in community
transmission trends.

In conclusion, we present a snapshot of the ef-
fect of COVID-19 among meat processing workers in
facilities in Nebraska. Nearly 1 in 5 Nebraska meat
processing workers were diagnosed with COVID-19
between March and July 2020, a profound burden of
cases unparalleled in any other worker population.
Many of the nationwide trends that have become ap-
parent during this pandemic applied here, namely
high attack rates among workers in the meat pro-
cessing industry, a disproportionately high risk of
adverse outcomes among ethnic and racial minority
groups and men, and the effectiveness of IPC inter-
ventions at reducing person-to-person transmission.
Increased multilayered IPC strategies, rapid contact
tracing, and accessible testing are critical to identify-
ing asymptomatic and presymptomatic cases and in-
terrupting silent transmission. COVID-19 will be an
enduring threat to the meat processing industry and
its workers for the foreseeable future. Facilities must
adopt and sustain multiple interventions to prevent,
control, and rapidly identify transmission within fa-
cilities to protect this worker population.
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Unsafe injection practices and injection drug use have
been linked to multiple HIV outbreaks in Pakistan since
2003; however, few studies have systematically ana-
lyzed the causes of these outbreaks. We conducted a
systematic review of published English-language litera-
ture indexed in bibliographic databases and search en-
gines and a focused gray literature review to collate and
analyze all reported HIV outbreaks in Pakistan during
2000—2019. Of 774 unique publications reviewed, we
identified 25 eligible publications describing 7 outbreaks.
More than half occurred during 2016-2019. The primary
sources of transmission were iatrogenic transmission,
affecting children, persons with chronic medical condi-
tions, and the general population (4 outbreaks); injec-
tion drug use (2 outbreaks); and a combination of both
(1 outbreak). In the absence of robust HIV testing and
surveillance in Pakistan, timely and detailed outbreak
reporting is important to understand the epidemiology of
HIV in the country.

he first cases of HIV in Pakistan were reported

in 1987, with epidemiologic evidence supporting
the importation of cases by migrant workers from the
Gulf States (1-3). Since that time, noncontinuous sur-
veillance assessments have noted high prevalence of
HIV in certain populations; the most recent 2016-2017
prevalence estimates were 38.4% among persons who
inject drugs (PWID), 7.2% among transgender per-
sons, and 5.6% among men who have sex with men
(4-8). By comparison, the prevalence in the general
population is 0.1%, representing ~190,000 persons
living with HIV (PLHIV), including 6,100 children
<15 years of age, according to 2019 Joint United Na-
tions Programme on HIV/AIDS (UNAIDS) estimates
(8,9). Approximately 44,758 (24%) PLHIV were reg-
istered with the National AIDS Control Programme
with a known diagnosis as of December 2020, and of
these, only 24,362 (54%) were receiving antiretrovi-
ral therapy (ART) (10). These statistics are far below
the UNAIDS 90-90-90 HIV treatment targets (90% of
HIV-positive persons being aware of their status; of
those, 90% receiving ART; and of those, 90% being
virally suppressed) aimed at controlling the AIDS
epidemic; most PLHIV (87%) in Pakistan are not re-
ceiving treatment (11).

In April 2019, a major HIV outbreak in Larkana
District in Pakistan was identified by local and pro-
vincial public health officials (12). After several ill
children with HIV-negative parents tested positive
for HIV, the provincial Sindh AIDS Control Program
began a voluntary district-wide testing campaign.
During April 25-June 28, 2019, a total of 30,192
persons were tested for HIV; 876 (2.9%) were HIV
positive, and 82% of those were children <15 years
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of age. A World Health Organization (WHO) report
cited unsafe medical practices and poor infection
control programs as key risk factors for infection (12)
and noted that this outbreak was the fourth HIV out-
break in Larkana since 2003. A cursory review of the
literature, however, did not identify peer-reviewed
publications on all of these referenced outbreaks.
The objective of our systematic review was to iden-
tify and collate data from all reported HIV outbreaks
in Pakistan to describe overarching themes and aid
in future prevention efforts.

Methods

We followed the PRISMA statement and the Co-
chrane Handbook to conduct this systematic review
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/4/20-4205-Appl.pdf) (13). We searched
Medline, Embase, CAB Abstracts, Global Health,
PsycInfo, Cochrane Library, Scopus, Academic
Search Complete, Cumulative Index to Nursing and
Allied Health Literature, ProQuest Central, PubMed
Central, Virtual Health Library, and Google Schol-
ar to identify English-language publications on re-
ported HIV outbreaks in Pakistan during January
1, 2000-December 31, 2019. We limited the search
to studies published after January 1, 2000, because
the earliest reported HIV outbreak in Pakistan oc-
curred in 2003 (14). To complement the published
literature search, we conducted a comprehensive
search of the gray literature (i.e., publications not
published in indexed peer-reviewed journals), in-
cluding UNAIDS reports, WHO reports, and Inter-
national AIDS Society conference abstracts. In ad-
dition, we manually reviewed Pakistan’s provincial
and national Ministry of Health websites. The fol-
lowing search strategy was used for database and
gray literature searches: (HIV or AIDS, any associ-
ated synonyms, or both) AND (outbreak, epidemic,
pandemic, or cluster) AND (Pakistan [or all subna-
tional units]). We omitted location criteria for man-
ual review of Pakistan governmental websites. The
full search strategy is detailed in Appendix Table 2.
We used Endnote X9 (Clarivate Analytics, https://
endnote.com) to import and manage retrieved re-
cords. To identify duplicate reports, we used the
EndNote automated “find duplicates” function,
with preferences set to match by title, author, and
year; a second round of manual de-duplication was
performed by using the same matching criteria. We
grouped the remaining reports by database, search
engine, and source, and authors reviewed these in-
dependently. We used a shared database to track
the progress of the reviews.
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We systematically screened and reviewed re-
sults from the published and gray literature search
(Figure). We screened titles and abstracts, and we
defaulted to reviewing the abstract if the title had
an unclear focus and reviewing the full report if no
abstract was available, counting it among the num-
ber of abstracts reviewed. We included publications
that reported data on outbreaks of HIV or sudden
increases in cases in Pakistan. For the purpose of
this systematic review, we defined an outbreak as an
unexpected number of HIV cases identified through
targeted testing or key population surveillance, la-
beled and reported as an outbreak, and leading to an
evaluation or investigation. We excluded abstracts
without published final reports (unless identified
in the gray literature), reports that provided preva-
lence or incidence data only (including key popula-
tion surveys), opinion pieces without mention of a
specific outbreak, mathematical modeling studies,
epidemiologic analyses, reports without quantita-
tive data, and preprint reports. We also excluded re-
ports where the author did not define the described
cases as an outbreak or did not provide a discrete
geographic, temporal, or epidemiologic link. If iden-
tical reports were published in >1 journal, the earli-
est publication was included. Similarly, if identical
or nearly identical reports were published in a jour-
nal and also included as a conference abstract, we in-
cluded only the published report. If a report includ-
ed outbreak data as well as a subset of data in a case
control, cohort, or cross-sectional investigation, we
included data on the larger outbreak and the study.
We reviewed journal submission guidelines to de-
termine whether a publication was peer-reviewed.

We organized eligible publications, gray litera-
ture, and government reports by geographic location
and year of the reported outbreak. We included re-
ports describing multiple outbreaks under each ap-
propriate outbreak heading. We extracted year and
type of report, investigating agency and source or
reference for primary data, number of persons tested
and diagnosed with HIV, case positivity rate (de-
fined as the percentage of persons positive among
the number tested within the period defined by the
authors of the publication), notable demographic
and behavioral characteristics of case-patients, ma-
jor risk factors, and other relevant information (Ap-
pendix Table 3). We noted instances where articles
used media reports as their primary citation. One
author independently reviewed initial data extrac-
tion of all eligible reports for concurrence. If neces-
sary, we reached out to corresponding authors of
individual reports for clarification.
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Results

Our initial search identified 1,653 records published
during January 2000-December 2019. We removed
879 (53%) duplicate reports identified across multi-
ple databases or search engines through automated
and manual processes (Figure). Of the remaining 774
de-duplicated reports, 625 (81%) were excluded af-
ter review of the title and 108 (14%) were excluded
after review of the abstract. We excluded 16 reports
upon review of the full article, gray literature, or
government report, leaving 25 (3%) reports eligible
for inclusion.

The 25 reports identified by our search strat-
egy described 7 outbreaks: 4 in Punjab Province
(Sargodha, Sargodha District [2007]; Kot Imrana,
Sargodha District [2018]; Jalalpur Jattan, Gujrat
District [2008]; and Faisalabad, Faisalabad District
[2019]) and 3 in Sindh Province (Larkana, Larkana
District [2003 and 2016] and Ratodero, Larkana Dis-
trict [2019]) (Appendix Table 3). Six (24%) reports
described >2 outbreaks.

Case-positivity rates ranged from 1.3% to
51.8%, varying in part because of sampling meth-
ods. The potential source of 4 of the 7 outbreaks was
reported as iatrogenic transmission through unsafe
healthcare practices at clinics, hospitals, and dialy-
sis centers; 2 outbreaks were attributed to injection
drug use, and 1 outbreak was attributed to both.
Several reports described a potential association
with unqualified healthcare providers (frequently
designated as quacks in Pakistan [15]), in general,
or with a specific provider. Some reports also re-
ported cultural practices as a contributing factor
to transmission. Populations most affected by the
outbreaks varied by proposed etiology; iatrogenic
causes affected the general community, including
women and children, as well as persons living with
specific medical conditions, such as end-stage renal
disease. Recreational drug use affected primarily
PWID, most frequently men.

Our review identified 5 reports in peer-reviewed
literature, with the remaining reports published as
letters to the editor or correspondence, nongovern-
mental organization and government reports, and
conference abstracts. National or provincial AIDS
control programs led the initial investigations of 4
of the 7 outbreaks; the National Institutes of Health-
Pakistan and Field Epidemiology Training Pro-
gram-Pakistan and district health departments pro-
vided data for the other 3 outbreaks. The Ratodero
(2019) outbreak had additional support from WHO,
other United Nations agencies, local universities,
and other international and local partners. Of the
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Figure. Identification and selection of studies reporting HIV outbreaks in Pakistan, January 2000-September 2019. CINAHL, Cumulative
Index to Nursing and Allied Health Literature; NGOs, nongovernmental organizations.
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25 reports, 17 (68%) describe this single outbreak.
Other outbreaks had more limited data, often lim-
ited to case counts and affected population. Authors
were often not directly affiliated with the primary
data but rather briefly described testing statistics,
demographic information, and risk factors obtained
from investigations from government entities, me-
dia reports, and other sources. Some discrepancies
were noted across reports pertaining to the same
outbreak, and many reports did not provide com-
plete information on case-positivity rates, study
period, or method of data collection. Authors occa-
sionally (4 [16%]) used media reports as the primary
source of information. Though most outbreaks had
at least 1 article citing primary data or data directly
from a testing program, the single report found for
the Faisalabad (2019) outbreak cited only a newspa-
per article. Of the 25 reports describing the 7 out-
breaks, only 5 reports provided detailed outbreak
investigation information. Despite more extensive
investigations, these reports still had limited ability
to draw conclusions or conduct statistical compari-
sons because of study design (e.g., no comparison
group [16] or small sample size [17]). Only 1 of the
25 reports, describing an outbreak investigation in
Jalalpar Jattan (2008), included phylogenetic infor-
mation (16), which demonstrated that transmission
likely occurred over a decade, reflecting endemic
disease rather than an outbreak.

Discussion

Our review identified 25 reports describing 7 HIV
outbreaks during 2000-2019 in Pakistan: 3 in Sindh
Province and 4 in Punjab Province. Of these, 4 were
identified during 2016-2019. In 2019, two outbreaks
were reported: a large outbreak primarily affecting
children in Ratodero in Larkana, a district with mul-
tiple prior outbreaks, and an outbreak in Faisala-
bad, primarily infecting PWID. Case-positivity rates
ranged from 1.3% to 51.8%, and populations most
affected varied by outbreak but included PWID; per-
sons living with specific medical conditions; and the
general population, including women and children.
The level of detail pertaining to the description of
data collection and investigation methods varied
across the publications, and much of the data pro-
vided were collected not by authors but by nation-
al, provincial, and district health departments and
other government entities. latrogenic transmission
(57%), injection drug use (29%), or both (14%) were
identified as the potential sources of the outbreaks;
no outbreak solely attributable to sexual transmis-
sion was reported.
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latrogenic transmission from unsafe healthcare
practices and poor infection prevention and control
was identified as the primary or contributing risk
factor in 5 of the 7 HIV outbreaks (Jalalpur Jattan
[2008], Kot Imrana [2018], Larkana [2016], Ratodero
[2019], and Faisalabad [2019]). From a recent survey
in Pakistan, researchers estimated that ~38% of sur-
veyed physicians likely reused syringes (18). Data
from the latest Demographic Health Survey indicate
that /9% of injections given to patients in Pakistan
are unsafe, and every person receives an average of
4.1 therapeutic injections per year in Pakistan (19).
Extrapolating from this frequency and safety data,
approximately 1 in 3 persons might receive an un-
safe injection every year in Pakistan (19). Further-
more, cross-sectional studies of persons with thalas-
semia in Pakistan have shown a high prevalence of
bloodborne infections, including HIV, hepatitis B,
and hepatitis C, suggestive of infection from blood
transfusions (20,21). Nosocomial or iatrogenic trans-
mission including unsafe blood transfusions and re-
use of medical equipment has contributed to several
HIV outbreaks in other countries, including ~10,000
children in orphanages in Romania (22), >400 chil-
dren in Libya with frequent co-infection with hep-
atitis B and C (23), and 242 adults and children in
Cambodia (24).

Several factors might play a role in the propa-
gation of unsafe injection practices in low-income
countries. These factors include sociocultural factors
such as healthcare providers’ belief that compliance
is better with injections than with oral medication
and patients might seek healthcare elsewhere if
not provided injections; financial incentives on the
part of both patient and provider through fee-for-
injection practices and contingent on provider abil-
ity to purchase and maintain a supply of injecting
equipment; corruption, when money allocated for
healthcare, such as disposable injecting equipment,
is used elsewhere, leading to reuse of equipment;
lack of policies and procedures around safe injection
practices, such that policies forbidding the reuse of
injecting equipment are not implemented nor en-
forced in low-income countries as they are in high-
income countries; ready access to injectable medica-
tions without a prescription; and lack of awareness
of risks associated with unsafe injection practices
(25). Given these factors, developing a multi-strat-
egy approach that might be adapted and tailored as
necessary might help prevent future outbreaks of
HIV and other bloodborne pathogens. These strat-
egies include community and healthcare provider
education to address excessive and unnecessary use
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of therapeutic injections, implementation and moni-
toring of policies around single-use injecting equip-
ment, and addressing gaps in infection prevention
and control.

Injection drug use was reported as the primary
or contributing cause of HIV transmission in 3 of
the 7 outbreaks (Larkana [2003], Sargodha [2007],
and Faisalabad [2019]). Periodic HIV surveillance
data are available for key populations in specific
cities from the National AIDS Control Programme
Integrated Biologic and Behavioral Surveillance sur-
veys, but they are not designed to measure preva-
lence for the general population or key populations
in rural areas (4-8). The HIV prevalence among
PWID documented by each survey increased from
10.8% to 38.4%; however, because the survey was
expanded to new cities across the different reporting
periods, direct comparison of the change in preva-
lence is not possible. Whether any change in preva-
lence might be attributable to sporadic outbreaks or
a steady increase in HIV prevalence in this subpopu-
lation is unknown. None of the literature describing
outbreaks with injection drug use as the primary or
contributing source of transmission reported a phy-
logenetic analysis, leaving timelines of infections in
these outbreaks unclear.

Although the Integrated Biologic and Behavioral
Surveillance surveys offer insight into HIV preva-
lence among key populations, the absence of routine
HIV surveillance in the general population prevents
understanding of the actual burden of the HIV epi-
demic in Pakistan. Considering the high prevalence
of HIV in PWID, men who have sex with men, and fe-
male sex workers, as well as unsafe injection practices
as we have described, spillover to the general popula-
tion is only a matter of time. Widespread surveillance
of HIV might be challenging and might yield little
information given the low general population prev-
alence of 0.1% (9). However, adding surveillance of
targeted populations at higher risk, such as pregnant
women, patients at infectious disease or tuberculo-
sis clinics, and persons requiring frequent transfu-
sions, might provide early warning signs to changes
in HIV prevalence. Likewise, systematic monitoring
of the blood supply might represent an efficient, less
costly approach to surveillance. Currently, routine
surveillance is not conducted in any of these settings.
Although phylogenetic analyses, which assist in un-
derstanding circulating strains and subtypes, might
contribute to our understanding of a rise in cases,
only 1 publication identified in this review reported a
phylogenetic analysis; it showed that, despite prelim-
inary data suggestive of a new outbreak, transmission
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occurred over a decade (16). Without comprehensive
surveillance and phylogenetic data, ascertaining
whether new HIV diagnoses or a sudden increase in
diagnoses in an area represent an outbreak or simply
missed HIV diagnoses with endemic transmission
over time is difficult.

Outbreaks are underrepresented in the litera-
ture; those that are published have limited ability to
characterize the full epidemiologic and phylogenetic
footprint of an outbreak. Nonsystematic tracking of
media reports identified at least 2 other potential
outbreaks known to national or provincial AIDS
control programs but not described by our system-
atic review (26,27). Given the frequency of media
reports of HIV outbreaks, albeit without full epi-
demiologic data, and well-documented data on the
widespread prevalence of unsafe injections across
Pakistan, the paucity of systematic outbreak inves-
tigations is striking. Of the reports included in our
systematic review, only 5 (20%) were peer-reviewed;
the remaining were published as letters to the editor,
editorials, general correspondence, abstracts, non-
government organization publications, and govern-
ment reports, without clear description of methods,
study design, and data collection. Given the limited
outbreak investigations and robust data reporting
in peer-reviewed and gray literature, our systematic
review likely underestimates the frequency of the
problem and its associated burden of disease.

The main strength of our review is that we
searched multiple bibliographic databases, with
the addition of Google Scholar and the Virtual
Health Library, nongovernmental organization
and government websites, and conference abstracts
to ensure all relevant publications were captured.
However, we note several limitations. First, we
recognize that the definition of an outbreak is chal-
lenging in the setting of limited phylogenetic and
surveillance data. A study by Ansari et al. (16) de-
termined that the observed increase in cases was
likely a progression of endemic disease only after
the results of phylogenetic analysis. As such, oth-
er outbreaks reported in this review might, if the
same analyses were available, have been deter-
mined not to be outbreaks. Second, our literature
review was limited to English-language publica-
tions. Although a potential exists for missing ar-
ticles written in Urdu and other local languages,
English is one of the official languages in the coun-
try and is the predominant language for scientific
and medical research dissemination in Pakistan
(28,29). Finally, although unlikely, a small chance
exists that a unique outbreak might have been men-
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tioned in a publication focusing on surveillance or
other data and thus been missed by our tiered re-
view approach. We also recognize that outbreak re-
ports written by government entities might be for
internal review only or might be posted online for
a limited time, resulting in a possible bias towards
availability of more recent outbreaks.

In summary, reported outbreaks in Pakistan
suggest that the spread of HIV might continue if
adequate prevention strategies are not adopted.
Education campaigns to improve knowledge in
the general public about unsafe injection practices,
both therapeutic and recreational, might limit HIV
transmission and occurrence of outbreaks. Assess-
ing patient and provider misconceptions about the
benefits of therapeutic injections could guide pub-
lic health messaging and reduce demand for unnec-
essary medical interventions. Reviewing injection
safety and infection prevention and control prac-
tices could inform healthcare reform efforts to lim-
it iatrogenic exposures and the potential for HIV
outbreaks. Last, developing and putting into place
comprehensive HIV surveillance systems could
assist in outbreak identification, prompting inves-
tigations that explore risk factors and underlying
transmission sources. Reporting of outbreaks in
peer-reviewed literature, including epidemiologic
studies and phylogenetic analyses, might shed ad-
ditional light on the etiologies of outbreaks and ef-
fective prevention strategies. Across the spectrum
of reports identified by our systematic review, all
reports had the consistent message of sounding an
alarm and highlighting a potentially rapidly grow-
ing problem in Pakistan.

This project was supported by the President’s Emergency
Plan for AIDS Relief (PEPFAR) through the Centers for
Disease Control and Prevention and by Cooperative
Agreement no. U2GGH002093-01-00 through the Centers
for Disease Control and Prevention and the Public
Health Institute.
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The aim of this prospective study was to assess the
risk for tickborne infections after a tick bite. A total of
489 persons bitten by 1,295 ticks were assessed for
occurrence of infections with Borrelia burgdorferi sensu
lato, Anaplasma phagocytophilum, Rickettsia spp., Ba-
besia spp., Candidatus Neoehrlichia mikurensis, and
relapsing fever borreliae. B. burgdorferi s.l. infection
was found in 25 (5.1%) participants, of whom 15 had
erythema migrans. Eleven (2.3%) participants were
positive by PCR for Candidatus N. mikurensis. One
asymptomatic participant infected with B. miyamotoi
was identified. Full engorgement of the tick (odds ratio
9.52) and confirmation of B. burgdorferi s.I. in the tick
by PCR (odds ratio 4.39) increased the risk for infec-
tion. Rickettsia helvetica was highly abundant in ticks
but not pathogenic to humans. Knowledge about the
outcome of tick bites is crucial because infections with
emerging pathogens might be underestimated because
of limited laboratory facilities.

Ticks are vectors for a variety of tickborne patho-
gens that cause human disease (1). The diversity
of tickborne pathogens has increased extensively in
recent years, supported by progress in the molecular
identification of microorganisms (2). Clinical studies
on the health-related impact of many emerging tick-
borne pathogens are scarce and information on the
epidemiology is limited.

We undertook a comprehensive observational
study in Austria to assess the incidence of recognized
tickborne infections by applying clinical, serologic, and
microbiological endpoints. We conducted a detailed
risk analysis of contracting Lyme borreliosis. Our objec-
tive was to investigate whether variables such as confir-
mation of Borrelia burgdorferi sensu lato in ticks, duration
of tick attachment, engorgement of ticks, and number of
simultaneous tick bites have an impact on the risk for
infection. Furthermore, we wanted to know whether the
localization of a given tick bite and any previous contact
with B. burgdorferi s.1. can affect this risk.

Methods

Participants were enrolled prospectively during
2015-2018 at 2 centers in Austria (Vienna and Thier-
see). The invitation to participate was announced in
the local media. The analysis focused on infections
with tickborne pathogens including B. burgdorferi
s.l., Anaplasma phagocytophilum, Rickettsia spp., Ba-
besia spp., Candidatus Neoehrlichia mikurensis, and
relapsing fever borreliae. The study was approved
by the ethics committee of the Medical University of
Vienna (1064/2015) and of the Medical University of
Innsbruck (AN2016-0043-359/4.16). Participants pro-
vided written informed consent.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 4, April 2021
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Inclusion/Exclusion Criteria

Inclusion criteria were a minimum age of 18 years and
the availability of the particular tick for testing. Per-
sons bitten >7 days before assessment were excluded.

Questionnaire

A standardized questionnaire was used to collect
information concerning tick bite location, history
of erythema migrans, antimicrobial drug treatment
within 4 weeks before the tick bite, estimated dura-
tion of tick attachment, number of ticks removed,
and possible geographic region of tick attack. The
feeding duration of the tick was reported in days by
the difference of the estimated date of the tick bite
and the date of tick removal.

Outcome Definition

Serologic testing and PCR for blood were conducted
during the first week after the removal of the tick,
with a follow-up scheduled 6 weeks thereafter. We
defined infection as >1 of the following: occurrence
of erythema migrans diagnosed by a medical pro-
fessional (M.M. or D.H.), increase in Borrelia-specific
antibodies in follow-up samples, and presence of the
microorganism determined by PCR in the initial or
follow-up blood samples.

Laboratory Analyses

Laboratory analyses were conducted at the Institute
of Hygiene and Applied Immunology in Vienna. An
experienced technician (A.-M.S.) identified ticks mor-
phologically. If identification was inconclusive, we
used molecular methods. Ten percent of the random-
ly selected Ixodes ricinus ticks underwent molecular
identification to confirm the identification procedure.
We documented the developmental stage of the ticks
and recorded engorgement levels as not engorged,
partially engorged, or fully engorged.

We extracted DNA from the ticks as described (2).
Molecular identification of ticks was conducted by us-
ing the mitochondrial 165 rRNA gene (3), 12S rDNA
gene (4), internal transcribed spacer 2 region (5), or
cytochrome c oxidase subunit 1 gene (6). PCR prod-
ucts were purified and sent to Microsynth (https://
www.microsynth.at) for bidirectional sequencing.

Molecular detection of B. burgdorferi s.1.; Rickettsia
spp.; Anaplasma/ Ehrlichia spp., including Candidatus
N. mikurensis, Babesia spp., and Coxiella burnetti; was
performed by using reverse line blot (RLB) hybrid-
ization (2). Sequencing was conducted if RLB failed
to yield a species-specific signal. When Rickettsia spp.
could not be identified by sequencing the 235-5S in-
tergenic spacer region used for RLB (7), we conducted
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additional PCRs specific for the gltA gene (8,9). We
used real-time PCRs to detect B. miyamotoi (10) and,
in addition to RLB hybridization, for Candidatus N.
mikurensis (11).

Molecular Analysis of Blood

We screened extracted DNA from blood containing
EDTA for tickborne pathogens by using real-time
PCR. The pathogens screened were B. burgdorferi s.1.
(12), Rickettsia spp. (12), relapsing fever borreliae (12),
A. phagocytophilum (13), B. miyamotoi (10), and Candi-
datus N. mikurensis (11).

Serologic Testing

We assessed infections with B. burgdorferi s.1. by com-
paring ELISA values for IgM and IgG at the first and
the follow-up tests. The increase in antibody levels
was observed when the first sample yielded a nega-
tive result by using the cutoff value provided by
the manufacturer and the result was positive in the
follow-up sample. For specimens with a value above
the cutoff value in the initial sample, we defined the
infection as a 25% increase. Positive and borderline
ELISA results were confirmed by using immunob-
lot (Anti-Borrelia-EUROLINE-RN-AT; Euroimmun,
https:/ /www.euroimmun.com).

During this study, a change of test systems was nec-
essary because of withdrawal of systems from the mar-
ket. A Borrelin ELISA (Medac, https://international.
medac.de) was used until the end of May 2018, fol-
lowed by Anti-Borrelia-plusVIsE-ELISA (Euroimmun)
after June 2018. In the instance that the first and the
follow-up serum samples were analyzed by different
ELISAs, we used a paired sample for retesting with the
new ELISA.

We performed serologic testing for other tick-
borne pathogens by applying the following commer-
cial tests: A. phagocytophilum and Rickettsia IgG immu-
nofluorescence assays (Focus Diagnostics, https://
www.focusdx.com) and the Weil-Felix agglutination
assay (DiaMondiaL, https://www.diamondial.com)
as an additional serologic test able to detect infections
with Rickettsia spp. Infections were defined as a 4-fold
change in the titer.

Determination of Sample Size

Human infection rates for B. burgdorferi s.1. after tick
bites have been reported to be 2%-5% (14,15). Be-
cause high endemicity can be assumed for the cov-
ered regions, we determined the sample size on the
basis of an upper limit of 5%. To have a power of
80% to detect an effect associated with an odds ra-
tio (OR) >2, and considering covariates with a com-
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bined R? of 25%, a total of 411 participants were con-
sidered necessary to provide statistical significance
at the (2-sided) 5% level.

Statistical Analysis

Because many participants had >1 tick on >1 occa-
sion, we considered only ticks brought at the time of
infection for infected persons. For noninfected per-
sons who had >1 visit, 1 visit was chosen randomly,
and the tick removed on that occasion was used for
analysis. Similarly, if several ticks were available for
the visit, 1 tick was randomly selected unless 1 of
them was infected.

Preliminary comparisons of Borrelig-infected and
noninfected participants were performed by using the
Mann-Whitney test for metric data. We used the Fisher
exact probability test for dichotomous data and the Fish-
er-Freeman-Halton test for categorical data. These data
are reported as mean + SD and median (interquartile
range) with absolute and percent frequencies. Multiple
logistic regression analysis was conducted to assess the
risk for infection associated with attributes of the ticks,
taking the age and sex of the participants into account.
Seven persons did not complete follow-up testing and
were excluded from the analyses. No imputation for
missing data was applied. All analyses were performed
by using Stata 13.1 (StataCorp LLC, https:/ /www.stata.
com).

Results

Study Population

A total of 489 participants were included in the study,
of whom 7 were unavailable for follow-up. The num-
ber of ticks removed by the participants was 1,295.
The final total of 482 study participants (255 women
and 227 men) had a mean age of 49 years (range 19-83
years) and had been bitten by 1,279 ticks. A total of
433 (89.8%) participants were enrolled in Vienna and
49 (10.2%) were enrolled in Tyrol. At baseline, 120
(24.9%) participants were seropositive for Borrelia an-
tibodies, 39 (8.1%) for A. phagocytophilum antibodies,
and 13 (2.7%) for Rickettsia spp. antibodies. The mean
time interval between the baseline and the follow-up
test was 47 days (range 21-147 days).

Ticks Obtained from Participants
A total of 96% of the tick bites occurred in Austria.
Most ticks were removed during the months of June
(338, 26.4%) and May (303, 23.7%), followed by July
(227,17.7%) and August (115, 9.0%).

Of the 1,279 ticks, 1,277 (99.8%) were I. ricinus.
The 2 remaining ticks were H. concinna and a nymphal

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 4, April 2021



Haemaphysalis sp. tick imported from Cambodia. The
most common developmental stage was the nymph-
al stage (922 ticks, 72.1%) followed by larvae (241
ticks, 18.8%), and adults (112 ticks [103 females and
9 males], 8.8%). For 4 ticks (0.3%), it was not possible
to identify the developmental stage, but I. ricinus was
confirmed by PCR.

We compiled an overview of tick collection (Figure
1). Of the 482 participants, 139 persons collected >1 tick.
The highest number of ticks per person was 163. Near-
ly half of the ticks were removed on the first day (629,
49.2%) (Figure 2).

Molecular Screening of Ticks

B. burgdorferi s.l.was detected in 15.2% (194/1,279) of
all ticks. The most common genospecies was B. afzelii
in 66.5% (129/194), followed by B. garinii/ B. bavarien-
sis in 16.5% (32 ticks), B. burgdorferi sensu stricto in
7.7% (15 ticks), and other Borrelia spp. in 11.3% (22
ticks). Co-infections with >1 genospecies were detect-
ed in 4 ticks.

Rickettsia spp. was the second most frequent
organism with 9.4% (120/1,279), and R. helveti-
ca represented 86.7% (104/120) of all Rickettsia-
positive ticks, followed by R. monacensis in 8 ticks
(6.7%). Eight Rickettsia-positive samples yielded
only genus-specific signals on the RLBs. Presence of
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Candidatus R. mendelii was confirmed by sequenc-
ing 4 of these ticks. Two were new species accord-
ing to phylogenetic guidelines (16), of which 1 be-
longed to the spotted fever group Rickettsiae (17). For
the remaining 2 Rickettsia-positive ticks, the species
could not be identified. We provide an overview of
the tickborne pathogens detected in the different life
stages of the ticks (Table 1).

Of the 1,279 ticks included in the study, 380 (29.7 %)
harbored >1 tickborne pathogen. Dual infections with
organisms of different genera occurred in 48 ticks
(3.8%). Seven ticks (0.6%) harbored 3 different genera.

Human Infection
Borrelia infection was found in 25 (5.1%) participants.
Fifteen patients had erythema migrans, of whom 9
also showed an increase in Borrelia-specific antibodies
in the follow-up sample. All instances of erythema mi-
grans except 1 were localized at the site of the tick bite.
Moreover, in 10 persons, evidence of Borrelia infection
was found by serologic testing, and these persons did
not have erythema migrans or any other symptoms.
Demonstration of B. burgdoferi s.1. by PCR in the blood
was successful in only 1 participant who had erythema
migrans in an early stage. Infection with B. burgdorferi
s.l. occurred twice in 2 participants. One woman had
an erythema migrans twice within 4 months. Another

Figure 1. Number of ticks

per study participant in study

of infections with tickborne

pathogens after tick bite,
Austria, 2015-2018.

1051



RESEARCH

Figure 2. Estimated duration

of tick attachment (n = 1,279)
for infections with tickborne
pathogens after tick bite, Austria,

2015-2018.

woman had an asymptomatic infection, followed by
erythema migrans 3 weeks later. She had been bitten
by 11 ticks and showed seroconversion. Thereafter, she
had another tick bite, which caused also erythema mi-
grans around the bite. Antimicrobial drugs were given
to patients who had erythema migrans but not to those
who had asymptomatic infections.

With regard to other infections, 11 (2.3%) partici-
pantswere positivefor CandidatusN.mikurensis. These
participants reported no symptoms. For 3 partici-
pants, the presence of Candidatus N. mikurensis was
identified at the first visit, as well as at the follow-up
tests. The time intervals between the examinations
for these 3 participants were 41, 44, and 86 days.

Table 1. Tickborne pathogens detected in different life stages of ticks after tick bite, Austria, 2015-2018

Tick life stage

Pathogen or tick Adult females  Adult males  Nymphs Larvae  Notidentified  Total
Borrelia burgdorferi sensu lato 29 3 159 1 2 194
B. afzelii 10 1 115 1 2 132
B. garinii/B. bavariensis 7 1 24 0 0 32
B. burgdorferi sensu stricto 3 0 12 0 0 15
B. valaisiana 5 1 8 0 0 14
B. lusitaniae 1 0 1 0 0 2
B. spielmanii 3 0 3 0 0 6
Co-infections 0 0 4 0 0 4
Rickettsia spp. 14 0 69 37 0 120
R. helvetica 12 0 56 36 0 104
R. monacensis 1 0 6 1 0 8
Candidatus R. mendelii 1 0 3 0 0 4
New endosymbiont 0 0 1 0 0 1
Candidatus R. thierseensis 0 0 1 0 0 1
Not identified 0 0 2 0 0 2
Anaplasmataceae
Candidatus Neoehrlichia mikurensis 5 1 46 1 1 54
Anaplasma phagocytophilum 1 0 29 0 0 30
Babesia spp. 3 0 20 5 0 28
B. microti 3 0 18 0 0 21
B. divergens 0 0 1 0 0 1
B.. venatorum 0 0 1 5 0 6
Relapsing fever borreliae
B. miyamotoi 1 0 20 2 1 24
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One study participant was positive for B. miyamo-
toi by PCR but reported no signs or symptoms. No
infections with A. phagocytophilum or Rickettsia spp.
were documented. No infections with C. burnettii or
Babesia spp. were found by PCR; however, serologic
testing was not used for these infections.

Risk for Infection with B. burgdorferi s.1.

We compared the demographic and other variables
between the participants with Borrelia infection and
noninfected participants (Table 2). In a multivariate
model, the tick engorgement levels (OR 9.52) and con-
firmation of B. burgdorferi s.. in ticks (OR 4.39) showed
a major increase in the risk for infection (Table 3).

We also compared the differences in the distri-
bution of ticks co-infected with multiple pathogens
that had bitten participants with and without Borrelia
infection. Of 37 ticks detached by 25 Borrelia-infected
participants, 4 (10.8%) harbored >1 pathogen, where-
as among 1,242 ticks from the noninfected group, 56
(4.5%) carried multiple pathogens (p = 0.07).

Discussion
We investigated 482 persons bitten by ticks for the
occurrence of bacterial tickborne infections and

Infections with Tickborne Pathogens, Austria

Babesia spp. We demonstrated a high incidence of
infections with the emerging pathogen, Candidatus
N. mikurensis. Furthermore, our data clearly show
that R. helvetica, though highly abundant in ticks in
Austria, does not pose a risk for human health. We
also conducted a detailed risk analysis for contract-
ing Lyme borreliosis by analyzing numerous demo-
graphic and clinical parameters. This knowledge is
needed for further research on the efficacy of specific
interventions for preventing Lyme borreliosis, such
as local or systemic antimicrobial drug prophylaxis
after tick bite (18).

The risk for contracting Borrelia infection was
5.1%, which is consistent with published data for the
Netherlands and Sweden (14,15), despite a different
frequency of B. burgdorferi s.l. in ticks (15.2%) com-
pared with previous reports (26% and 29.3%). This
finding might be explained by the fact that more lar-
vae were removed during the current study. I. rici-
nus larvae do not harbor B. burgdorferi s.l. because
of lack of transovarial transmission of this pathogen.
An investigation of ticks collected from vegetation
throughout Austria showed that 25% of ticks were
positive for Borrelia spp. (2), but no larvae were ana-
lyzed. Because male adult I. ricinus ticks rarely feed

Table 2. Comparison of persons infected and not infected with Borrelia burgdorferi sensu lato after tick bite, Austria, 2015-2018*

Not infected, n = 457

Infected, n = 25

Variable No. or mean + SD Median, % (IQR) No. or mean + SD Median, % (IQR) p value
Sex
M 214 46.8 12 48.0 1.000
F 243 53.2 13 52.0 NA
Age, y 48.7 +14.5 48.5 (36.8-59.1) 52.4+14.0 54.0 (42.9-58.6) 0.216
Use of repellent 17 3.7 2 8.0 0.258
No. ticks 13+1.2 1.0 (1.0-1.0) 24+3.8 1.0 (1.0-2.0) <0.001
Time, tick bite to blood test, dt 43140 4.0 (2.0-6.0) 39+21 3.0 (2.0-5.0) 0.645
Duration of tick attachment, d 1.0+29 1.0 (0.0-2.0) 12+1.2 1.0 (0.0-2.0) 0.668
Tick location
Left leg 119 26.0 15 60.0 <0.001
Right leg 130 28.4 13 52.0 0.022
Left arm 53 11.6 6 24.0 0.106
Right arm 55 12.0 4 16.0 0.530
Head/neck 21 4.6 1 4.0 1.000
Abdomen/chest 71 15.5 4 16.0 1.000
Genital/pelvic area 111 24.3 5 20.0 0.811
Back 46 10.1 4 16.0 0.314
Antimicrobial drugt 30 6.6 0 0.0 0.39
PCR positive 62 13.6 11 44.0 <0.001
IgG§ 57 12.5 6 24.0 0.08
IgM§ 30 6.6 2 8.0 0.58
IgG and IgM§ 23 5.0 2 8.0 0.37
History of erythema migrans 84 18.0 8 32.0 0.15
Tick engorgement
None 180 39.5 4 16.0 <0.001
Slightly/partially 219 48.0 10 40.0 NA
Fully 57 12.5 11 44.0 NA
*IQR, interquartile range; NA, not applicable.
TTime between tick bite and first blood test.
FReceived within 4 weeks before tick bite.
§Presence of Borrelia-specific antibodies at the first visit.
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RESEARCH

Table 3. Multiple logistic regression analysis for assessing risk
for infection with Borrelia burgdorferi sensu lato after tick bite,
Austria, 2015-2018*

Parameter p value OR (95% CI)
Sex 0.818 0.90 (0.38-2.15)
Age 0.662 1.01 (0.98-1.04)
No. ticks 0.048 1.18 (1.00-1.39)
Tick PCR positive for B. 0.001 4.39 (1.78-10.84)
burgorferi
Tick engorgement
Fully <0.001 9.52 (2.79-32.45)
Slightly/partially 0.229 2.09 (0.63-6.98)
Not engorged NA 1 (NA)

*NA, not applicable; OR, odds ratio.

on humans, only 9 of 112 adult ticks detached by
study participants were male.

The presence of Borrelia in ticks and the level
of tick engorgement were the major predictors of
infection. However, we did not find a correlation
between infection and the time of attachment re-
ported by the participants. Clinical trials on the re-
lationship between infection risk and duration of
tick feeding are scarce, and results are contradic-
tory (14,15). Inconsistency might be attributed to
the fact that self-assessment of the duration of tick
attachment might be imprecise. We assume that if
more granular time intervals (e.g., in hours instead
of days) had been applied in our study, the results
might have been different, particularly for the large
group of persons who had removed their ticks
within the first 24 hours (*50% of the ticks in this
study). Transmission of B. burgdorferi s.1. can occur
<24 hours from tick attachment (14,19). Our study
demonstrates that morphologic evaluation of tick
engorgement is more reliable as a predictor for risk
of infection. The risk was 10 times higher for fully
engorged ticks than for nonengorged ticks. Lim-
ited correlation between self-reported duration of
tick attachment and level of engorgement has
been reported (20).

Our data suggest that a history of erythema mi-
grans and presence of antibodies do not avert fur-
ther Borrelia infections. The frequency of participants
who had been seropositive at baseline and of those
who had previous erythema migrans was higher in
the infected group (Table 2). Although not statisti-
cally significant, these results suggest greater expo-
sure to ticks.

Among other tickborne pathogens, Candidatus
N. mikurensis was the most frequent agent iden-
tified in blood containing EDTA, and 2% of the
participants had an asymptomatic infection with
this emerging pathogen. Infection with Candidatus
N. mikurensis can have a severe clinical picture.
Life-threatening complications can occur not only
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for immunocompromised patients but also for im-
munocompetent patients (21,22). The pathogen
was detected in blood samples of patients who had
erythema migrans-like rashes in Norway; a total
of 70 symptomatic patients were tested, and the
pathogen was found in 10% of the patients (23).
Asymptomatic infections are rare and they have
been reported in healthy foresters from Poland
(24), but no prospective data on the risk for acquir-
ing the infection after tick bites are available. For
3 persons, we detected the pathogen in 2 consecu-
tive samples. In 1 of these persons, the first positive
sampling occurred during October, and the follow-
up was performed 86 days later in January. Because
no tick bites were documented in this study dur-
ing the months of December-February, this finding
suggests a long persistence of the pathogen in the
blood in the absence of symptoms. However, there
are no comparable reports on the persistence of
Candidatus N. mikurensis in a human host.

B. miyamotoi is transmitted uniquely by Ixodes
ticks and is an emerging pathogen causing febrile
illness and meningitis in immunocompromised pa-
tients (25,26). With a prevalence of 2% in ticks, we
expected a low incidence of infections in humans. We
detected this spirochete in a healthy 79-year-old man.
The incidence for infections with A. phagocytophilum
was low, which corresponds to observations from
Scandinavian countries (27). We did not document
any case despite a relatively high level of background
seroprevalence at study inclusion (8%). Severe cases
of human granulocytic anaplasmosis sporadically oc-
cur in Austria (28), and a larger sample size might be
necessary to detect such cases.

Rickettsia spp. was found in 9.4% of the ticks in
our study. However, we did not identify any infec-
tions by using serologic or molecular methods. No
study participant showed development of clinical
signs of rickettsial infection, such as skin eschars or
lymphadenopathy. The dominating species in ticks
from Austria was R. helvetica, and only a few infec-
tions with this organism have been reported world-
wide, suggesting its low pathogenicity (16,29).

We identified Candidatus R. mendelii in 4
ticks. This novel organism was initially iden-
tified in the Czech Republic during 2016 (30).
Extensive data on its geographic distribution
are missing. We also detected a new Rickett-
sia sp. of the spotted fever group in a tick from
Tyrol, Austria (17).

We did not exclude patients who had received
previous antimicrobial drug treatment. A total of 23
of these patients received antimicrobial drugs that
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were active against tickborne pathogens starting 4
weeks before enrollment. Six participants were re-
ceiving antimicrobial drugs at study inclusion, and
the time point for antimicrobial drug treatment was
not known exactly for 7 participants. Two partici-
pants were receiving immunosuppressive treatment.
For persons with multiple tick bites in the noninfect-
ed group, we randomly selected 1 tick for risk analy-
sis because it would otherwise have been difficult to
calculate a regression model. Finally, for some patho-
gens, we used PCR only to identify infections without
additional serologic testing, including that for Babesia
spp. and B. miyamotoi. Because of a low prevalence of
these pathogens in ticks, it is unlikely that we would
have found a substantial amount of infections by us-
ing serologic methods.
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Emergence of Burkholderia
pseudomallel Sequence Type 562,
Northern Australia
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Since 2005, the range of Burkholderia pseudomallei
sequence type 562 (ST562) has expanded in northern
Australia. During 2005-2019, ST562 caused melioidosis
in 61 humans and 3 animals. Cases initially occurred in
suburbs surrounding a creek before spreading across
urban Darwin, Australia and a nearby island community.
In urban Darwin, ST562 caused 12% (53/440) of melioi-
dosis cases, a proportion that increased during the study
period. We analyzed 2 clusters of cases with epidemio-
logic links and used genomic analysis to identify previ-
ously unassociated cases. We found that ST562 isolates
from Hainan Province, China, and Pingtung County, Tai-
wan, were distantly related to ST562 strains from Aus-
tralia. Temporal genomic analysis suggested a single
ST562 introduction into the Darwin region in ~1988. The
origin and transmission mode of ST562 into Australia re-
main uncertain.

he tropical disease melioidosis causes sepsis in

persons with risk factors such as diabetes or haz-
ardous alcohol consumption (1). The causative bac-
terium, Burkholderia pseudomallei, is found in soil and
surface waters. Most reported cases of melioidosis
occur in Southeast Asia and northern Australia dur-
ing the monsoonal wet seasons (i.e., November-April
in northern Australia and May-October in Southeast
Asia) (1). Although melioidosis is increasingly found
in China, the Pacific Islands, South Asia, Africa, and
Central and South America (2), laboratory diagnostic
constraints contribute to underreporting of cases. As
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aresult, the true global distribution and prevalence of
melioidosis remain uncertain (3).

Clinical manifestations are varied; however,
pneumonia is the most common form, accounting
for =50% of cases (4). The frequencies of these mani-
festations differ by region. For example, suppura-
tive parotitis is common in children in Thailand and
Cambodia but rare in Australia; manifestations such
as prostate abscesses and brainstem encephalitis are
reported rarely outside Australia (1,4). Death rates
range from 9% in northern Australia to 40% in north-
east Thailand (1,4). The extent to which transmission
mode, host risk factors, access to diagnostic testing,
appropriate antimicrobial drugs, and intensive care
treatment account for differences in manifestations
and outcomes remains uncertain. Clinical studies
suggest that host risk factors are major contributors
to disease severity and outcome (1).

Phylogeographic analyses suggest that B. pseudo-
mallei emerged in ancient Australia and subsequently
disseminated throughout Asia (2,5,6). Because of their
ecologic niche, sensitivity to ultraviolet light, and rare
transmission among humans, strains of B. pseudomal-
lei in Australia have remained phylogenetically dis-
tinct from strains in Asia, Africa, and the Americas
(2,6). Most reported instances of sequence type (ST)
overlap between Asia and Australia are unrelated
at the whole-genome level (7), with the exception
of ST562 (8). Some STs in Southeast Asia occur over
large geographic areas, such as along the Mekong and
other rivers where erosion and washout from dis-
turbed land might have contributed to B. pseudomallei
dissemination (2,9,10).

Within Australia, most B. pseudomallei STs have a
restricted geographic range (11). In the urban and ru-
ral areas of Darwin, STs have been found in the envi-
ronment distributed across no more than 50 km (12).
In Northern Australia, researchers have identified
only 2 instances of long-range B. pseudomallei disper-
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sal, spanning distances of 90 km and 460 km (13,14).
B. pseudomallei isolates in the Northern Territory of
Australia are very diverse, belonging to at least 379
reported STs (12). In this region, strains found in clini-
cal and environmental samples exhibit similar levels
of diversity (11). High species diversity of B. pseudo-
mallei exists in urban Darwin; however, several STs,
including ST109, ST36, ST132, and in recent years,
ST553, have dominated among clinical and environ-
mental isolates (7,15).

The Darwin Prospective Melioidosis Study has
documented every culture-confirmed melioidosis
case in the Top End region of the Northern Territory
since 1989. In 2005, we reported the emergence of
B. pseudomallei ST562 in urban Darwin (8). Genomic
analyses revealed limited diversity among isolates
and a very narrow geographic range, suggesting a
single, recent introduction event from Asia (8). We
describe the clinical manifestations and genomic
epidemiology of B. pseudomallei ST562, which is now
well-established in urban Darwin and causes a large
proportion of melioidosis cases in the region.

Methods

Melioidosis Cases

We conducted this study at Royal Darwin Hospital,
the referral center for the Top End region. The Top
End is in the wet-dry tropics, 245,000 km? in area,
and sparsely populated. Darwin, the only city in the
region, has a population of 122,000 persons; the re-
maining population lives in towns or remote com-
munities separated by vast geographic distances. As
part of the Darwin Prospective Melioidosis Study,
we documented the demographic characteristics,
risk factors, clinical features, and outcomes of 1,148
patients with culture-confirmed melioidosis during
October 1, 1989-September 30, 2019 (1). We conduct-
ed multilocus sequence typing on isolates from 1,108
of 1,148 patients (https://pubmlst.org/organisms/
burkholderia-pseudomallei) (16). Our study was ap-
proved by the Human Research Ethics Committee of
the Northern Territory Department of Health and the
Menzies School of Health Research, Darwin.

B. pseudomallei Isolates

We analyzed B. pseudomallei ST562 sequences from 61
humans (including 3 with recurrent infection), 3 ani-
mals, and 4 environmental samples in the Top End;
5 isolates from humans in Hainan Province, China;
and 1 isolate from a human in Pingtung County, Tai-
wan. We conducted whole-genome sequencing us-
ing HiSeq 2000, HiSeq 2500, HiSeq 3000, MiSeq, or
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NovaSeq 6000 (Illumina, Inc., https:/ /www.illumina.
com). We also analyzed the genome of a ST562 strain
isolated from a water source in Haikou city, Hainan
Province, in 1975 (17). In addition, we conducted a
global phylogenetic analysis using 281 non-ST562
B. pseudomallei genomes available in public sources
(Appendix 1 Table, https://wwwnc.cdc.gov/EID/
article/27/4/20-2716-Appl.xlsx). We displayed the
geographic distribution of Australia ST562 isolates
using ArcGIS (https:/ /www.arcgis.com/index.html)
with shape files provided by the government of the
Northern Territory.

Statistical Analyses

We conducted all analyses using R version 3.6.0
(http:/ /www.r-project.org). We used a 2-tailed Fish-
er exact test to conduct a bivariate analysis of demo-
graphic characteristics, underlying conditions, clinical
features, and outcomes of 53 patients with ST562 and
387 patients with non-ST562 B. pseudomallei infection
during October 1, 2004-September 30, 2019 in urban
Darwin. We considered significant characteristics (i.e.,
p<0.05 in bivariate analysis) in a binomial multivari-
able generalized linear model with ST562 infection as
the outcome. Because of the strong temporal structure
to the data, we also included year of diagnosis as a con-
tinuous variable (Appendix 2, https://wwwnc.cdc.
gov/EID/article/27/4/20-2716-App2.pdf).

Bioinformatic Analyses

We conducted multiple sequence alignment and
variant calling with Snippy version 4.3.6 (https://
github.com/tseemann/snippy), using the closed
ST562 MSHR5858 genome (18) (GenBank accession
nos. CP008891-2) as the reference for ST562 phylo-
genetic analyses and the closed K96243 genome (19)
(GenBank accession nos. BX571965-6) for the global
analysis. We conducted maximum-likelihood phylo-
genetic analyses using IQ-TREE version 1.6.10 (20)
and predicted regions of recombination using Gub-
bins version 2.3.4 (21). We used BEAST 2 (22) for
temporal analysis of the core Australia ST562 align-
ment (Appendix 2).

Results

Australia B. pseudomallei ST562 Epidemiology

During 1989-2019, a total of 61 (5.5%) of 1,108 melioi-
dosis cases were caused by B. pseudomallei ST562. After
treatment completion, 3 (5%) patients had recurrent
ST562 infection. Fifty-three (87%) ST562 patients re-
sided in urban Darwin and 5 (8%) in an island commu-
nity 81 km north of Darwin. In addition, 1 patient was
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evacuated from a remote community in East Arnhem
Land, Northern Territory, Australia, 6 days after re-
turning from a visit in Darwin; 1 patient lived in a rural
community 37 km from Darwin; and 1 patient with an
unknown travel history sought treatment at Katherine
District Hospital (Katherine, Northern Territory, Aus-
tralia), 317 km south of Darwin.

During 2005-2019, the proportion of human
melioidosis cases caused by ST562 in urban Darwin
gradually increased (Figure 1). These cases mostly
occurred in 2 hotspot regions: suburbs surrounding
a creek where 17 (30%) of 57 melioidosis cases were
caused by ST562 and a lagoon where 11 (38%) of 29
cases were caused by ST562. The geographic distribu-
tion of cases changed over the 15-year period, mov-
ing initially from the creek hotspot to other regions
in Darwin and to the island community (Figure 2).
Records showed 2 case clusters with known epide-
miologic links; the first cluster comprised 5 patients
at a hostel in the lagoon hotspot during January 2014-
March 2019 and the second comprised 2 persons from
separate apartments in the same complex who were
each found dead in their apartments on the same day
in January 2014. B. pseudomallei ST562 was isolated
from the autopsy samples of the 2 persons.

In addition, ST562 infections developed in 2
sheep at a veterinary facility in 2009 and 2014 (8) and
in a meerkat at a wildlife park in 2015 (23). These
cases occurred in the lagoon hotspot. Environmental
sampling at these facilities did not reveal B. pseudom-
allei ST562. Furthermore, despite extensive systematic
sampling across Darwin in 2017-2018, researchers
found ST562 on only 2 occasions, both at the creek
hotspot (15). During the investigation of a 2011 meli-
oidosis case in a human, we isolated ST562 from air
and soil samples from the lagoon hotspot (24).

Figure 1. Distribution of melioidosis cases caused by various

STs of Burkholderia pseudomallei, Darwin, Australia, 2004-2019.
Twelve-month periods reflect the wet season then dry season and
span October 1-September 30. ST, sequence type.
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ST562 Risk Factors and Clinical Features

Among 440 melioidosis patients in urban Darwin dur-
ing October 1, 2004-September 30, 2019, a significantly
higher proportion of patients with ST562 were Ab-
original or Torres Strait Islander (66% vs. 44%; p<0.01),
lived in the suburbs surrounding the creek hotspot
(33% vs. 11%; p<0.01) or the lagoon hotspot (21% vs.
5%; p<0.01), or reported hazardous alcohol consump-
tion (59% vs. 40%; p = 0.02) (Table 1). In a generalized
linear model that included these predictors, only resi-
dence in either of the 2 hotspot locations was a signifi-
cant predictor of infection (Table 1). Pneumonia was
the most common manifestation among patients with
ST562 (76%) and non-ST562 infections (68%) (Table 2).
Among male patients, 10 (32%) with ST562 had a pros-
tate abscess, compared with 33 (15%; p = 0.02) men
with non-ST562 infections. In total, 3 patients with
ST562 infection died before hospitalization. The pro-
portion of patients with bacteremia, septic shock, or
death from melioidosis was not different among those
with ST562 versus non-ST562 infection (Table 2).

Australian B. pseudomallei ST562 Diversity

The 71 ST562 isolates from Australia were closely
related with 141 single-nucleotide polymorphisms
(SNPs) over a core alignment length of 7,071,987 nu-
cleotides. These isolates were substantially less di-
verse than isolates of ST109, ST36, and ST132, which
also are found in Darwin (8). The median pairwise
difference among ST562 genomes was 5 SNPs (range
0-16 SNPs). We found a limited phylogenetic struc-
ture among the ST562 genomes, with multiple poly-
tomies on maximume-likelihood analysis (Figure 3);
we did not identify any recombination. The soil iso-
late collected from the lagoon hotspot, MSHR4681,
differed by only 5 SNPs from the first soil isolate
from the creek hotspot, MSHR10541, despite being
collected 6 years and 12 km apart. Isolates from 3
patients (MSHR8799, MSHR9707, and MSHR11750)
had no known epidemiologic links but were sepa-
rated by 0 SNPs.

B. pseudomallei ST562 Genomic Clusters

The ST562 isolates from cases associated with the hos-
tel were phylogenetically clustered (Figure 3). The first
2 cases occurred 1 day apart in January 2014 and the
third occurred in March 2014; isolates from these 3 cas-
es differed by 0 SNPs. A fourth case in December 2014
differed from the first 3 isolates by 1 SNP and a fifth
case in March 2019 differed by an additional SNP. This
clade also included an ST562 isolate from a patient not
initially known to have resided at the hostel; further
investigation revealed that this patient had checked
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Figure 2. Proportion of
melioidosis cases in humans
caused by Burkholderia
pseudomallei ST562, Darwin,
Australia, 2004—-2019. A) During
October 2004—September
2009. B) During October 2009—
September 2014. C) During
October 2014—September 2019.
ST, sequence type.

out of the hostel 6 days before being evacuated from
a remote community for melioidosis treatment. Envi-
ronmental sampling at the hostel did not detect ST562.
We advised hostel staff regarding melioidosis preven-
tion, including the importance of protective footwear
and remaining indoors during storms.

The isolates from the 2 deceased persons from
the apartment complex differed by 7 SNPs and did
not fall within the same clade on the phylogenetic
tree (Figure 3). However, an isolate from 1 of these
patients was separated by 0 SNPs from a clinical iso-
late collected 10 months earlier from a patient who
lived in the adjacent unit. Soil and water sampling of
the apartment complex and its surroundings did not
identify any B. pseudomallei ST562 isolates.

ST562 isolates from air and soil samples at a
residence in the lagoon hotspot were separated by 0
SNPs. These isolates differed by 3 SNPs from a clini-
cal isolate from a resident with bacteremic medias-
tinal melioidosis (24). Thirteen other clinical isolates
were more closely related to the air and soil isolates
than the clinical isolate from the resident; 1 isolate
from a patient 8 years later was identical to the soil
and air isolates. That patient lived 3.4 km downwind
from the environmental sampling site.

Recurrent B. pseudomallei ST562 Infections

Of the 3 recurrent ST562 cases, genomic analysis
confirmed that 1 case was a new infection and 2 were

1060

relapses (Figure 3). The first patient was treated
for melioidosis pneumonia in January 2009 and
March 2016; isolates from these 2 episodes differed
by 9 SNPs and belonged to different phylogenetic
clades, suggesting that these illnesses were caused
by independent infection events (25). The second
patient had B. pseudomallei isolated from urine in
December 2017. This patient was treated with intra-
venous therapy for 4 weeks with ceftazidime then
meropenem, then for 12 weeks with oral doxycy-
cline. In October 2018, B. pseudomallei was again
isolated from this patient’s urine; the 2 isolates dif-
fered by 5 SNPs and belonged to the same clade,
suggesting relapse. The third patient had acute
pneumonia in January 2019 and was treated for 4
weeks with intravenous meropenem then ceftazi-
dime, then for 12 weeks with oral trimethoprim/
sulfamethoxazole. His symptoms improved and he
returned to his community but was subsequently
found dead in August 2019. His autopsy revealed
pneumonia caused by an isolate differing from his
original infection by only 1 SNP.

B. pseudomallei ST562 Origin and Dispersal

The mean estimated clock rate for the 71 Australia
B. pseudomallei ST562 isolates was 4.11 x 10 sub-
stitutions/site/year (95% highest posterior density
[HPD] 2.0-6.2 x 10 substitutions/site/year) and
the median estimate for the time to the most recent

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 4, April 2021



B. pseudomallei ST562, Northern Australia

Table 1. Demographic characteristics and risk factors for melioidosis caused by Burkholderia pseudomallei ST562, Darwin, Australia,

October 1, 2004—September 30, 2019*

ST, no. (%)t

Bivariate model Multivariable model

Characteristic 562, n =53 Other, n = 387 OR (95% CI) p value OR (95% CI) p value
Median age, y (range) 51 (13-85) 53 (1-97) 1.01 (0.99-1.02) 0.49
Sex
F 22 (42) 163 (42) Referent
M 31 (58) 224 (58) 0.98 (0.52—1.81) >0.99
Ethnicity
Non-Indigenous persons 18 (34) 216 (56) Referent
Aboriginal or Torres Strait 35 (66) 171 (44) 2.45 (1.30-4.77) <0.01 1.88 (0.94-3.77) 0.08
Islanders
Hotspott
Creek 17 (33) 40 (11) 3.83 (1.84-7.80) <0.01 4.75 (2.22-10.19) <0.01
Lagoon 11.(21) 18 (5) 5.02 (1.10-12.17)  <0.01 6.10 (2.39-15.54) <0.01
Underlying condition
Diabetes 28 (53) 177 (46) 1.33 (0.72-2.47) 0.38
Hazardous alcohol consumption 31 (58) 156 (40) 2.08 (1.120-3.93) 0.02 1.72 (0.88-3.36) 0.11
Chronic lung disease 18 (34) 104 (27) 1.40 (0.71-2.67) 0.33
Chronic kidney disease 9(17) 53 (14) 1.29 (0.52-2.88) 0.53
Congestive cardiac failure or 3(6) 34 (9) 0.62 (0.12-2.10) 0.60
rheumatic heart disease
Malignancy 7 (13) 49 (13) 1.05 (0.39-2.52) 0.83

*OR, odds ratio; ST, sequence type.
tValues are no. (%), except as indicated.
FValues missing for 1 patient with ST562 and 30 patients with other STs.

common ancestor was 1988 (95% HPD 1961-2001)
(Figure 4). Isolates from the creek hotspot predomi-
nated on the deepest branching clades and were dis-
tributed throughout the phylogeny, indicating initial
establishment in and dispersal from the creek hotspot.
Isolates from patients from the island community
formed a clade estimated to have diverged from a
common ancestor in 2010 (95% HPD 2004-2014). The
5 isolates from Hainan and the isolate from Taiwan
were not included in the molecular dating analysis
due to poor clock signal; these isolates were distantly
related to ST562 isolates from Australia, differing by
6,252-7,786 SNPs (964-1,453 SNPs when excluding
recombinogenic regions). In the global B. pseudomallei

analysis, B. pseudomallei ST562 isolates from Australia
were most closely related to isolates from East Asia
(Figure 5). The ST562 clade belonged to the larger
Asian clade in the global phylogeny (8).

Discussion

B. pseudomallei ST562 emerged in northern Australia
in 2005, fifteen years after the Darwin Prospective
Melioidosis Study began genomic surveillance (1,8).
Initially, cases of ST562 in northern Australia mostly
occurred in a creek hotspot before spreading across
Darwin and to an island community to the north. A
La Nifa period of heavy rainfall during 2010-2012
was associated with increased melioidosis case

Table 2. Clinical features of melioidosis caused by Burkholderia pseudomallei ST562, Darwin, Australia, October 1, 2004—September

30, 2019*
ST, no. (%) Bivariate
Characteristic 562, n =53 Other, n = 387 OR (95% CI) p value
Symptoms for <2 months 50 (94) 346 (89) 1.97 (0.59-10.32) 0.33
Localization
Pulmonary 40 (75) 263 (68) 1.45 (0.73-3.06) 0.34
Abscesst
Prostatic 10 (32) 33 (15) 2.73 (1.05-6.73) 0.02
Hepatic 1(2) 13 (3) 0.55 (0.01-3.82) >0.99
Splenic 2 (4) 25 (6) 0.57 (0.063-2.39) 0.76
Renal 3(6) 9(2) 2.51 (0.42-10.49) 0.17
Skin and/or soft tissue 3(6) 51 (13) 0.40 (0.08-1.30) 0.17
Bone or joint 3(6) 28 (7) 0.77 (0.14-2.64) >0.99
Central nervous system 0 4 (1) NA >0.99
Severity
Bacteremiaf 28 (55) 233 (61) 0.79 (0.42-1.49) 0.45
Septic shock 12 (23) 66 (17) 1.42 (0.64-2.94) 0.34
Death 7 (13) 35 (9) 1.53 (0.54-3.77) 0.32

*NA, not applicable; OR, odds ratio; ST, sequence type.

TMissing data for 1 patient with non-ST562 B. pseudomallei infection. Prostate abscess data is for 31 men with ST562 and 223 men with other STs.

fMissing data for 2 patients with ST562 and 3 patients with other STs.
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numbers in Darwin (26). After this period, the geo-
graphic distribution and proportion of cases attribut-
able to ST562 rose. Increased connectivity of water-
ways and wet conditions might have contributed to
ST562 spread in Darwin during this time.

The clinical manifestations, symptom duration,
and severity of melioidosis caused by ST562 were
similar to those caused by non-ST562 infections, sug-
gesting that host risk factors and route of acquisition
contributed to clinical features more than differ-
ences in virulence profiles (1,27). The only difference
in clinical manifestations was a larger proportion of
male ST562 patients with prostate abscesses. Com-
pared with the rate in Asia, the greater melioidosis
survival rates observed in Australia are probably
improved by greater access to treatment, including
intensive care (1,4).

Genomic analysis of ST562 strains from Austra-
lia demonstrated very little diversity, suggesting a
single introduction event with a probable origin in
Asia (8). The only other characterized ST562 isolates
in this study are from Hainan Province, China, and
from Pingtung County, Taiwan. Comparative ge-
nomic analysis showed that the strains from China
and Taiwan strains belonged the same clade but
were distantly related to strains in Australia. Re-
searchers have not identified any close relatives of
ST562 strains in Australia; their precise origin within
Asia remains uncertain.

We estimated that the most recent common an-
cestor of the ST562 strains in Australia, which indi-
cates the possible time of introduction, occurred in
1988; however, the 95% HPD for this estimate was
wide (1961-2001). The estimated clock rate of 4.11 %

Figure 3. Maximum-likelihood phylogeny of Burkholderia pseudomallei sequence type 562 isolates from northern Australia, 2004—2019.
Strain MSHR1967 (GenBank accession no. SRR2886997), the earliest sample, was used as the outgroup. Labels indicate nodes with
approximate likelihood ratio >60 and ultrafast bootstrap >80. Scale bar indicates substitutions per site.
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Figure 4. Maximum clade credibility tree of Burkholderia pseudomallei sequence type 562 isolates from northern Australia, 2004—2019.

Labels indicate nodes with posterior support >0.8.

108 substitutions/ site/ year was lower than previous-
ly reported. For example, previous reports estimated
the rate for serial isolates in patients with cystic fibro-
sis as 4.9 x 107 substitutions/site/year (28) and for
isolates from a 16-year chronic lung infection as 1.7
x 107 substitutions/site/year (29). For B. pseudomal-
lei groups in Asia and the Americas, the estimated
mutation rates range from 1.12 x 10 to 9.22 x 10~
substitutions/site/year (2). The variation in these es-
timates might reflect the difficulty in identifying and
excluding SNPs resulting from recombination, the
different ecologic conditions and selective pressures
of isolates, and inadequate sampling.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 4, April 2021

B. pseudomallei can exist in a viable but noncul-
turable state (30) and can persist in the environment
in suboptimal conditions outside of regions to which
it is endemic; the slow replication rate during these
periods might contribute to its slow accumulation
of mutations. Cases have sporadically occurred in
temperate Western Australia, where 2 isolates from
animals on different farms collected 17 years apart
differed by just 1 SNP (31). In contrast, the bacteria
can evolve rapidly during acute infection; in 1 pa-
tient, 8 SNPs and 5 small insertions/ deletions devel-
oped in a 12-day period (32). We observed similar
variability; for example, environmental and clinical

1063



RESEARCH

samples collected 8 years apart differed by 0 SNPs, lication is probably greater in vivo, with the human
whereas isolates collected 10 months apart from the host milieu placing the bacterium under greater se-
same patient differed by 5 SNPs. B. pseudomallei rep-  lective pressure than the natural environment.

Figure 5. Maximum-likelihood global phylogeny of Burkholderia pseudomallei sequence type 562 isolates from northern Australia,
2004-2019, and genomes available in public sources (Appendix 1 Table, https://wwwnc.cdc.gov/ElID/article/27/4/20-2716-App1.xIsx).
Strain MSHR5619 (GenBank accession no. ERR298346), which had the most divergent genome, was used as the outgroup. Black
circles indicate nodes with approximate likelihood ratio >95 and ultrafast bootstrap >95. Colors indicate geographic origin of samples.

Scale bar indicates substitutions per site. ST, sequence type.
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Previous epidemiologic investigations of meli-
oidosis clusters in humans and animals suggest
differences of <1 SNP from an implicated infect-
ing source (15,23,33,34). In the investigation of 2
cases of infection with B. pseudomallei ST325 on the
same rural property in northern Australian, there
was 1 SNP difference between the 2 clinical iso-
lates and the suspected environmental source, an
unchlorinated water tank (33). In a fatal outbreak
in a remote island community in northern Austra-
lia, 4 B. pseudomallei ST126 clinical isolates differed
by <1 SNPs from an isolate from the town water
supply (34). We confirmed case clusters at a hos-
tel and an apartment complex by combining epi-
demiologic information and phylogenetic analysis,
enabling the identification of previously unasso-
ciated cases. There was little diversity among B.
pseudomallei ST562 isolates in northern Australia;
many epidemiologically unrelated isolates differed
by <1 SNP. Phylogenetic analysis was required for
cluster identification.

Intercontinental dispersal of B. pseudomallei is
an extremely unusual event, as demonstrated by the
strong phylogeographic signal in the global phylog-
eny (2,5-8). The mode of ST562 transmission into
northern Australia and then to an offshore island is
unclear but could have been through soil, plants, an-
imals, or humans (8) or through air during a severe
weather event. The bacterium does not survive pro-
longed exposure to ultraviolet light, which probably
limits aerial dispersal (35); many researchers consid-
er long-range intercontinental spread through the air
unlikely. However, B. pseudomallei has been isolated
from air samples (24,36), suggesting that this route of
transmission might be possible across relatively short
distances. The dissemination of B. pseudomallei across
islands in the Caribbean might have been mediated
by hurricanes (37), and the dispersal of B. pseudom-
allei across northern Australia might be associated
with tropical cyclones (38). Tropical cyclones occur
every year in northern Australia, and melioidosis
clusters can occur after these events (31,39). Clus-
ters also have been associated with typhoons
in Taiwan, where studies using multilocus se-
quence typing have suggested airborne dissemi-
nation from soil and an increase in human cases
depending on the wind direction (36,40). The dis-
tance that B. pseudomallei can travel in such events
remains uncertain.

Although B. pseudomallei colonization of humans
is rare (29,41), the bacterium has been found in the
feces of domestic and wild animals including walla-
bies, horses, and chickens (42,43), and in the beak of
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a healthy native peaceful dove (Geopelia placida) (44).
A strong association exists between B. pseudomallei
presence in soil and disturbance by horses, chickens,
and pigs (45). B. pseudomallei has been imported into
areas to which it is not endemic and that are associ-
ated with exotic animals (46,47), the most dramatic
example of which was an outbreak in a zoo in Paris
that caused the deaths of >2 humans and animals
belonging to >10 different species (43,48). The out-
break spread from the Paris Zoological Park to the
menagerie at the Paris Botanical Gardens and eques-
trian clubs across France. B. pseudomallei was isolat-
ed from horse manure in multiple gardens and from
petri dishes placed near manure, suggesting aerosol-
ization. Movement of horses for races contributed to
the outbreak.

Animal importation and migratory birds are
possible modes by which ST562 could have ar-
rived in Darwin. In the lagoon hotspot, 2 facili-
ties that housed imported animals were the sites
of 3 cases in animals of melioidosis caused by B.
pseudomallei ST562. A horse racetrack and multiple
equestrian clubs are also in the creek and lagoon
hotspots. Both hotspots are habitats for water
birds, many of which migrate to the region every
year through Asia’s great flyways (49) and which
could have carried B. pseudomallei ST562 to Darwin
from Asia.

Although phylogenetic analysis confirms a sin-
gle introduction event of Asian origin, how ST562
spread into northern Australia remains unknown.
ST562 is now one of the most common B. pseudo-
mallei STs in humans in urban Darwin. However,
this ST rarely is isolated from the environment,
including at sites associated with outbreaks. Fur-
ther focused environmental sampling at key sites
will help clarify ST562 epidemiology in northern
Australia. The expanding capacity for genomic se-
quencing of B. pseudomallei will probably increase
awareness of the ongoing global and regional dis-
persal of this bacterium and consequent melioido-
sis cases in humans and animals.
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Histopathological Characterization
of Cases of Spontaneous Fatal
Feline Severe Fever with
Thrombocytopenia Syndrome, Japan

Yusuke Sakai, Yuko Kuwabara, Keita Ishijima,* Saya Kagimoto, Serina Mura,
Kango Tatemoto,! Ryusei Kuwata,? Kenzo Yonemitsu,* Shohei Minami, Yudai Kuroda,*
Kenji Baba, Masaru Okuda, Hiroshi Shimoda, Masashi Sakurai, Masahiro Morimoto, Ken Maeda*

Severe fever with thrombocytopenia syndrome (SFTS)
is an emerging tickborne infectious disease caused by
SFTS virus (SFTSV). We report 7 cases of spontaneous
fatal SFTS in felines. Necropsies revealed characteristic
lesions, including necrotizing lymphadenitis in 5 cases
and necrotizing splenitis and SFTSV-positive blastic lym-
phocytes in all cases. We detected hemorrhagic lesions
in the gastrointestinal tract in 6 cases and lungs in 3 cas-
es, suggesting a more severe clinical course of SFTS in
felids than in humans. We noted necrotic or ulcerative
foci in the gastrointestinal tract in 3 cases, the lung in 2
cases, and the liver in 4 cases. We clarified that blastic
lymphocytes are predominant targets of SFTSV and in-
volved in induction of necrotic foci. We also found that
thymic epithelial cells were additional targets of SFTSV.
These results provide insights for diagnosing feline
SFTS during pathological examination and demonstrate
the similarity of feline and human SFTS cases.

Severe fever with thrombocytopenia syndrome
(SFTS) is an emerging infectious disease char-
acterized by acute onset of high fever, hemorrhagic
tendency, gastrointestinal and neurologic symp-
toms, thrombocytopenia, and leukocytopenia (1-4).
The causative agent of SFTS is a novel Dabie bandavi-
rus, SFTS virus (SFTSV), of the family Phenuiviridae
(5). On the basis of epidemiologic evidence, SFTS
is classified as a tickborne disease, and the main
reservoir and vector involving human infection is
thought to be the Haemaphysalis longicornis tick (6,7).
In addition, various species of domestic and wild
mammals, including goats, sheep, cattle, pigs, dogs,
cats, boars, and deer, have been found to harbor
SFTSV genomic RNA or SFTSV antibodies (§-10).
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These data demonstrate the infectivity of SFTSV in
these animal species and circulation of SFISV be-
tween ticks and animals in nature. Reported cases of
SFTS in cheetahs and domestic cats have shown that
nonhuman mammalian species can develop fatal dis-
ease similar to human SFTS (11,12). Susceptibility of
cats to SFTSV also was confirmed by experimental
SFTSV infection in cats, which caused a high inci-
dence of severe hemorrhagic fever (13). Analyses of
these cases confirmed shedding of viral particles from
saliva and feces (11,13), which can cause transmission
of SFTSV from diseased animals to humans (14).

Analysis of animals with SFTSV infection can in-
form the pathogenesis of SFTS in humans. Experimen-
tal infection in wild type and a/ interferon receptor
knockout mice, rhesus macaques (Macaca mulatta),
and signal transducer and activator of transcription-2
knockout hamsters have been reported (15-19), but
hepatitis and splenitis have been reproduced only
in hamster models (19). However, hemorrhagic and
necrotic lesions in the liver, spleen, intestines, and
lymph nodes have been reported only in fatal SFTS
cases in humans and experimentally infected felines
(13,20-22). Investigations of disease in animals that
mimics human SFTS is crucial for informing preven-
tion of animal-to-human transmission and controlling
virus transmission among animals and ticks. Analy-
sis of fatal cases in felines can clarify the pathology
of SFTS and inform STFS diagnosis in animals. We
provide evidence of characteristic macroscopic and
microscopic lesions collected from 7 cases of sponta-
neous fatal SFTS in felines.

!Current affiliation: National Institute of Infectious Diseases, Tokyo,
Japan.

2Current affiliation: Okayama University of Science, Ehime, Japan.
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Materials and Methods

Histology

We performed necropsies on 7 cats with SFTS symp-
toms, such as acute onset of thrombocytopenia, leu-
kocytopenia, and lethargy (Table 1). We confirmed
SFTSV infection by conventional reverse transcrip-
tion PCR (RT-PCR) using 2 primer pairs targeting the
small segment of the SFTSV genome (23). We collect-
ed and fixed tissue samples in 10% neutral buffered
formalin and then processed the samples to create
paraffin-embedded tissue sections. We cut tissue into
sections 4-pm thick and stained sections with hema-
toxylin and eosin for histopathologic examination.

Immunohistochemistry

We subjected the 4-pm thick tissue sections to immu-
nohistochemical staining. After deparaffinization, we
performed antigen retrieval by incubating sections
in 0.1% trypsin at 37°C for 20 min to obtain immu-
noglobulin (Ig) lambda chain; or by heating at 121°C
for 5 min in pH 6.0 citrate buffer for SFTSV and CD3
staining; or pH 9.0 Tris-EDTA buffer for CD79a and
Ki67 staining. After washing with phosphate-buff-
ered saline (PBS), we inactivated endogenous peroxi-
dase by immersion in 3% hydrogen peroxide in PBS.
After treatment with 5% bovine serum albumin in
PBS for 30 min, we incubated the sections with rabbit
polyclonal anti-SFTSV antibody (diluted 1:1,000; gift
from Shigeru Morikawa, Okayama University of Sci-
ence, Okayama, Japan); FLEX Polyclonal Rabbit Anti-
Human CD3 Ready-to-Use antibody (Dako, https://
www.agilent.com); Monoclonal Mouse Anti-Human
CD79a Antibody Clone HM57 (diluted 1:50; Dako);
Mouse Monoclonal Anti-Ki67 Clone MIB-1 (diluted
1:1,000; eBioscience, https://www.thermofisher.
com); or Polyclonal Rabbit Anti-Human Ig Lambda

Spontaneous Fatal Feline SFTS, Japan

Light Chains (diluted 1:100; Dako). After washing
with PBS, we incubated the sections with EnVision+/
HRP Rabbit (Dako) horseradish peroxidase (HRP)-la-
beled polymer anti-rabbit or EnVision+/HRP Mouse
(Dako) HRP-labeled polymer anti-mouse. We then
visualized positive signals by peroxidase-diamino-
benzidine reaction, and counterstained sections with
hematoxylin stain.

Immunofluorescence

We performed double immunofluorescence labeling
with cytokeratin-SFTSV and CD204-SFTSV on 4-pm
thick tissue sections. We performed heat-mediated an-
tigen retrieval for cytokeratin-SFTSV in pH 6.0 citrate
buffer and for CD204-SFTSV antigen pH 9.0 Tris-ED-
TA buffer. After washing with PBS and blocking with
5% bovine serum albumin, we incubated the sections
for 1 h at room temperature with a mixture of rab-
bit polyclonal anti-SFTSV antibody (diluted 1:1,000;
TransGenic Inc., https://www.transgenic.co.jp) and
mouse monoclonal anti-CD204 (diluted 1:400; Trans-
Genic Inc) or mouse monoclonal anti-cytokeratin
clone AE1/AE3 (diluted 1:200; Dako). After wash-
ing with PBS, we incubated the sections in a mixture
of Alexa Fluor 488 anti-rabbit IgG (diluted 1:400; Ab-
cam, https:/ /www.abcam.com), Alexa Fluor 594 anti-
mouse IgG (diluted 1:400; Abcam), and DAPI (Dojin-
do, https:/ /www.dojindo.com). We then analyzed the
tissue sections by using an LSM 710 (Leica, https://
www leicabiosystems.com) confocal microscope.

Results

Gross Findings

Among the 7 cats with SFTS, gross lesions typically
were characterized by changes in the lymphoid or-
gans and hemorrhage (Table 2). In all the cases, we

Table 1. Clinicopathological findings in 7 cats with fatal severe fever with thrombocytopenia syndrome, Japan*

Case no.

Clinical findings 1 2 3 4 5 6 7
Clinical signs

Anorexia Y Y Y Y Y Y Y

Lethargy Y Y Y Y Y Y Y

Neurologic signs N N N Y N N N

Vomiting N Y N N N Y N
Body temperature, °C 394 NA NA NA 39.3 39.9 39
Erythrocytes, 10 cells/uL 546 688 NA 364 718 820 593
Leukocytes, cells/uL 3,080 800 3,000 190 700 2,500 1,290
Platelets, cells/uL 38,000 7,000 0 0 <11,000 52,000 0
ALT, IU/L 105 NA 476 141 331 NA 58
AST, IU/L 51 NA >1,000 4 1,010 NA NA
ALP, IU/L 188 NA NA NA NA NA <10
Total bilirubin, mg/dL 4.4 5.8 4.8 5.7 NA NA 9.3
CPK, IU/L NA 373 >2,000 >2,000 1,444 NA NA
*ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CPK, creatine phosphokinase; NA, not available.
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noted red enlarged lymph nodes from various re-
gions. Although splenomegaly was unclear to mild,
we noticed enlarged follicles appearing as multiple
white spots in the spleen (Figure 1, panel A) in all
cats. We detected hemorrhagic lesions in the gastro-
intestinal tract in 6 cats (Figure 1, panel B) and in the
tracheal region of the lungs in 3 cats (Figure 1, panel
C). In 3 cats, gastrointestinal lesions resulted in gross-
ly obvious ulcers (Figure 1, panel D). Jaundice was
detected in 5 cats.

Lymphatic System Lesions

Histologically, characteristic SFTS lesions were ob-
served in the lymphoid organs, such as the lymph
nodes, spleen, and Peyer’s patches. We noted lesions
in the collected lymph nodes in all 7 cats (Table 3).
In the cortex of SFTSV-affected lymph nodes, we ob-
served an accumulation of the large blastic lympho-
cytes, as those described in a human case (21). The
blastic lymphocyte cells were morphologically char-
acterized by large, clear irregular-shaped nuclei with
prominent central nucleoli and were similar to the
morphology of the immature activated-B cells, called
immunoblasts (Figure 2, panels A, B). Compatible
with immunoblast-like cell morphology, these cells
were considered cells of the B cell lineage because
they were positive for CD79a expression (Figure 2,
panel C). Immunohistochemistry also revealed that
SFTSV antigens were exclusively detected in these
blastic lymphocytes and SFTSV-positive blastic lym-
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Table 2. Gross lesions in 7 cats with fatal severe fever with
thrombocytopenia syndrome, Japan
Lesions

Cases, no. (%)

Enteric hemorrhage 6 (85.7)
Gastrointestinal ulcer 3(42.8)
Pulmonary hemorrhage 3 (42.8)
Jaundice 5(71.4)

phocytes distributed in the cortex and paracortex area
surrounding lymphoid follicles (Figure 2, panels D,
E). Regardless of enlargement, some lymph nodes had
neither SFTSV-positive cells nor necrotic lesions and
were simply diagnosed as hyperplastic lymph nodes
(Table 3; Figure 2, panel F). In some lymph nodes, the
lesions proceeded to necrotizing lymphadenitis with
SFTSV-positive blastic lymphocytes (Figure 2, panel
G). In all cases, we detected SFTSV-positive blastic
lymphocytes and necrotic foci in the spleen, mainly
in the follicular area (Figure 2, panel H). We collected
the thymus glands from 4 cats and observed infiltra-
tion of SFTSV-positive blastic lymphocytes mainly
in the cortices of all specimens. Hemorrhagic and
necrotic lesions also were observed in the thymus
glands. As reported in humans (20-22), we observed
numerous hemophagocytic macrophages in the lym-
phoid organs of all cases.

Intestinal Tract Lesions

We noted SFTSV-positive blastic lymphocytes in the
intestinal tract in all cases (Figure 3), mainly in the
Peyer’s patches, the localized lymphoid follicular

Figure 1. Gross pathology

of lesions from cats with

fatal severe fever with
thrombocytopenia syndrome,
Japan. A) Enlarged follicles
(white spots) in the spleen.
Ruler represents centimeters.

B) Hemorrhage in the colon.
Scale bar indicates 1 cm. C)
Hemorrhage in the lung; white
arrow indicates pulmonary
hemorrhage around the trachea.
Ruler represents centimeters.
D) Gastrointestinal ulcers (black
arrows) were also seen in some
cases. Scale bar indicates 1 cm.
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Table 3. Lesions in the lymphatic system from 7 cats with fatal severe fever with thrombocytopenia syndrome, Japan*
Case no., n = no. lymph nodes assessed

Lesions 1,n=4 2,n=1 3,n=4 4,n=9 5n=7 6,n=4 7,n=6
Hyperplasia without SFTSV-positive cells 0 0 3 0 2 2 0
SFTSV-positive blastic lymphocytes 3 1 1 6 2 1 2
Necrotizing lymphadenitis 1 0 0 3 3 1 4

*SFTSV, severe fever with thrombocytopenia syndrome virus.

structure in the intestinal submucosa; some of these hemorrhage lesions and ulcers (Figure 3, panels C,
cells infiltrated the lamina propria (Figure 3, panels D), suggesting a relationship between blastic lympho-
A, B). We observed infiltration of these cells in all cytes and lesions.

Figure 2. Histopathological
lesions in the lymphoid organs
from fatal cases of severe

fever with thrombocytopenia
syndrome (SFTS) in cats, Japan.
A) Hematoxylin & eosin (HE)—
stained lymph node demonstrating
accumulation of blastic
lymphocytes around the lymphoid
follicle. Scale bar indicates

100 ym. B) HE-stained blastic
lymphocytes from the lymph nodes
demonstrating highly pleomorphic
cells with large clear nuclei and
prominent nucleoli, resembling
immunoblasts. Scale bar indicates
10 ym. C, D) CD79a-stained (C)
and immunohistochemistry-stained
(D) blastic lymphocytes from the
lymph nodes. Scale bar indicates
10 pm. E) Lymph node stained by
immunohistochemistry revealing
SFTS virus—positive blastic
lymphocytes distributed around
the follicle. Scale ar indicates 100
pm. F) Immunohistochemistry-
stained hyperplastic lymph node
demonstrating no SFTSV-positive
cells or necrotic foci. Scale bar
indicates 100 pm. G) Necrotic
lymphadenitis in HE-stained
lymph node. Scale bar indicates
200 pm. H) HE-stained spleen
demonstrating necrotic lesions

in the splenic follicle. Scale bar
indicates 50 um.
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Figure 3. Histopathological
lesions in the intestinal tracts
from fatal cases of severe

fever with thrombocytopenia
syndrome (SFTS) in cats,
Japan. A, B) Hematoxylin &
eosin (HE)-stained (A) and
immunohistochemistry-stained
(B) ileum sections demonstrating
enlargement of Peyer’s patch
and accumulation of SFTSV-
positive blastic lymphocytes.
Scale bars indicates 100 pm.

C) HE-stained colon sections
demonstrating infiltration of
lymphocytes into the lamina
propria. Scale bar indicates 100
pum. D) High power magnification
of panel C demonstrating the
infiltrating lymphocytes were
blastic lymphocytes. Scale bar
indicates 10 ym. E, F) HE stained
(E) and immunohistochemistry-
stained (F) ulcerative lesions in
the cecum. Scale bars indicate
200 pum.

Liver and Lung Lesions

In the livers from 3 cats, we noted formation of small
necrotic foci (Figure 4, panel A). The necrotic lesions
always were surrounded by SFTSV-positive blastic
lymphocytes (Figure 4, panel B), but the cells usu-
ally were distributed in the portal area. We also
found bile pigmentation and hemophagocytic mac-
rophages in the liver.

Feline SFTS pulmonary lesions consisted of hem-
orrhage in 3 cases and formation of necrotic foci in the
interstitial tissues surrounding the trachea in 2 cases
(Figure 4, panel C). Like hepatic necrotic foci, the pul-
monary necrotic foci we observed in these cases also
showed SFISV-positive blastic lymphocytes (Figure
4, panel D).

SFTSV-Positive Blastic Lymphocyte Characterization

Immunohistochemistry revealed that SFTSV-positive
signals were limited to the blastic lymphocytes, and
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these were of B cell lineage and expressed CD79a (Fig-
ure 2, panel C). We performed further characteriza-
tion by using immunohistochemical stains against Ig
lambda chain and Ki67. The results demonstrated that
SFTSV-positive atypical lymphocytes expressed Ig
lambda chain and Ki67 (Figure 4, panels E, F). Hence,
we considered these cells plasmablasts, which are im-
mature plasma cells retaining proliferation activities.

The presence of SFTSV antigens in macrophages
has been reported (15,24). To investigate whether mac-
rophages in our cases consisted of SFTSV-positive cells
along with B cells, we performed double immunofluo-
rescence analysis of the macrophage markers CD204
and SFTSV. The results demonstrated that SFTSV-pos-
itive cells were not CD204-positive (Figure 5).

SFTSV-Positive Cells in the Thymus
In addition to blastic lymphocytes, we found SFTSV-
positive cells with spindle-to-polygonal morphology
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Figure 4. Necrotic foci

in the liver and lung from

fatal cases of severe fever

with thrombocytopenia
syndrome (SFTS) in cats,
Japan. A, B) Hematoxylin &
eosin (HE)-stained (A) and
immunohistochemistry-stained
(B) liver sections demonstrating
SFTS virus—positive blastic
lymphocytes in the necrotic
foci. Scale bars indicate 100
um. C, D) HE-stained (C) and
immunohistochemistry-stained
(D) lung sections demonstrating
lymphocytes in the necrotic

foci from the lungs. Scale bars
indicates 200 uym. E, F) Ki67
(E) and Ig lambda chain (F)
immunohistochemistry positively
staining blastic lymphocytes.
Scale bars indicates 10 pm.

in the thymus gland. Double immunofluorescence
analysis of SFTSV and cytokeratin revealed that these
cells were thymic epithelial cells (Figure 6).

Discussion
We analyzed the pathological changes in 7 fatal cases
of SFTS in domestic felids. We detected characteristic
lesions in the lymphoid organs, including the lymph
nodes and spleen. We observed gross enlargement
and hemorrhage of multiple lymph nodes and forma-
tion of white spots in the spleen in all 7 cases (Figure
1, panel D). Because these findings are highly sug-
gestive of but not specific for feline SFTS, additional
cases with these findings should be further examined
to confirm viral infection by testing, such as RT-PCR.
Similar to human cases (20-22), we frequently
observed necrotic lymphadenitis in this study and
found accumulation of SFTSV-positive atypical lym-
phocytes in all 7 cases (Table 2). In addition, all 7 cats
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had necrotic splenitis, similar to human SFTS cases
(20,21). Therefore, lesions in the lymphoid organs,
or accumulation of atypical B cells can be considered
characteristic and highly specific for lesions in SFTS
for both humans and felines. Furthermore, these le-
sions can be useful indicators of whether experimen-
tal infection in laboratory animals appropriately re-
produces spontaneous SFTS. In fact, feline cases of
experimental infection showed necrotic lymphadeni-
tis and splenitis (13).

Although some reports have detected SFTSV an-
tigens in macrophages, our study demonstrated that
SFTSV-positive cells mostly were blastic lymphocytes
(Figure 2, panels B-D; Figure 4, panels E, F). Immuno-
fluorescence revealed that only punctate signals were
detected in the macrophages (Figure 5). This result in-
dicates that macrophages can phagocytose SFTSV but
do not support SFTSV replication. Our findings also
showed that SFTSV targets the cells of B-cell lineage
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Figure 5. Double-labeling
immunofluorescent staining of the
lymph node (A—C) and the liver
(D-F) from fatal cases severe
fever with thrombocytopenia
syndrome (SFTS) in cats, Japan.
Red indicates signals of CD204.
Green indicates signals of SFTS
virus. Blue indicates nuclei labeled
with DAPI. Arrows in panels

A-C indicate CD204-positive
macrophages in the lymph node.
Arrows in panels D-F indicate
CD204-positive kupffer cells in the
liver. Scale bars indicate 10 uym.

and that plasmablasts were the predominant site of
viral replication. Such tropism of SFTSV to plasma-
blast also has been reported in human cases and in
vitro analysis clarified SFTSV targeted plasmablastic
cell line, not B cell lymphoma cell lines (25). However,
why large numbers of plasmablasts appeared and ac-
cumulated in the lymph nodes remains unclear. Dys-
regulated immunological response of plasmablasts to
SFTSV infection and viral modulation of host-plasma-
blast dynamics are 2 possible causes of plasmablast
accumulation in the lymph nodes. Furthermore, in all
cases, we found SFTSV-positive blastic lymphocytes
in and around the intestinal ulcerative lesions (Fig-
ure 3, panel F) and necrotic foci in the liver and lungs

(Figure 4, panels A-D), suggesting a role of blastic
lymphocytes in the pathogenesis of ulcers and ne-
crotic lesions. Depositing of Ig in the necrotic foci and
expression of death ligands in SFTSV-positive cells
should be analyzed in future cases. Expression of cell
death-inducing factors on SFTSV-positive blastic lym-
phocytes, such as self-reactive Ig and death ligands,
could indicate a relationship between these cells and
necrotic foci; further study is warranted. Our study
demonstrated that the thymic epithelial cells can be
another target of SFTSV. However, the significance of
viral infection in the thymic epithelium is unclear.
Gastrointestinal manifestation is one of the clini-
cal features of human SFTS (1-4). A lethal case of

Figure 6. Double-labeling immunofluorescent staining of the thymus from fatal cases severe fever with thrombocytopenia syndrome
(SFTS) in cats, Japan. Arrows indicate thymic epithelial cells. A, D) Red indicates signals of cytokeratin. B, E) Green indicates signals of
SFTS virus. C, F) Blue indicates nuclei labeled with DAPI. Scale bars indicate 10 pm.
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severe intestinal hemorrhage and another case of mul-
tiple gastrointestinal ulceration have been reported in
humans (20,26). However, the incidence of these le-
sions is unclear because cases without obvious intesti-
nal findings also have been reported (21). Experimental
SFTSV infection in cats and our results have demon-
strated a high rate of gastrointestinal hemorrhage (6/7
cases; Figure 1, panel A) and gastrointestinal ulcers
(3/7 cases; Figure 3, panel E), which suggests that hu-
man and feline cases share a common pathogenesis
and that feline cases show more severe gastrointestinal
lesions than human cases (13). Pulmonary hemorrhage
and necrotic foci also suggest the severity of feline
SFTS. This severe pathogenesis in many tissues can
cause high lethality, #70% (27), suggesting that feline
SFTS is a typical lethal viral hemorrhagic fever.

Jaundice was frequently observed in our cases
(Table 2) and in experimental infection in cats (13).
Also, marked elevation of serum hepatic enzymes
were detected in most cases (Table 1). However, in
this study, morphologic lesions in the liver were only
sporadic small necrotic foci, insufficient to cause sys-
temic jaundice and marked elevation of serum he-
patic enzymes. Microscopic lesions of the liver were
also mild in human SFTS cases and in cats with ex-
perimental infection (13,21). These findings suggest
microscopically undetectable hepatic damage or
functional failure of the hepatobiliary system. Further
analysis is needed to clarify the mechanism of liver
damage in SFTS.

Other typical clinical manifestations of SFTS in hu-
mans include neurologic signs, thrombocytopenia, and
leukocytopenia (1-4). Although neurologic signs were
unclear in the cats in our study, thrombocytopenia and
leukocytopenia were clinically detected. Analysis of
the bone marrow and central nervous system in feline
SFTS cases will help clarify pathogenesis.

Our study demonstrated typical lesions of spon-
taneous fatal cases of feline SFTS, consisting of similar
pathological lesions and a more severe hemorrhagic
tendency than in human SFTS cases. Information on
disease in animals that mimics human SFTS can help
prevent animal-to-human transmission. Thus, we be-
lieve feline models can be used to study the patho-
genesis of SFTS.
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COVID-19—Associated Pulmonary
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Pneumonia caused by severe acute respiratory syn-
drome coronavirus 2 emerged in China at the end of
2019. Because of the severe immunomodulation and
lymphocyte depletion caused by this virus and the sub-
sequent administration of drugs directed at the immune
system, we anticipated that patients might experience
fungal superinfection. We collected data from 186 pa-
tients who had coronavirus disease—associated pulmo-
nary aspergillosis (CAPA) worldwide during March—Au-
gust 2020. Overall, 182 patients were admitted to the
intensive care unit (ICU), including 180 with acute re-
spiratory distress syndrome and 175 who received me-
chanical ventilation. CAPA was diagnosed a median of
10 days after coronavirus disease diagnosis. Aspergillus
fumigatus was identified in 80.3% of patient cultures, 4
of which were azole-resistant. Most (52.7%) patients re-
ceived voriconazole. In total, 52.2% of patients died; of
the deaths, 33.0% were attributed to CAPA. We found
that the cumulative incidence of CAPA in the ICU ranged
from 1.0% to 39.1%.

Cases of pneumonia caused by severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) were
first described in Wuhan, China, at the end of Decem-
ber 2019 (1). The infection rapidly spread, causing the
coronavirus disease (COVID-19) pandemic (2).
Because SARS-CoV-2 and treatments such as
dexamethasone or tocilizumab can impair the im-
mune system, some researchers anticipated the pos-
sibility of fungal superinfection among COVID-19
patients (3-6). As of August 2020, researchers have
documented COVID-19-associated pulmonary as-
pergillosis (CAPA) (7-9), invasive candidiasis (10),
coccidioidomycosis (11), fusariosis (12), histoplasmo-
sis (13), mucormycosis (14), pneumocystosis (15), and
saccharomycosis (16). Varying cumulative rates of
CAPA have been described, including rates of 0.7%-
7.7% among COVID-19 patients (17,18), 2.5%-39.1%
among ICU patients with COVID-19 (19,20), and
3.29%-29.6% among COVID-19 patients on mechanical
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ventilation (7,17). Many of these patients lack the con-
current conditions usually associated with invasive
pulmonary aspergillosis (IPA) such as malignancies,
neutropenia, or history of allogeneic stem cell or solid
organ transplantation (21). Admission to the ICU or
severe influenza are also risk factors for IPA in non-
neutropenic patients (22-25). Reports of CAPA have
been mostly limited to a few single-center studies;
therefore, a comprehensive analysis of international
distribution currently is lacking (4).

We analyzed reports in the literature (26-50;
references 51-54 in Appendix, https://wwwnc.cdc.
gov/EID/article/27/4/20-4895-Appl.pdf) and the
FungiScope registry (reference 55 in Appendix) to de-
scribe baseline conditions, clinical management, and
associated deaths in CAPA patients. This analysis also
contextualizes the available cumulative incidences.

Methods

We conducted a retrospective analysis using clinical
data of patients worldwide who received a CAPA di-
agnosis during March 1-August 31, 2020. Our analysis

1078

comprised data from the FungiScope registry and
academic literature (Figure 1).

FungiScope (https:/ /www.clinicaltrials.gov;
National Clinical Trials identifier NCT01731353) is
a global registry for emerging invasive fungal infec-
tions. FungiScope was approved by the local ethics
committee of the University of Cologne, Cologne,
Germany (study ID 05-102). The registry includes
patients with invasive aspergillosis since 2019. Fun-
giScope’s methods have been described previously
(reference 55 in Appendix).

In addition, we conducted a literature search
using the PubMed database (https://pubmed.ncbi.
nlm.nih.gov) for suspected CAPA cases occurring
in March-August 2020. We used the search string
“(Aspergill*) AND (invasive OR putative OR prob-
able OR infection OR case OR patient OR report)
AND (COVID* OR corona* OR SARS-CoV-2),” which
identified 59 published articles. We reviewed and ex-
tracted relevant data from each of the publications.
When necessary, we contacted authors for additional
details (Appendix).

Figure 1. Enrollment process
in study of patients with

CAPA, March—August 2020.
Patients were identified in

the FungiScope registry and
academic literature using the
search string “(Aspergill*)
AND (invasive OR putative
OR probable OR infection OR
case OR patient OR report)
AND (COVID* OR corona* OR
SARS-CoV-2) (Appendix Table
1, https://wwwnc.cdc.gov/EID/
article/27/4/20-4895-App1.
pdf). The initial 288 COVID-19
patients suspected to have 1A
were revised in a deduplication
process; 59 double entries
were identified. Only 1 report
per patient was maintained.
Thus, 221 individual COVID-19
patients suspected to have

IA were assessed for CAPA.
CAPA, COVID-19-associated
pulmonary aspergillosis;
COVID-19, coronavirus
disease; EORTC/MSG,
European Organization for
Research and Treatment of
Cancer/Mycoses Study Group;
IA, invasive aspergillosis.
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We reviewed each patient report using multiple
diagnostic definitions. First, we evaluated the patients
according to the consensus definition of Koehler et al.
(reference 56 in Appendix); we classified the patients
as having proven, probable, or possible CAPA. We
used alternative definitions to evaluate patients who
were nonclassifiable because of lack of essential in-
formation, such as the volume of saline recovered by
nondirected bronchial lavage (NBL) fluid applied.
We categorized the nonclassifiable patients as proven
or probable according to the European Organization
for Research and Treatment of Cancer/Invasive Fun-
gal Infections Cooperative Group and the National
Institute of Allergy and Infectious Diseases Mycoses
Study Group criteria for invasive fungal infections
(21) or as proven, putative, and colonized accord-
ing to the AspICU algorithm for IPA in critically ill
ICU patients by Blot et al. (23). We considered severe
COVID-19 with acute respiratory distress syndrome
(ARDS) to be a valid host criterion (i.e., acquired im-
munodeficiency) (8). We considered patients who
met >1 definition to have CAPA; we categorized the
rest as nonclassifiable.

We collected data on patients’ demographic
characteristics and baseline conditions. We also
collected data on abnormal radiographic im-
ages, mycologic evidence, signs and symptoms
at CAPA diagnosis, site of infection, antifun-
gal susceptibility testing, antifungal treatment,
death at 6 and 12 weeks after CAPA diagnosis,
and absolute death. In addition, we calculated the
length of time between COVID-19 and CAPA diagno-
ses, CAPA diagnosis and most recent healthcare con-
tact with the patient, ICU admission and CAPA diag-
nosis, and installation of mechanical ventilation and
CAPA diagnosis. The contribution of CAPA to pa-
tient death (i.e., attributable mortality) was assessed
by the treating medical team (Appendix Table 2). To
determine the cumulative incidence of CAPA in the
facilities included in the analysis, we asked each insti-
tution for 3 different denominators: the total number
of COVID-19 patients, the number of COVID-19 pa-
tients admitted to the ICU, and the number of CO-
VID-19 patients admitted to the ICU who needed me-
chanical ventilation during March-August 2020.

Statistical Analysis

We did not calculate an a priori sample size for this
exploratory study. To analyze the demographic and
clinical characteristics of patients with CAPA, we
describe categorical variables using frequencies and
percentages; we describe continuous variables using
medians and interquartile ranges (IQRs). We used

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 4, April 2021
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SPSS Statistics 25.0 (IBM, https:/ /www.ibm.com) for
statistical analyses.

Results

We identified 186 CAPA cases during March 1-Au-
gust 31, 2020, in 17 different countries, according to
European Organization for Research and Treatment
of Cancer/Invasive Fungal Infections Cooperative
Group and the National Institute of Allergy and In-
fectious Diseases Mycoses Study Group criteria (21),
Blot et al. algorithm (23), and Koehler et al. consen-
sus definition (reference 56 in Appendix) (Figures 1,
2; Appendix Table 1). We identified 62 (33.3%) cases
from literature, 45 (24.2%) from the FungiScope reg-
istry, and an additional 79 (42.5%) in both sources
(Table 1). The median age among persons with CAPA
was 68 years (IQR 59-73 years; range 15-87 years).
Most (135; 72.6%) patients were men (Table 2).

Nearly all (182; 97.8%) patients were admitted
to the ICU, most for ARDS (180; 96.8%) or mechani-
cal ventilation (175; 94.1%). Other common baseline
conditions and characteristics included corticosteroid
administration (98; 52.7%), chronic cardiovascular
disease (94; 50.5%), renal failure (74; 39.8%), diabetes
mellitus (64; 34.4%), and obesity (47; 25.3%). Overall,
40 (21.5%) patients had chronic pulmonary disease
(Table 2).

In total, 110 (59.1%) patients received either hy-
droxychloroquine (98; 52.7%) or chloroquine (12;
6.5%) for treatment of COVID-19. Sixty-eight (36.6%)
patients received corticosteroids, mainly methylpred-
nisolone monotherapy (26; 14.0%) or antivirals (67;
36.0%), especially lopinavir/ritonavir monotherapy
(56; 30.1%). COVID-19 treatment had a median du-
ration of 7 days before recovery or death (IQR 6-11
days; range 1-32 days) (Table 2; Appendix Table 3).

In 152 (81.7%) patients, CAPA was diagnosed a
median of 10 days (IQR 5-16 days; range 0-51 days)
after a positive respiratory sample for SARS-CoV-2
infection by reverse transcription PCR. Among all
patients, Aspergillus fumigatus was the most fre-
quently reported (122/152; 65.6%) pathogen. Six
patients (3.2%) had cultures positive for >1 Aspergil-
lus species. Samples mainly were from bronchoal-
veolar lavage (BAL) (50; 26.9%), tracheal aspirates
(48; 25.8%), or bronchial aspirates (34; 18.3%). In 55
(29.6%) patients, culture was the only diagnostic
tool that produced a positive result. Galactomannan
(GM) levels were positive (i.e., optical density index
>1.0) in samples from 113 (60.8%) patients, includ-
ing BAL samples from 63 (33.9%) patients, serum or
plasma from 29 (15.6%), and NBL from 22 (11.8%).
Histologic techniques were used for diagnosis in 7
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Figure 2. Global distribution of the 186 CAPA patients reported in the literature and FungiScope registry, March—August 2020. In total,
39 patients were from France, 36 from lItaly, 26 from Spain, 23 from Germany, 14 from the Netherlands, 11 from the United Kingdom,

9 from Pakistan, 8 from Belgium, 6 from Mexico, 3 from Brazil, 3 from Switzerland, 2 from Denmark, 2 from Qatar, 1 from Argentina, 1
from Australia, 1 from Austria, and 1 from Ireland (Appendix Table 8, https://wwwnc.cdc.gov/ElD/article/27/4/20-4895-App1.pdf). CAPA,
COVID-19-associated pulmonary aspergillosis; COVID-19, coronavirus disease.

(3.8%) cases. Abnormal radiographic imaging was
found in 182 (97.8%) patients, either in computed
tomography scans (94; 50.5%), in chest radiographs
(48; 25.8%), or both (40; 21.5%) (Table 2).

Overall, 30 (16.1%) patients provided samples for
>1 antifungal susceptibility test, such as microdilu-
tion according to European Committee on Antimicro-
bial Susceptibility Testing guidelines (20; 10.8%) (ref-
erence 57 in Appendix), Etest (11; 5.9%), and Clinical
and Laboratory Standards Institute microdilution
procedures (1; 0.5%) (reference 58 in Appendix). The
tests were predominantly performed on A. fumigatus
(29; 15.6%) isolates, 3 of which had the TR34L98H
resistance mutation in the cyp51A gene. One (0.5%)
patient had voriconazole-resistant A. lentulus (MIC 2
ug/mL by EUCAST guidelines) (Appendix Table 4).

Of 186 CAPA patients, 49 (26.3%) patients did
not receive mold-active antifungal therapy. The most
common treatments were triazoles (117; 62.9%), espe-
cially voriconazole (98; 52.7%, including 79 patients
for whom voriconazole was a first-line treatment) and
isavuconazole (23; 12.4%). In total, 34 (19.4%) patients
received amphotericin B, especially liposomal ampho-
tericin B (23; 12.4%). Of the patients who received am-
photericin B, 15 (65.2%) received it as first-line treat-
ment. Antifungal treatment was administered for a
median of 16 days before recovery or death (IQR 10-33
days; range 1-92 days) (Table 2; Appendix Table 5).
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In total, 97 (52.2%) patients died, most (89; 47.8%)
<6 weeks after CAPA diagnosis. In 32 (17.2%) pa-
tients, death was attributed to Aspergillus; including
25 (13.4%) patients who died of aspergillosis and
COVID-19 infection. Patients were observed for a
median of 22 days (IQR 7-42 days; range 0-144 days)
after CAPA diagnosis; survivors were treated for a
median of 40 days (IQR 28-50 days; range 1-144 days)
and patients who died for a median of 9 days (IQR
3-18 days; range 0-144 days) (Table 2).

In total, 19 of 39 institutions provided denomi-
nators for cumulative incidence over the duration
of the study period. The CAPA incidence among
all COVID-19 patients ranged from 0.1%-9.7%.
Among COVID-19 patients admitted to ICU, cumu-
lative incidences ranged from 1.0%-39.1%. Among
patients admitted to ICU who needed mechanical
ventilation, cumulative incidences ranged from
1.1%-47.4% (Table 3).

Discussion

We described 62 CAPA cases in the literature, 45 in
the FungiScope registry, and 79 in both that were
diagnosed during March 1-August 31, 2020. Men
had a higher (2.6:1) prevalence of CAPA than wom-
en. This finding corresponds with a meta-analysis
of >3 million COVID-19 patients that showed that
men were at increased risk for severe COVID-19
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and therefore complications such as CAPA (refer-
ence 59 in Appendix).

Table 1. Pathogens of 186 patients with coronavirus disease—
associated pulmonary aspergillosis, March—August 2020*

Characteristic No. (%)
Pathogenst
Aspergillus fumigatus 122 (65.6)
A. niger 13 (7.0)
A. flavus 10 (5.4)
A. terreus 6 (3.2)
A. calidoustus 1(0.5)
A. lentulus 1(0.5)
A. nidulans 1(0.5)
A. penicillioides 1(0.5)
A. versicolor 1(0.5)
A. tubingensis 1(0.5)
Aspergillus spp. (culture)$ 1(0.5)
Aspergillus spp. (serologic techniques) 34 (18.3)
Other pathogens§ 40 (21.5)
Case definition
EORTC/MSG criteria (21)
Proven 7(3.8)
Probable 10 (5.4)
Nonclassifiable 169 (90.9)
AspICU algorithm (23)f]
Proven 7(3.8)
Putative 142 (76.3)
Colonization 34 (18.3)
Nonclassifiable 3(1.6)
Consensus definition (reference 57 in Appendix)
Proven 7(3.8)
Probable 82 (44.1)
Possible 19 (10.2)
Nonclassifiable{# 78 (41.9)
Mycologic evidence
Culture** 152 (81.7)
Microscopytt 3(1.6)
Histologic techniquesti 7(3.8)
PCRS§§ 43 (23.1)
Galactomannan test{{ 113 (60.8)

*Some patients had >1 pathogen or form of mycologic evidence. BAL,
bronchoalveolar lavage; EORTC/MSG, European Organization for
Research and Treatment of Cancer/Mycoses Study Group (21).

TA total of 2 patients had A. fumigatus and A. niger coinfection, 1 patient
had A. flavus and A. fumigatus coninfection, 1 patient had A. flavus and A.
niger coinfection, 1 patient had A. fumigatus and A. terreus coinfection,
and 1 patient had A. fumigatus and A. versicolor coinfection.

$One patient had an Aspergillus spp. infection diagnosed by culture. No
species determination was provided. Other patient samples were
diagnosed as Aspergillus spp, using serologic techniques.

8Small numbers of other pathogens were also retrieved from patient
samples (Appendix Table 6, https://wwwnc.cdc.gov/ElD/article/27/4/20-
4895-App1.pdf).

YJAspICU method uses algorithm described by Blot et al. (23) for
determining proven or putative aspergillosis in patients with influenza.
#Up to 78 cases (41.9%) were considered nonclassifiable according to the
definition (reference 56 in Appendix) because of lack of specific details
about the type of aspiration performed. Of these, 75 (96.2%) were
classified as putative according to the Blot et al. algorithm (23) and 3
(3.8%) as probable according to EORTC/MSG criteria (21).

**Culture was used to analyze 50 BAL, 47 tracheal aspirate, 34 bronchial
aspirate, 17 nondirected bronchial lavage, 3 sputum, 2 nonspecified lower
respiratory tract, and 1 BAL and tracheal aspirate sample.

ttMicroscopy was used to analyze 1 BAL, 1 bronchial aspirate, and 1
tracheal aspirate sample.

FFHistologic techniques were used to analyze 7 lung tissue samples.
§§PCR was used to analyze 16 BAL, 12 tracheal aspirate, 10 nondirected
bronchial lavage, 3 bronchial aspirate, 1 lung tissue, and 1 serum sample.
ffGalactomannan tests were used to analyze 63 BAL, 30 serum or
plasma, 22 nondirected bronchial lavage, 9 tracheal aspirate, 3 bronchial
aspirate, and 1 sputum sample.
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Most (97.8%) patients were admitted to the ICU,
mainly because of ARDS, need for mechanical venti-
lation, or both. We found that corticosteroid adminis-
tration, chronic cardiovascular disease, renal failure,
diabetes mellitus, and obesity were common charac-
teristics among these patients. Approximately 1 in 5
patients had chronic pulmonary disease. Patients had
many similarities to influenza-associated pulmonary
aspergillosis (IAPA) patients from Schauwvlieghe et
al. (22), including similar rates of mechanical ventila-
tion (IAPA 90.0% vs. CAPA 94.1%), corticosteroid ad-
ministration (IAPA 56.0% vs. CAPA 52.7%), baseline
renal failure (IAPA 42.0% vs. CAPA 39.8%), obesity
(IAPA 30.0% vs. CAPA 25.3%), and chronic pulmo-
nary disease (IAPA 16.0% vs. CAPA 21.5%). IAPA pa-
tients had a higher proportion of malignancies (30.0%
vs. 11.3%) and solid organ transplantation (13.0% vs.
2.7%); however, CAPA patients had a higher preva-
lence of diabetes mellitus (12.0% vs. 34.4%). In our
study, 50.5% of patients had chronic cardiovascular
disease. These differences in the distribution of base-
line characteristics between IAPA and CAPA patients
reflects the epidemiology of COVID-19, which is more
common among those with chronic cardiovascular
disease, whereas hematologic or oncologic malignan-
cies (22) are more common among those with IAPA
(reference 60 in Appendix). Only 2% of COVID-19 pa-
tients have cancer (reference 61 in Appendix).

Available guidelines for aspergillosis manage-
ment recommend diagnostic procedures such as re-
spiratory culture and galactomannan index of BAL
samples (references 60,62 in Appendix). However,
these procedures have a high risk for aerosolization;
safety precautions should be used when handling
samples from COVID-19 patients (references 63,64 in
Appendix). The elevated risk for SARS-CoV-2 trans-
mission and the initial recommendation against using
bronchoscopy for COVID-19 diagnosis (references
63,64 in Appendix) might explain the low number
of BAL tests used to diagnose CAPA in our study.
Schauwvlieghe et al. (22) diagnosed IAPA by using
BAL cultures in 63.0% of the patients and the galacto-
mannan test in 88.0%. In the current study, BAL cul-
tures tested positive for Aspergillus in 26.9% of CO-
VID-19 patients; galactomannan tests were positive
in 33.9% of patients. Alternative respiratory sample
sources (e.g., bronchial aspirate, NBL, tracheal aspi-
rate, and sputum) were used for cultures in 35.4%
of IAPA patients (22) and 31.2% of CAPA patients.
Alternative samples also were used for galactoman-
nan tests in 17.2% of CAPA patients; if optical density
index cutoff values were not standardized for alter-
native samples, clinicians used the values for BAL.
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Table 2. Characteristics of 186 patients with coronavirus disease—associated pulmonary aspergillosis, March—August 2020*

Patient characteristic No. (%)
Sex
F 51 (27.4)
M 135 (72.6)
Median age, y (IQR) 68 (58-73)
COVID-19% 186 (100.0)
Median length of treatment, d (IQR) 7 (6-11)
Median time from COVID-19 diagnosis to CAPA, d (IQR) 10 (5-16)
Intensive care unit stay 182 (97.8)
Median length of stay before CAPA diagnosis, d (IQR) 8 (3—14)
Acute respiratory distress syndrome 180 (96.8)
Mechanical ventilation 175 (94.1)
Median time on ventilation before CAPA diagnosis, d (IQR) 7 (3-13)
Corticosteroid use 98 (52.7)
Concurrent conditions
Chronic cardiovascular disease 94 (50.5)
Renal failuret 74 (39.8)
Diabetes mellitus 64 (34.4)
Obesity 47 (25.3)
Chronic pulmonary disease 40 (21.5)
Hematologic or oncologic disease§ 21 (11.3)
Hematologic malignancy 10 (5.4)
Solid tumor 9 (4.8)
Hematologic disease 2(1.1)
Solid organ transplantation{ 4 (2.2)
Neutropenia 2(1.1)
Other baseline conditions and characteristics# 70 (37.6)
Lung infection 186 (100.0)
Image abnormalities of the lungs 182 (97.8)
Computed tomography scan 134 (72.0)
Radiograph 88 (47.3)
Antifungal treatment 137 (73.7)
Median length of treatment, d (IQR) 16 (10-33)
Amphotericin B 36 (19.4)
Liposomal 23 (12.4)
Deoxycholate 11 (5.9)
Lipid complex 2(1.1)
Echinocandins 24 (12.9)
Anidulafungin 10 (5.4)
Caspofungin 13 (7.0)
Micafungin 1(0.5)
Ibrexafungerp 1(0.5)
Triazoles 117 (62.9)
Voriconazole 98 (52.7)
Isavuconazole 23 (12.4)
Posaconazole 4(2.2)
Fluconazole 1(0.5)
Overall mortality 97 (562.2)
<6 wks 89 (47.8)
<12 wks 93 (50.0)
Median time to death, d (IQR) 9 (3-18)
Cause of death**
CAPA 32 (17.2)
COVID-19 51 (27.4)
Other 36 (19.4)
Median length of observation from CAPA diagnosis, d (IQR) 22 (1-42)

*Values are no. (%), except as indicated. Some patients had >1 baseline condition or characteristic, image abnormality, or antifungal drug. CAPA,
COVID-19-associated pulmonary aspergillosis; COVID-19, coronavirus disease.

tBy definition, all CAPA patients had COVID-19 (Appendix Table 3, https://wwwnc.cdc.gov/EID/article/27/4/20-4895-App1.pdf).

In total, 54 patients had acute renal failure, 18 had chronic renal failure, and 2 had nonspecified renal failure.

§In total, 9 patients had hematologic malignancy: 3 had chronic leukemia, 3 had lymphoma, 2 had myelodysplastic syndrome, and 1 had acute leukemia.
Eight patients had a solid tumor: 1 had breast cancer, 1 had carcinoma, 1 had cervical/uterine cancer, 1 had lung cancer, 1 had esophageal carcinoma, 1
had prostate cancer, 1 had testicular cancer, and 1 had urothelial carcinoma. Two patients had hematologic disease: 1 had acquired hemophilia type A
and 1 had hemophagocytic lymphohistiocytosis.

qlin total, 3 patients had a kidney transplant, 1 had a liver transplant, and 1 had a lung transplant.

#Small numbers of patients had other concurrent conditions and characteristics (Appendix Table 7).

**In total, 32 patients died of CAPA or CAPA/COVID-19: 7 died of CAPA only; 25 died of CAPA and COVID-19. In addition, 26 died of COVID-19 only.
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Table 3. Cumulative incidences of CAPA in 19 facilities, March—August 2020*

Denominator, no. (% CAPA)

CAPA cases, COVID-19 patients  COVID-19 patients on

Country, site no. no. COVID-19 patients in ICU mechanical ventilation Timeframe
Argentina, | 2 673 (0.3) 163 (1.2) 69 (2.9) Mar—Aug
Belgium, | 4 274 (1.5) 46 (8.7) 32 (12.5) Mar-Aug
Belgium, I 4 NA 34 (11.8) 20 (20.0) Mar—Apr
France, | 2 519 (0.4) 113 (1.8) 45 (4.4) Mar—Aug
Germany, | 1 83 (1.2) 18 (5.6) 15 (6.7) Mar-Aug
Germany, Il 11 231 (4.8) 64 (17.2) 56 (19.6) Mar—Aug
Germany, Il 9 93 (9.7) 38 (23.7) 27 (33.3) Mar—Aug
Germany, IV 7 123 (5.7) 76 (9.2) 57 (12.3) Mar-Aug
Ireland, | 3 181 (1.7) 15 (20.0) 14 (21.4) Mar—Aug
Italy, | 2 1,279 (0.2) 196 (1.0) 188 (1.1) Mar—Aug
Italy, Il 8 1,055 (0.8) 144 (5.6) 142 (5.6) Mar-Aug
Mexico, | 6 312 (1.9) 131 (4.6) 115 (5.2) Mar—Aug
Netherlands, | 9 NA NA 53 (17.0) Apr

Netherlands, I 6 483 (1.2) 118 (5.1) NA Mar-Aug
Pakistan, | 9 147 (6.1) 23 (39.1) 19 (47.4) Mar—Apr
Spain, | 8 1,543 (0.5) 348 (2.3) 146 (5.5) Mar—Aug
Spain, Il 8 7,880 (0.1) NA NA Mar—Aug
Spain, llI 10 5,890 (0.2) NA NA Mar—Aug
Switzerland, | 3 NA 118 (2.5) 80 (3.8) Mar—May
United Kingdom, | 19 14,615 (0.1) 257 (7.4) 200 (9.5) Mar-May
Total 131 35,381 (0.4) 1,902 (6.9) 1,278 (10.3) Mar—Aug

*CAPA, COVID-19—-associated pulmonary aspergillosis; COVID-19, coronavirus disease; ICU, intensive care unit; NA, not available.

Almost all (97.8%) patients had imaging abnormali-
ties; however, many had only marginally typical fea-
tures of aspergillosis, hampering the differential di-
agnosis of CAPA according to radiologic criteria.

Positive isolates were recovered from 81.7% of
CAPA patients. Similar to IAPA patients, the most
common (80.3%) pathogen was A. fumigatus (22). In
total, 5 patients had azole-resistant infections: 4 A.
fumigatus and 1 A. lentulus infection. We noted 2 pa-
tients who had a possible previous exposure to tri-
azoles. The professions of these 2 patients involved
exposure to fungicides and manipulated organic mat-
ter containing triazole-resistant A. fumigatus. There-
fore, the treating teams hypothesized that workplace
exposure might have contributed to these patients’
illness. We found a similar proportion of patients
with previous azole exposure as Verweij et al. (refer-
ence 65 in Appendix); however, the proportion found
by Verweij et al. should be considered with caution
because of small sample size.

Triazoles, especially voriconazole, were the most
frequently administered antifungal drugs: 52.7% of
the study cohort and 71.5% of the patients on anti-
fungal treatment received voriconazole. We found
that voriconazole use was associated with decreased
death. The first-line use of voriconazole in 79 (80.6%)
of 98 patients aligns with current recommendations
(references 56,60,62 in Appendix).

We found a 50% mortality rate at 12 weeks af-
ter CAPA diagnosis. This finding is similar to the
51.0% mortality rate of IAPA patients in the same
timeframe; however, these rates are almost 20 points
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higher than in other cohorts, such as aspergillosis pa-
tients with acute leukemia (33.8%) (reference 66 in
Appendix). Nonetheless, in our study CAPA was at-
tributed as the main reason for death in only 17.2% of
the patients, whereas in Koehler et al. (reference 66 in
Appendix), it was the main cause of death for 26.9%
of patients with hematologic conditions.

We found an overall 6.9% cumulative incidence
for CAPA among patients during the study period,
although incidences varied by institution (1.0%-
39.1% of CAPA patients admitted to ICU). In most
facilities, the rates of CAPA were lower than those of
IAPA (14%-19%) (reference 67 in Appendix). How-
ever, these ranges might vary according to diagnostic
protocols in the different countries and healthcare fa-
cilities. Differences in screening practices for CAPA
in COVID-19 patients might have affected detection
rates and therefore our calculations of cumulative in-
cidence (8). Further analyses are necessary to estab-
lish the geographic variance of this rate.

The first limitation of this study is that, because of
the cross-sectional design of this study, we could not
control for disease severity. Second, samples from the
lower respiratory tract are the best way to differentiate
between colonization and infection, but a low percent-
age of patients in this study had mycologic evidence
from BAL culture or galactomannan tests. Third, we
analyzed many cases from literature and could not
contact certain authors for further details. In addition,
institutions might not have documented all CAPA
cases in the literature or FungiScope registry. Given
the regional variability of the patient distribution,
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longitudinal studies might be a more appropriate tool
to determine rates. Finally, because of the retrospective
nature of the study, we could not retrieve the neces-
sary clinical and diagnostic details of all patients. As a
result, many patients were not classifiable according to
the definitions used in this article, possibly contribut-
ing to an underdiagnosis of CAPA.

In conclusion, we described a large cohort of
CAPA patients using cases from the literature and
the FungiScope registry. CAPA occurs mostly in ICU
patients on mechanical ventilation. We found that
CAPA patients had high rates of chronic cardiovas-
cular disease, renal failure, diabetes mellitus, and cor-
ticosteroid use. We also found that CAPA substan-
tially contributed to a high death rate in COVID-19
patients, although cumulative incidence varied by
treatment site. We believe that improved screening
can identify and enable early treatment of CAPA.
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Genomic Surveillance of a Globally

Circulating Distinct Group W Clonal

Complex 11 Meningococcal Variant,
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Genomic surveillance is an essential part of effective
disease control, enabling identification of emerging and
expanding strains and monitoring of subsequent inter-
ventions. Whole-genome sequencing was used to ana-
lyze the genomic diversity of all Neisseria meningitidis
isolates submitted to the New Zealand Meningococcal
Reference Laboratory during 2013—-2018. Of the 347
isolates submitted for whole-genome sequencing, we
identified 68 sequence types belonging to 18 clonal com-
plexes (CC). The predominant CC was CC41/44; next
in predominance was CC11. Comparison of the 45 New
Zealand group W CC11 isolates with worldwide repre-
sentatives of group W CC11 isolates revealed that the
original UK strain, the 2013 UK strain, and a distinctive
variant (the 2015 strain) were causing invasive group W
meningococcal disease in New Zealand. The 2015 strain
also demonstrated increased resistance to penicillin and
has been circulating in Canada and several countries in
Europe, highlighting that close monitoring is needed to
prevent future outbreaks around the world.

Neisseria meningitidis, a gram-negative bacterium,
is the causative agent for meningococcal men-
ingitis and septicemia and has been associated with
isolated cases, outbreaks, and epidemics worldwide
(1). The rapid progression of invasive meningococcal
disease (IMD) and its high incidence of severe illness
and death make IMD a feared and closely monitored
disease. N. meningitidis is classified into 12 groups on
the basis of capsular polysaccharide structure, but 6
groups (A, B, C, W, X, and Y) cause most life-threat-
ening IMD (2). Most meningococcal disease is caused
by hyperinvasive lineages belonging to specific clonal
complexes (CC) as defined by multilocus sequence
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typing (MLST) (3), including CC32, CC41/44, CC11,
and CC5 (4). Obtaining complete genetic information
and resolving the evolutionary relationships of in-
vasive pathogens are vital for identifying the origins
and expansion of new pathogenic strains.

Group W CC11 (W:CC11) meningococci emerged
as a global cause of IMD after an outbreak in Mecca,
Saudi Arabia, in 2000 (5). High levels of group W dis-
ease have recently occurred in many countries and re-
gions, including the United Kingdom (6), Sweden (7),
Australia (8), and North America (9,10), and whole-
genome sequencing (WGS) has been used to investi-
gate its spread. Core-genome MLST found that group
W:CC11 isolates were distinct from groups B and C
sequence type (ST) 11 isolates (11). Currently, 4 major
W:CC11 strains belonging to 2 major lineages are cir-
culating globally: the Hajj strain sublineage, includ-
ing the Hajj strain (12), and the South America strain
sublineage, which includes the South America strain
that emerged in 2003 in southern Brazil (13); the UK
strain, a variant of the South America strain; and the
2013 UK strain (14), which has expanded into several
countries (8,9,15).

During 1991-2008, New Zealand experienced a
prolonged epidemic of IMD; most cases were caused
by a single N. meningitidis group B strain (NZMenB),
defined by PorA type P1.7-2,4 and belonging to
CC41/44 (16,17). A strain-specific vaccine, MeNZB,
was introduced in 2004 (18) and withdrawn in 2008
after rates of IMD decreased (19). The NZMenB
strain continues to cause about one third of me-
ningococcal infections in New Zealand, but other
group B, C, W, and Y strains are also circulating
(20). Recently, incidence of IMD caused by W:CC11
has increased in New Zealand. To learn more about

These authors contributed equally to this article.
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the genetic diversity associated with IMD after the
epidemic, we used WGS to analyze 347 isolates col-
lected during 2013-2018. We determined their clonal
relationship and compared the genomes of the New
Zealand W:CC11 isolates with global representa-
tives of W:CC11 lineages.

Methods

Surveillance and Epidemiologic Analysis
Meningococcal disease is a notifiable disease in New
Zealand; all IMD cases are referred to the Meningo-
coccal Reference Laboratory at the Institute of En-
vironmental Science and Research (ESR) for routine
grouping using slide agglutination or PCR (21). For
this study, disease incidence and case demograph-
ics were derived from notification data extracted
from the national notifiable disease surveillance da-
tabase. Annual population denominators were taken
from Statistics New Zealand. We used R version 3.4.4
(https:/ /www.r-project.org) to perform all statistical
tests. Shannon-Wiener diversity index was calculated
by using vegan version 2.5.6 (22).

WGS

We analyzed all available meningococcal isolates from
2013-2018 in New Zealand by WGS (Appendix 1 Table
1, https:/ /wwwnc.cdc.gov/EID/article/27/4/19-1716-
Appl.xlsx). Genomic DNA was purified by using the
Gentra Puregene Yeast/Bact. Kit (QIAGEN, https://
www.qiagen.com) or High Pure PCR Template Prepa-
ration Kit (Roche, https://www.roche.com) accord-
ing to the manufacturer’s protocols. A 10-uL loop of
bacteria, grown overnight on Columbia blood agar
plates (Fort Richard Laboratories, Auckland, NZ), was
suspended in 300 uL of lysis buffer and heat-killed at
56°C for 1 h. We then quantified DNA by using the
Quant-iT PicoGreen dsDNA assay kit (Thermo Fisher
Scientific, https://www.thermofisher.com) and con-
structed libraries by using Nextera-XT DNA Library
Preparation Kit (Illumina, https:/ /www.illumina.com).
Paired-end sequencing of 2 x 150 bp was performed on
the [llumina platform at ESR. Read data are available
for download from the National Center for Biotech-
nology Information Sequence Read Archive (Biopro-
ject accession no. PRJNA592848) and from PubMLST

(https:/ / pubmlst.org).

Genomic Analysis

Raw reads were quality trimmed by using Trim-
momatic version 0.32 (23) to remove adapters, low
quality bases (<Q20), and reads shorter than 60 bp.
SPAdes version 3.10.1 (24) was used for assembly,
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and contigs >200 bp were kept. Assembled contigs
were used for in silico MLST, capsular grouping, and
antigen typing by using meningotype version 0.82-
B (25). Single-nucleotide polymorphisms (SNPs)
were identified by aligning quality-trimmed paired-
end reads to the N. meningitidis reference sequence
FAM18 (GenBank accession no. AM421808.1) and us-
ing Bowtie2 version 2.2.5 (26). Alignments were pro-
cessed with Picard-tools (27) to remove duplicated
reads and assessed with Qualimap version 2.2.1 (28)
(Appendix 1 Table 2). We used FreeBayes version
1.2.0-2-g29¢4002 (E. Garrison, unpub. data, https://
arxiv.org/abs/1207.3907) to detect sequence varia-
tions among isolates with these settings: ploidy =1,
at 20x minimum depth and 70% minimum variant
allele frequency. We filtered variants by using vcflib
(29) and vcftools version 0.1.12b (30) and removed
sites located in the tandem repeat regions by using
the intersect function from BEDTools version 2.23.0
(31). For datasets that included only assembled ge-
nomes, we used Parsnp version 1.1.2 (32) to perform
core-genome alignment and FAM18 (AM421808.1)
as reference.

Phylogenetic Analysis

We constructed phylogenetic analyses from core SNP
alignment by using the maximum-likelihood method
under the general time reversible substitution model
with RAxML version 8.2.12 (33) and estimated the
relative robustness of the clades with 200 bootstrap
replicates (34). We used ClonalFrameML version 1.25
(35) to construct recombination-corrected phylogeny
on the basis of core SNP tree topology. For datasets
that included only assembled genomes, we generated
a maximume-likelihood phylogenetic tree by using
RAXML on the basis of the core-genome alignment
with 200 bootstrap replicates. Phylogenies were an-
notated by using iTOL (36).

Selection of Global Group W:CC11 Isolates
We compared New Zealand group W:CCl11 isolates
with 153 short-read datasets and 30 draft assemblies.
Short-read data in the European Nucleotide Archive
were selected to represent all major lineages of group
W:CC11. We followed studies by Lucidarme et al.
(14) and Tsang et al. (9) and randomly chose 1-3 iso-
lates per year per country. We selected 153 datasets
including 151 group W isolates and 2 group C isolates
(ERR557598 and ERR976806), which were used as an
outgroup to study the genetic relationship within
group W:CCl11.

We used the PubMLST Neisseria database to iden-
tify other isolates closely related to the New Zealand
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ST11 isolates (37). As of February 18, 2019, a total of
30 isolates were within the 50 mismatch thresholds to
NZ17MI10022 based on comparison of the N. meningit-
idis core-genome MLST (38). Draft assemblies of these
30 isolates were downloaded from PubMLST. Short-
read data were available for 3 of these 30 isolates. We
compiled detailed information on sequences used for
phylogenetic analysis (Appendix 1 Table 3).

Antimicrobial Susceptibility Testing of

New Zealand Group W:CC11 Isolates

Of the 45 New Zealand invasive group W:CC11 iso-
lates, 42 were assessed for susceptibility to penicillin,
ciprofloxacin, ceftriaxone, and rifampin. MICs were
determined by gradient strip on Mueller-Hinton
agar with 5% sheep blood and interpreted according
to the Clinical and Laboratory Standards Institute
breakpoints (39). Assembled contigs were used for
in silico penA typing by using the PubMLST Neis-
seria database.

Results

Epidemiology of Meningococcal Disease in
New Zealand, 20132018
During 2013-2018, a total of 484 cases of meningococ-
cal disease were reported, including 456 confirmed
and 28 probable cases, for a confirmation rate of 94.2%
(Figure 1, panel A; Appendix 1 Table 4). Rates of IMD
(Figure 1, panel B) continued to fall after the end of
the group B epidemic in 2008 (coefficient = —2.619,
R? = 0.6947; p = 0.0245) but increased during 2014-
2018 (coefficient = 2.481, R* = 0.9567; p = 0.0025).
Inflection point of the time series was identified by
breakpoint analysis and using the R package struc-
change (40) and tested by the Chow test in R by using
monthly disease rates (cases/100,000) during January
2008-December 2018 (Appendix 1 Table 5). The test
identified the inflection point as October 2013 (95% CI
January-December 2013).

Group B meningococci continue to be responsible
for most IMD cases in New Zealand. Among the 438
confirmed cases analyzed by ESR during 2013-2018
were 265 (54.7%) group B (100 NZMenB and 165
other group B) cases, 58 (13.2%) group C cases, 61
(13.9%) group W cases, and 47 (10.7%) group Y cases
(Figure 1, panel C; Appendix 1 Table 6). To compare
whether significant changes occurred during 2013-
2018, we used a 2-proportion Z-test in R to compare
the proportion of diseases caused by each group.
We found that the proportion of group W disease
in 2018 (33/133) was significantly greater than that
in 2013 (5/58, x* = 8.2415; p = 0.002047). In contrast,
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the proportion of disease caused by group C in 2018
(10/133) is significantly less than that of 2013 (17/58,
x> =10.578; p = 0.00057).

The rate of IMD continues to be highest among
patients <1 year of age (from 10.2/100,000 population
in 2014 to 23.1/100,000 population in 2017); rates are
second highest among children 1-4 years of age (from
5.2/100,000 population in 2014 to 9.8/100,000 popu-
lation in 2017). Adults >60 years of age are more af-
fected by group W and Y disease (Figure 2; Appendix
1 Table 7).

Clonal Distribution of Circulating Meningococci

We performed WGS and in silico typing on the 347
New Zealand meningococcal isolates (288 invasive
and 59 noninvasive) collected during 2013-2018.
The WGS dataset includes 175 group B isolates (65
NZMenB and 110 other group B), 48 group C iso-
lates, 2 group E isolates, 64 group W isolates, 47
group Y isolates, 1 group X isolate, and 8 nongroup-
able isolates. MLST analysis showed that the 347
isolates contained 49 known STs. The 10 most com-
mon STs were ST11 (85), ST154 (43), ST23 (21), ST42
(17), ST32 (16), ST213 (15), ST1655 (15), ST1572 (11),
ST6058 (8), and ST22 (7). There were 39 other STs
with a single isolate and 19 unassigned STs (sub-
mitted through this project). The STs identified be-
longed to 18 clonal complexes. A total of 93 unique
strains were defined by combination of group:PorA-
variable region (VR)1, PorA-VR2:FetA:CC, with a
Shannon-Wiener diversity index of 3.516. Bexsero
antigen sequence types analysis showed 69 unique
types with 23 isolates in which type could not be
determined because of the absence of required loci
(Appendix 1 Table 1).

Maximum-likelihood phylogeny constructed
from 75,187 core SNP alignments (by using N. men-
ingitidis FAM18 as the reference genome) showed 17
highly supported clades (with >90% bootstrap value),
15 of which were consistent with the CC definition
(Figure 3). One clade of group B isolates could not be
assigned to a CC because its ST had not been assigned
a CC designation; it is noted as N1 on the phyloge-
netic tree. CC11 is the predominant CC consisting of
40 group C and 54 group W isolates; the second most
common was CC41/44, consisting of 90 group B and
1 nongroupable isolates.

Since the NZMenB epidemic, New Zealand has
used a combination of PorA subtype with group
information to define N. meningitidis strains. We in-
tegrated the PorA and CC information to identify
the strains currently circulating in New Zealand
(Figure 4).
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Figure 1. Epidemiology of
meningococcal disease, New
Zealand, 2013-2018. A) Number
of confirmed and probable
cases. B) Number of cases

per 100,000 population of
meningococcal disease.

C) Meningococcal disease

by group.

Phylogenetic Analysis of New Zealand W:CC11 Isolates

Rates of group W disease in 2018 were higher than
in 2013. Most sequenced group W isolates in 2018
(30/35) belonged to CC11. To understand how New
Zealand W:CC11 isolates relate to the global group W
lineages, we analyzed New Zealand W:CC11 in the
context of major W:CC11 lineages. We included 196
CC11 isolates in this analysis (151 downloaded from
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public databases and 45 invasive isolates from New
Zealand). The mapping rate was 92.4%-99.3% when
N. meningitidis FAM18 (AM421808.1), a representa-
tive of CC11, was used as a reference. The mean ge-
nome depth was 152X, with 84.8%-97.7% of loci cov-
ered at >20-fold (Appendix 1 Table 2).

We used core SNP (48,507 bps) alignment to con-
struct the phylogenetic relationship of New Zealand
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Figure 2. Age group distribution of meningococcal disease, by isolate group, New Zealand, 2013-2018

W:CC11 isolates within the global W:CC11 (Figure 5).
Phylogeny was rooted with 2 group C CC11 isolates. An
unrooted neighbor-net phylogeny from the same data-
set is shown in Appendix 2 Figure 1 (https://wwwnc.
cdc.gov/EID/article/27/4/19-1716-App2.pdf). Recom-
bination-corrected phylogeny from the same dataset
is shown in Appendix 2 Figure 2. Excluding the basal
older sublineages, all other isolates formed 2 strongly
supported clades. Clade I corresponds to the previously
identified Hajj sublineage, and clade II corresponds to
the previously identified South America sublineage. All
New Zealand CC11 isolates were located within clade
II: 4 clustered with the original UK strains, 12 clustered
with the 2013 UK strain, and the other 29 formed a sepa-
rate cluster with the 2 isolates from the United Kingdom
and 1 isolate from Ireland (Figure 5).

To determine whether other isolates are closely
related to the new New Zealand cluster, we searched
PubMLST and found 27 additional isolates within
50 allele (the cgMLST 0.1 scheme) differences to
NZ17MI0022. Because only assembled contigs were
available for these isolates, we used a core-genome
alignment approach to analyze their relationship
within clade II of the W:CCl11 isolates. All additional
27 W:CC11 isolates clustered with the New Zealand
cluster with high bootstrap support (Appendix 2 Fig-
ure 3). The 27 isolates are from Canada and 6 coun-
tries in Europe (Appendix 1 Table 3).

Both phylogenetic analyses suggest that the new
New Zealand cluster is part of the W:CC11 South
America strain sublineage derived from the original
UK strain. Because the earliest isolate of the new vari-
ant was identified in 2015, we named it the 2015 strain

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 4, April 2021

of the W:CC11 South America strain sublineage (the
2015 strain).

Epidemiology of the 2015 Strain

Similar to the 2013 UK strain, the 2015 strain is associat-
ed with higher death rates. During 2017-2018, the 2015
strain was associated with a death rate of 17.8% (6/34
cases) in New Zealand, higher than the rate of 5.9%
(10/170 cases) for other groups in the same period (p =
0.03 by Fisher exact test). The 2015 strain also dispropor-
tionally affected older adults; 26% of total 2015-strain
cases affected adults >60 years of age (9/34), whereas
5.8% (7/121) of total group B cases affected adults in
that age group (p = 0.01466 by Fisher exact test).

2015 Strain and Penicillin Susceptibility

In 2016, Mowlaboccus et al. (41) described a W:CC11
variant circulating in Australia that demonstrated
intermediate resistance or was resistant to penicil-
lin and had penA allele 253. To examine whether the
New Zealand 2015-strain isolates were also resistant
to penicillin, we tested the antimicrobial susceptibil-
ity of 42 invasive New Zealand W:CC11 isolates in
this study. All 42 isolates were susceptible to cipro-
floxacin (MIC <0.03 mg/L), ceftriaxone (<0.12 mg/L),
and rifampin (<0.5 mg/L) (Appendix 1 Table 8). We
observed variation in penicillin susceptibility among
the 42 isolates (Appendix 1 Table 8) by using Clini-
cal and Laboratory Standards Institute breakpoints.
Of the 15 isolates belonging to either the original UK
strain or the 2013 UK strain, all were susceptible to
penicillin (<0.06 mg/L). Of the 27 isolates belong-
ing to the new 2015 strain, 12 displayed intermediate
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resistance (0.12-0.25 mg/L) and 15 were resistant
(>0.5mg/L). The 2015-strain isolates were significant-
ly more resistant to penicillin (p<0.00001 by Fisher ex-
act test). All 27 New Zealand 2015-strain isolates had
penA allele 253, the same allele described in the Aus-
tralia study (41). In the larger dataset that included 30
international 2015-strain isolates, all but 1 isolate had
penA allele 253 (Appendix 1 Table 3).

Discussion

We comprehensively analyzed N. meningitidis in
New Zealand during 2013-2018 to describe its pop-
ulation structure after the NZMenB epidemic. We
examined the rate of IMD and clonal distribution
of circulating isolates. We also offer evidence that
a distinct variant of W:CC11 is circulating globally
and has been causing IMD since 2015.

Figure 3. Phylogenetic analysis of New Zealand Neisseria meningitidis isolates, 2013—2018. Maximum-likelihood phylogeny was
constructed by using a generalized time reversible substitution model and core single-nucleotide polymorphism alignments with

RAXML version 8.2.12 (33). Branches with >90% bootstrap consensus (200 bootstrap replications) are highlighted with a red dot.
Isolate names and clades are colored according to their clonal complex designation. The inner ring indicates the group and outer
ring designates the year of isolation of the isolates. N1 lineage corresponds to sequence type that does not have clonal complex
designation. NA corresponds to individual isolates where clonal complex is not assigned. Scale bar indicates average number of

substitutions per site.
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Figure 4. Diversity and prevalence of PorA variable region (VR) variants in common Neisseria meningitidis strains in New Zealand,
2013-2018. PorA VR1 and VR2 variant diversity and numbers of common strains are depicted. Strain is defined by group and clonal

complex. Only strains with >10 isolates were analyzed.

Meningococcal disease continues to substantially
affect the health of persons in New Zealand. In com-
parison with other developed countries (such as the
United States, the United Kingdom, and the Nether-
lands, which have reported <1 case/100,000 popu-
lation) (42-45), New Zealand still has a high rate of
IMD notification. Although the rate of meningococ-
cal disease in 2018 (2.5 cases /100,000 population) was
substantially lower than the peak rate observed dur-
ing the epidemic (17.4 cases/100,000 population in
2001), rates of IMD in New Zealand have increased
since 2014 (Appendix 2 Figure 1).

The distribution of group Y disease and group
W disease has changed over the past decade. In-
cidence of group Y disease has been increasing
since the late 1990s in the Americas and since 2010
in Europe (46,47). The number and proportion
of group Y disease in New Zealand began to in-
crease in 2013 (2/85 [2%] in 2012 to 4/68 [6%] in
2013). The increase in group W:CC11 disease here
was not significant until 2017 and 2018, when the
number of group W cases more than tripled, from
10 to 33. In the United Kingdom, the original UK
strain emerged in 2009; the descendant 2013 strain
emerged in 2013 and expanded to other countries
thereafter (15). These data suggest that IMD trends
in New Zealand follow global trends with some
delay, possibly because of geographic isolation.
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Therefore, for IMD monitoring in New Zealand,
continued detailed typing of meningococcal iso-
lates is critical for obtaining comparable data for
participation in global meningococcal surveillance.

By using group and PorA type for strain defini-
tion, the diversity index for 2013-2018 period me-
ningococci is slightly higher (Shannon-Wiener in-
dex 2.98) than that for 2008-2012, the 5-year period
followingthe end of the epidemic (Shannon-Wiener
index 2.81; data not shown). Since 2012, nonepidem-
ic group B cases have regularly surpassed epidemic
cases; 47% of group B cases were caused by non-
epidemic strains during 2008-2011, and 63% were
caused by nonepidemic strains during 2012-2018.
The top 3 strains circulating within the nonepidemic
group B cases were B:P1.22,14:F5-5:CC213 (13 iso-
lates), B:P1.7,16-26:F3-3:CC32 (13 isolates), and
B:P1.7-12,14:F1-7:CC1572 (12 isolates). All 3 strains
are present in PubMLST. B:P1.22,14:CC213 is a com-
mon strain, however, only 2 isolates contain the Fe-
tA-VR:5-5 allele. PubMLST has 41 B: P1.7,16-26:F3-
3:CC32 isolates and 6 B:P1.7-12,14:F1-7:CC1572
isolates (accessed November 3, 2020). Taken togeth-
er, these data suggest that the meningococcal popu-
lation in New Zealand has become more diverse after
the group B epidemic. Comparison of New Zealand
with other countries is challenging because no com-
prehensive public database exists that contains all
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IMD cases with fine-typing information. The United
Kingdom, however, has been depositing most of
their IMD typing information into PubMLST since
July 2010, and for 2013-2017, the dataset contains
2,790 records and 649 unique strains (group:PorA-
VR1,PorA-VR2:FetA:CC, Shannon-Wiener index
4.45). This information suggests that the isolates that
cause IMD are less diverse in New Zealand, which
may reflect its smaller and more distributed popula-
tion structure.

The clonal expansion of a new penicillin-resistant
clade of W:CC11 was first identified in Australia in
2016 (41). Four isolates (PubMLST identification nos.
41966, 42206, 42409, 50313) that were found to be
closely related to the Australia clade (cluster B) (42) are

part of the 2015-strain cluster (Appendix 2 Figure 3),
suggesting that the Western Australia clone belongs
in the 2015-strain cluster. In our study, the New Zea-
land 2015-strain isolates were significantly less sus-
ceptible to penicillin compared with New Zealand
isolates belonging to the original UK or the 2013 UK
strain (Appendix 1 Table 8). The penA 253 allele was
hypothesized to play a role in decreasing penicillin
susceptibility in the new clade of W:CC11 found in
Australia (41). All isolates in the 2015 variant cluster,
except ERR1994517 from the United Kingdom, have
the penA 253 allele (Appendix 1 Table 3), suggesting
that penicillin resistance is a common characteristic of
the 2015 strain. The presence of the penA 253 allele has
consequences for the choice of antimicrobial drug to

Figure 5. Phylogenetic position of New Zealand group W clonal complex 11 (W:CC11) Neisseria meningitidis isolates within the
global W:CC11 major lineages. Maximum-likelihood phylogeny was generated by RAXML version 8.2.12 (33) on the basis of the
core single-nucleotide polymorphism alignment of 198 W:CC11 isolates. Branches with a bootstrap (200 replications) value >90%
are indicated with a red dot. Excluding the basal older sublineages, all other isolates form 2 strongly supported clades marked as
clade | and clade Il, which correspond to the Hajj strain sublineage and the South America strain sublineage. All the major defined
lineages of W:CC11 are marked and indicated by consistent background color of isolate’s identification number and branches.
The inner ring and outer ring designate the region and year of isolation for each isolate. Scale bar indicates average number of

substitutions per site.
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treat IMD. At the end of 2018, a high rate of W:CC11
disease in the Northland area of New Zealand trig-
gered a local vaccination campaign against the disease.
Most of these cases were caused by the 2015 strain.
Partly because of the increased penicillin resistance of
the 2015 strain, in 2018 the New Zealand Ministry of
Health recommended ceftriaxone as the first-choice
antimicrobial drug for patients with suspected menin-
gococcal disease (48).

W:CC11 meningococci are emerging as a diver-
sifying lineage with several new strains occurring in
different geographic locations (10,11,41). Phylogenetic
analyses suggest that the 2015 strain is part of the ma-
jor South America-UK (clade II) lineage (Figure 3; Ap-
pendix 2 Figure 3), most likely representing a clonal
expansion from a single variant within the original UK
strain. The increase in New Zealand group W cases
is mainly attributable to the 2015 strain identified in
this study. In contrast, the 2013 UK strain was largely
responsible for the increases seen in Europe (15). We
found the 2013 UK strain circulating in New Zealand
but in low numbers (3/10 cases in 2017 and 6/33 cases
in 2018). For reasons unknown, the 2015 strain, rather
than the 2013 UK strain, is expanding in New Zealand.
Invasive disease provides no selective advantage for
meningococcal bacteria, and a strain must remain in
carriage in order to expand in a population. The 2015
strain might have originated in the Australia or New
Zealand region and is therefore better adapted to the
population, either because of more favorable host im-
munity or climate and living conditions. Its carriage
may have precluded expansion of the 2013 UK strain.

Genomic surveillance of N. meningitidis has
revealed in great detail the genetic diversity and
population structure of circulating meningococci
in New Zealand; this more refined surveillance en-
ables the tracking of specific strains that are identi-
fiable only by high-resolution phylogenetic analy-
sis. By using this approach, we identified a distinct
globally circulating W:CC11 strain, which would
not have been possible without genomic informa-
tion. Our results emphasize the value of obtaining
complete genetic information for invasive patho-
gens and resolving their global evolutionary rela-
tionship for identifying the origin and expansion
of new pathogenic variants or strains. Such infor-
mation will benefit surveillance and can be used to
help prevent and control future epidemics.
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Dynamic Public Perceptions of
the Coronavirus Disease Crisis,
the Netherlands, 2020

Marion de Vries, Liesbeth Claassen, Margreet J.M. te Wierik, Susan van den Hof,
Anne E.M. Brabers, Judith D. de Jong, Danielle R.M. Timmermans,* Aura Timen'

A key component of outbreak control is monitoring public
perceptions and public response. To determine public per-
ceptions and public responses during the first 3 months
of the coronavirus disease (COVID-19) outbreak in the
Netherlands, we conducted 6 repeated surveys of ~3,000
persons. Generalized estimating equations analyses re-
vealed changes over time as well as differences between
groups at low and high risk. Overall, respondents per-
ceived the risks associated with COVID-19 to be consider-
able, were positive about the mitigation measures, trusted
the information and the measures from authorities, and
adopted protective measures. Substantial increases were
observed in risk perceptions and self-reported protective
behavior in the first weeks of the outbreak. Individual differ-
ences were based mainly on participants’ age and health
condition. We recommend that authorities constantly ad-
just their COVID-19 communication and mitigation strate-
gies to fit public perceptions and public responses and that
they tailor the information for different groups.

Since December 2019, the world has been facing a
new and severe threat to public health. Severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2),
which causes mild to severe respiratory illness (corona-
virus disease [COVID-19]), was first found in humans
in Wuhan, China (1). The virus spread rapidly over the
world, and on March 11, 2020, the World Health Orga-
nization declared a COVID-19 pandemic (2). Globally,
by January 23, 2021, a total of 96,877,399 cases had been
confirmed, including 2,098,879 deaths (3). The risks
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associated with COVID-19 are not equally distributed;
some regions (within and between countries) are more
strongly affected than others, health workers are at in-
creased risk for infection, and elderly persons with cer-
tain chronic underlying conditions and men are at in-
creased risk for severe COVID-19 illness and death (4).

During the COVID-19 pandemic, countries all
over the world rapidly adopted various measures to
counter the spread of the virus. In the initial (contain-
ment) stage, the measures were aimed at identifying
and isolating new cases. As the number of cases start-
ed to rise quickly, countries announced additional
social distancing measures. Many countries under-
took stringent mitigation measures, such as closing
schools and restaurants, restraining domestic and
foreign travel, and, for some, implementing a total
lockdown of the society (5). For these measures to be
effective, governments rely strongly on the support
and compliance of the general public.

To maintain support for the protective measures
for a longer period, governments need insights into
the dynamics of public perceptions (regarding the risks
associated with COVID-19 and the recommended pro-
tective measures) and the trust in the authorities who
imposed these measures. These perceptions and trust
influence the public’s compliance with the measures (6)
and are essential indicators for public sentiments and
information needs. Such insights enable optimal adap-
tation and tailoring of risk and crisis communication
(7-10). The first publications about public perceptions
of and responses to the COVID-19 pandemic are, to
our knowledge, all cross-sectional and do not provide
insights into the dynamics (11-19). Previous studies
about the 2009 influenza A(H1N1) pandemic showed
considerable changes in, among other things, percep-
tions of risk, trust in authorities, and self-reported pro-
tective behavior over a longer crisis period (20-25).

1These authors contributed equally to this article.
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Our study focused on public perceptions, trust,
and behavior in the first 3 months of the COVID-19
crisis in the Netherlands. Our main research ques-
tion asked about the evolution of public perceptions
of COVID-19, perceptions of control measures, trust
in authorities, and self-reported protective behavior
between the onset of the outbreak and the first re-
laxations of government measures. We discuss these
findings in light of the epidemiologic curve of CO-
VID-19 in the Netherlands and the government out-
break response during February-May 2020 (Figure 1).
In addition, we explored differences in perceptions,
trust, and self-reported behavior between groups of
persons at different levels of risk. Therefore, our sec-
ond research question asked whether persons differ
in their perceptions of COVID-19, perceptions of the
control measures, trust in authorities, and self-report-
ed protective behavior on the basis of their age, sex,
region of residence, health condition, and health sec-
tor employment.

Public Perceptions of Coronavirus Disease Crisis

Methods

Case Study
The first COVID-19 case in the Netherlands was
identified on February 27, 2020 (26). In the follow-
ing weeks, the number of confirmed cases increased
rapidly (27,28) and the number of cases between
regions differed considerably. The 12 provinces in the
Netherlands can be roughly divided into 4 regions:
north, east, south, and west. Through May 17, the
region most strongly affected by the COVID-19 out-
break was the southern region (58-63 deaths/100,000
residents), especially compared with the northern
region (3-9 deaths/100,000 residents). The east-
ern region reported 19-31 deaths/100,000 resi-
dents and the western region 16-30 deaths/100,000
residents (29).

After the first case of COVID-19 was reported, the
governmentissued various measures that increased in
stringency through March 23, 2020. When a sustained

Figure 1. Course of COVID-19 in the Netherlands, February 24—May 17, 2020. COVID-19 hospitalizations and deaths are shown

by week (data from https://www.rivm.nl/coronavirus-covid-19/grafieken). Blue boxes labeled T1-T6 along baseline indicate timing of
data collection for this study. Letters indicate implementations and relaxations of COVID-19 protective measures announced by the
Netherlands government in press conferences on national television (data from https://www.acaps.org/covid19-government-measures-
dataset and https://www.rijksoverheid.nl/onderwerpen/coronavirus-covid-19; a selection of the measures is shown): A) All residents
asked to self-isolate after receiving a COVID-19 diagnosis or if living in a household with a confirmed COVID-19 patient. B) Residents
of Noord-Brabant Province (southern Netherlands) asked to self-isolate when experiencing symptoms. C) All residents experiencing
symptoms asked to self-isolate, work at home as much as possible, keep distance from others. Gatherings of >100 persons prohibited;
various public places closed, including (pre) schools and universities, restaurants and bars, sports clubs. D) All residents asked to

stay at home as much as possible, self-quarantine when someone in the household has a fever or dyspnea. All gatherings prohibited;
professions that require direct contact, such as hairdressers and masseurs, prohibited; visiting nursing homes prohibited. In some
areas, mayors can prohibit groups of >3 persons who do not maintain 1.5-m distance from each other (except members of the same
household). Law-enforcement allowed to fine those who do not adhere to the measures. E) All measures extended through April 28. F)
Children allowed to play sports outside in groups starting April 29. Preschools and primary schools reopen (partly) starting May 11. All
other measures extended through May 19. G) Starting May 11, the advice “stay at home as much as possible” replaced with the advice
“avoid crowds”; gatherings up to 30 persons allowed (with 1.5-m distance); most professions that require direct contact can resume
working, with extra precautions. Not indicated: Starting June 1, restaurants and bars reopen (maximum 30 persons/establishment

and with 1.5-m distance); primary schools reopen (all days of the week); gatherings up to 100 persons allowed (with 1.5-m distance).

COVID-19, coronavirus disease.
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decrease in the number of cases, hospitalizations, and
deaths was reached (May 11, 2020), the government
gradually relaxed measures (Figure 1).

Study Population and Procedure

We conducted 6 repeated online surveys among
members of the Dutch Health Care Consumer Pan-
el (30). The panel consists of 11,000 residents of
the Netherlands (>18 years of age) who had been
invited to participate on the panel on the basis of
a random selection of name and address data or
were invited to participate by their general practi-
tioner. The panel population is regularly renewed,
and persons cannot enroll themselves without an
invitation. As a result of oversampling of persons
>65 years of age for other research purposes and
underparticipation of persons <30 years of age,
the median age of the panel population is 65 years

The 6 repeated surveys were added to a weekly
online survey that monitors influenza-like symptoms.
The invitations for the first survey (time 1 [T1]) of the
weekly monitor was sent to all 10,993 active panel
members, who could complete the survey from Feb-
ruary 24 through March 9, 2020. In the first survey,
respondents could indicate whether they wanted to
be invited for the consequent weekly surveys; those
who indicated “yes” received a weekly invitation for
all follow-up surveys. Participation in each survey
was voluntary and did not depend on participation
in previous surveys. The follow-up surveys with the
variables addressed in this study were completed
during March 16-23 (T2), March 30-April 5 (T3),
April 14-19 (T4), April 28-May 3 (T5), and May 11-17
(Te) (Figure 1).

Before joining the panel population, potential
panel members actively consented to participation

(range 19-101 years).

and data sharing; they were informed about the

Table 1. An overview of the survey questions and corresponding measurements used to assess dynamic public perceptions of the
coronavirus disease crisis, the Netherlands, 2020*

Topic, variable

Survey question (answer category)

Perceptions of COVID-19
Perceived probability COVID-19

Perceived severity of

Flu

COVID-19

Ebola
Concerns about

Own health
Health of family members

In your opinion, how likely is it that you will become ill due to the new coronavirus in the
next 12 months? (1. very unlikely—5. very likely)
How severe would it be to you if you develop one of the following diseases in the next 12
months? (1. Not severe at all—5. Very severe)t

Flu

Disease due to the novel coronavirus

Ebola
Are you concerned due to the new coronavirus ... (1. Not at all concerned—5. Very
concerned)

About your own health?

About the health of your family members?

Perceptions of control measures
Perception that sufficient measures
are taken
Perceptions of the recommended
measures8§

Measures are effective
Most others adhere to measures
Difficult to adhere to measures

Do you think that the Netherlands is currently taking sufficient measures to control the
spread of the new coronavirus? (1. Certainly not—5. Certainly yes)t
Below there are several statements about the measures advised by the government to
control the spread of the coronavirus. Please state what you think about these statements.
(1. Certainly not—>5. Certainly yes)

| think the recommended measures help to control the spread of the coronavirus

Most people close to me adhere to the recommended measures.

| find it difficult to adhere to the recommended measures.

Trust in authorities
Trust in information from the National
Institute for Public Health and the
Environment (RIVM)§
Trust in government measures§

How much trust do you have in the information from the National Institute for Public Health
and the Environment (RIVM) about the new coronavirus? (1. No trust—5. A lot of trust)

How much trust do you have in the measures that the government is taking to control the
spread of the new corona virus? (1. No trust—>5. A lot of trust)

Self-reported protective behavior
Adopted protective measures

Adherence to recommended
measures§

Have you taken measures to protect yourself or your family members from the new
coronavirus? (1. No/ 2. Yes, namely...)

Do you adhere to the guidelines advised by the government to control the spread of the
new coronavirus? (1. Yes / 2. Partly / 3. No / 4. Don’t know){

*COVID-19, coronavirus disease; Flu, influenza; T1-T6, surveys 1-6.
‘tAdapted from previous studies on public responses to influenza A(H1N1) (25) and Ebola (32) to allow for comparison with previous crises and to place
the perceived severity of COVID-19 into context with other diseases. These are, from an expert’s perspective, less severe (flu) and more severe (Ebola)

infectious diseases than COVID-19.

FFormulated in T1 and T2 as “Do you think that the Netherlands is currently taking sufficient measures to prevent the spread of the new coronavirus?”

8Not assessed at T1 and T2.

TThe answer categories “partly,” “no,” and “don’t know” were merged into 1 value next to the value “yes” because of low response frequencies to the

categories “no” and “don’t know.”
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purpose and content of the survey and that they
could skip questions or stop participating at any
time. Completing the survey, including answering
questions about influenza-like symptoms, took an
average of 8 minutes. The Clinical Expertise Centre
at the National Institute for Public Health and the
Environment (RIVM; Bilthoven, the Netherlands)
determined that this research was exempt from
needing further approval from an ethics research
committee (reference no. LCI-451). The gathered
data were analyzed and processed according the
General Data Protection Regulation. More elabo-
rate descriptions of the data collection are pub-
lished elsewhere (31) and provided in the Appendix
(https:/ /wwwnc.cdc.gov/EID/article/27/4/20-
3328-Appl.pdf).

Variables

The survey questions addressed public perceptions
of COVID-19, perceptions of control measures, trust
in authorities, and self-reported protective behavior.
The T3 survey and subsequent surveys were supple-
mented with extra questions about control measures
and about trust in authorities (Table 1).

The factors that put persons at increased risk for
COVID-19 were operationalized as sex (male/female),
age group (<50, 50-69, or >70 years of age), region of
residence (north, east, west, south; variable determined
on the basis of postal codes), employment in healthcare
(assessed at T1 with the question “Do you currently
work in the healthcare sector?: no/yes”), and underly-
ing health condition [assessed at T1 with the question
“Please mark the disease(s) or condition(s) you have
below. (Multiple answers possible): A) chronic respi-
ratory disease; B) serious heart disease or myocardial
infarction; C) diabetes; D) an allergy such as hay fever,
dust mite allergy, or pet allergy; E) other long-term or
chronic condition, namely: ... F). I don’t have any dis-
eases or conditions).”]. The last variable was recoded
as “underlying health condition” if respondents an-
swered A, B, C, or E; all others were coded as “no un-
derlying health condition.”

Analyses

We computed descriptive statistics for each variable
in T1-T6 (Table 1). To study changes over time and
differences between persons in these variables, we
performed generalized estimating equation (GEE)
analyses (with exchangeable correlation matrix).
We performed linear (for dependent variables with
a 5-point Likert scale) and logistic (for dependent
variables with binary outcomes) GEE analyses. The
independent variables were time (T1-T6), sex, age

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 4, April 2021
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Table 2. Characteristics of respondents to the first survey who
consented to participation and were invited to participate in
successive surveys used to assess dynamic public perceptions
of the coronavirus disease crisis, the Netherlands, 2020*

Characteristic No. (%)
Sex
M 1,644 (50)
F 1,624 (50)
Age, y
<30 24 (1)
30-49 530 (16)
50-69 1,220 (37)
>70 1,494 (46)
Education level*
Low 336 (10)
Middle 1,528 (47)
High 1,352 (41)
Unknown 52 (2)
Monthly household income, €
<1,750 661 (20)
1,750-2,700 1,078 (33)
>2,700 1,399 (43)
Unknown 130 (4)
Region of residence
North 539 (16)
East 738 (23)
South 655 (20)
West 1,320 (40)
Unknown 16 (1)
Underlying health condition
Present 1,567 (48)
Absent 1,649 (50)
Unknown 52 (2)
Work in healthcare
Yes 359 (11)
No 2,886 (88)
Unknown 23 (1)
Total 3,268 (100)

*Operationalization (33).

group, region of residence, underlying health condi-
tion, and employment in healthcare. All GEE analyses
were controlled for education level and income. To
observe all changes between the subsequent waves,
we repeated all GEE analyses with different reference
groups for time (T1, T3, and T5). We excluded from
analysis respondents who participated in T1 but did
not consent to be invited to participate in the follow-
up surveys.

Results

Study Population

Of the 10,993 persons invited to participate, 4,325
(39%) completed the first survey. Of note, 2,052 re-
spondents completed the first survey before February
27,2020 (when the first COVID-19 case in the Nether-
lands was confirmed). A total of 3,268 (30%) consent-
ed to be invited for the follow-up surveys, of which
2,592 participated in T2 (79%), 2,710 in T3 (83%), 2,726
in T4 (83%), 2,654 in T5 (81%), and 2,705 in T6 (83 %)
(33) (Table 2; Appendix).
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Perceptions of COVID-19
Overall, respondents perceived acquiring COVID-19
as probable and considerably severe (Figure 2). The
perceived severity of COVID-19 was more similar to
that of Ebola than that of influenza. Concerns about
their own health were substantial, and concerns about
the health of family members were even more so.
The most considerable change in the perceptions
of COVID-19 was seen between T1 and T2; the mean
perceived probability of COVID-19, concerns about
one’s own health, and concerns about family mem-
bers increased considerably. Perceived severity of
COVID-19 increased (significantly) only between T2
and T3. Between T3 and T6, perceptions of COVID-19
were largely stable, except for a slight but significant
decrease in concerns.

Perceptions of Control Measures

Overall, respondents thought that the Netherlands
undertook sufficient measures to control the spread
of COVID-19, perceived the recommended measures

as effective, thought that most others adhered to the
measures, and did not perceive adhering to the mea-
sures as difficult (Figure 3). The perception that the
Netherlands was taking sufficient measures changed
nonlinearly between T1 and T6. Perception of measure
effectiveness followed a pattern similar to the percep-
tion that sufficient measures were taken; it slightly
increased between T3 and T4 and slightly decreased
between T5 and T6. The perception that most others
adhere to the measures decreased gradually between
T3 and T6, and the perceived difficulty of adhering to
the measures increased slightly between T3 and T5.

Trust in Authorities

Overall, trust in the information from RIVM and in
the measures taken by the government was fairly
high (Figure 4). A slight decrease in trust in the infor-
mation from RIVM was observed between T4 and T5.
Trust in the measures from the government slightly
increased between T3 and T4 and slightly decreased
between T5 and T6.

Figure 2. Perceptions of COVID-19 in the Netherlands. A) Perceived probability of COVID-19; B) perceived severity of influenza,
coronavirus disease, Ebola; C) concerns about own heath; D) concerns about health of family members. Mean values per survey are
shown above the graph line. Note that the 95% Cls around the mean estimates could not be shown on the figure because the 95% Cls
are very close to the mean estimates (upper values of <mean + 0.1 and lower values of >mean — 0.1). All 95% Cls around the mean
estimates are shown in Appendix Table 2 (https://wwwnc.cdc.gov/EID/article/27/4/20-3328-App1.pdf). Changes between subsequent
surveys, based on generalized estimating equation analyses, are shown below the baselines as § and 95% Cls. The coefficients and
95% Cls shown in Figure 3, panel B, are generalized estimating equation results with perceived severity of coronavirus disease as the

dependent variable. COVID-19, coronavirus disease.
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Figure 3. Perceptions of coronavirus disease control measures in the Netherlands. A) Sufficient measures are taken; B) measures are
effective; C) most others adhere to measures; D) difficult to adhere to measures. Mean values per survey are shown above the graph
line. Note that the 95% Cls around the mean estimates could not be shown in the figure because the 95% Cls are very close to the
mean estimates (upper values of <mean + 0.1 and lower values of >mean — 0.1). All 95% Cls around the mean estimates are shown
in Appendix Table 2 (https://wwwnc.cdc.gov/ElD/article/27/4/20-3328-App1.pdf). Changes between subsequent surveys, based on
generalized estimating equation analyses, are shown below the baselines as 3 and 95% Cls.

Self-Reported Protective Behavior

From T1 through T2, the proportion of respondents
who indicated that they took measures to protect
themselves or their family members against SARS-
CoV-2 increased drastically, from 17% to 79% (Figure
5). From T2 through T3, this percentage increased fur-
ther, to 88%, and consequently decreased to 80% at
T6. Likewise, from T3 through T6, the proportion of
respondents who indicated that they (fully) adhered
to the recommended guidelines declined gradually
from 94% to 85%.

Differences Based on Risk Factors

The most notable differences between persons in
terms of perceptions (Tables 3, 4), trust in authori-
ties (Table 5), and self-reported protective behavior
(Table 6) were based on age. Compared with per-
sons <50 years of age, those 50-69 and >70 years of
age perceived acquisition of COVID-19 as being less
probable and COVID-19 as more severe and were
more concerned about their own health. In addition,

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 27, No. 4, April 2021

respondents >70 years of age were also more likely to
perceive the government’s measures as sufficient, ef-
fective, and adhered to by most others and were less
likely to perceive adhering to the measures as diffi-
cult. That difference in perceived difficulty was also
observed for those 50-69 compared with those <50
years of age. Participants >70 years of age also experi-
enced more trust in authorities and were more likely
to adhere to the guidelines.

We observed several differences between respon-
dents with and without an underlying health condi-
tion. Respondents with an underlying health condi-
tion perceived acquisition of COVID-19 as being more
probable and COVID-19 as being more severe, and
they were more concerned about their own health
and that of family members. These respondents also
perceived that measures taken were less sufficient,
had less trust in authorities, and were slightly more
likely to have adopted protective measures.

Some additional small differences were ob-
served on the basis of sex, region, and employment.
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Figure 4. Trust in authorities in the Netherlands. A) Trust information from National Institute for Public Health and the Environment
(RIVM), Bilthoven, the Netherlands; B) trust government measures. Mean values per survey are shown above the graph line. Note that
the 95% Cls around the mean estimates could not be shown in the figure because the 95% Cls are very close to the mean estimates
(upper values of <mean + 0.1 and lower values of >mean — 0.1). All 95% Cls around the mean estimates are shown in Appendix Table
2 (https://wwwnc.cdc.gov/ElD/article/27/4/20-3328-App1.pdf). Changes between subsequent surveys, based on generalized estimating
equation analyses, are shown below the baselines as 3 and 95% Cls.

Women perceived the probability of acquiring and
severity of COVD-19 as being somewhat greater
than did men and were slightly more concerned
about family members. In addition, women were
somewhat more positive about the measures (suffi-
cient, effective, and adhered to by others) and were
more likely to have adopted protective measures.
Compared with residents from the northern region
of the Netherlands, residents from the southern
region were slightly more concerned about their
own health, and residents from the eastern region
had somewhat more trust in authorities. The only
difference based on employment in the health-
care sector was seen in perceived probability of a
SARS-CoV-2 infection (slightly higher among
healthcare workers).

Discussion
Our results suggest that during the first wave of
COVID-19, persons in the Netherlands generally
perceived the risks posed by COVID-19 as consid-
erable, were positive about the measures taken by
the government to control the spread of COVID-19,
trusted the information and the measures from the
authorities in charge of the control policy, and ad-
opted protective behavior. Public perceptions and
behavior changed between the onset of the crisis
and the initial relaxation of measures, particularly in
the first phase of the outbreak. Differences between
persons were mostly seen on the basis of age and
underlying health conditions.

The changes in public perceptions, trust, and be-
havior need to be interpreted in light of the rapid

Figure 5. Self-reported coronavirus disease protective behavior in the Netherlands. A) Self-reported protective measures taken; B) self-
reported adherence to guidelines. Mean values per survey are shown above the graph line. Note that the 95% Cls around the mean
estimates could not be shown in the figure because the 95% Cls are very close to the mean estimates (upper values of <mean + 0.1

and lower values of >mean — 0.1). All 95% Cls around the mean estimates are shown in Appendix Table 2 (https://wwwnc.cdc.gov/EID/
article/27/4/20-3328-App1.pdf). Changes between subsequent surveys, based on generalized estimating equation analyses, are shown
below the baselines as odds ratios and 95% Cls.
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Table 3. Differences in perceptions of COVID-19 based on sex, age, region of residence, health condition, and healthcare employment
determined in assessment of dynamic public perceptions of the coronavirus disease crisis, the Netherlands, 2020*

Perceived probability of
Independent variable

Perceived severity of
COVID-19, B (95% Cl) COVID-19, B (95% CI)

Concerns about health of
family members, 8 (95% CI)

Concerns about own
health, B (95% Cl)

Female vs. male 0.1 (0.1t0 0.1) 0.1 (0.1t0 0.2) 0.1 (0t0 0.1) 0.2(0.1t00.2)
Age,y
>70 vs. <50 -0.3 (-0.4t0 -0.3) 0.6 (0.5t00.7) 0.4(0.3t00.4) 0(-0.1t0 0)
50-69 vs. <50 —0.2 (0.3 to -0.2) 0.4 (0.3t0 0.4) 0.2(0.1t00.2) -0.1 (-0.2 to 0)
Region
Southern vs. northern 0(-0.1t0 0.1) 0.1(0t00.2) 0.1 (0.1t0 0.2) 0.1 (0t0 0.2)
Western vs. northern 0(-0.1t0 0.1) 0.1(0t0 0.1) 0.1 (0to 0.1) 0(0to0.1)
Eastern vs. northern 0to0 0.1) 0(0to0.1) 0(-0.1t0 0.1) 0(-0.1t00.1)

0(
Health condition vs. no health 0.2 (0.1t0 0.2)

condition

0.1(0.1t00.2)

0.4 (0.3t0 0.4) 0.2 (0.2 t0 0.3)

Work in healthcare vs. not in
healthcare

0.1 (0.1t00.2)

~0.1(-0.2t0 0)

~0.1 (-0.2to 0) 0(-0.1t00.1)

*Survey questions shown in Table 1. Boldface indicates 95% Cls that do not include 0. COVID-19, coronavirus disease.

developments in the epidemiologic curve of COVID-19
and the outbreak response during this study (Figure
1). After the first confirmed COVID-19 case (February
27, 2020), the outbreak unfolded rapidly and stringent
control measures were issued during live press confer-
ences on national television (March 12 and 15). These
developments are probably reflected in the observed
increases in the respondents’ perceived probability of
acquiring COVID-19, concerns, and self-reported pro-
tective behavior in this period. Up to the end of March/
beginning of April, the number of COVID-19 cases rose
rapidly, as did the number of hospitalizations, intensive
care unit admissions, and deaths. The increased visibil-
ity of severe COVID-19 illness and death during this
period might have increased perceptions of severity
(which had remained stable in the first weeks).

As the number of cases, hospitalizations, in-
tensive care unit admissions, and deaths gradually
declined at the beginning of May, the government
announced gradual relaxations of the control mea-
sures. During this period, the number of respon-
dents who reported having taken protective mea-
sures and adhered to the recommended guidelines
declined. This change in protective behavior is not

likely to be explained by a change in risk percep-
tion, perception of the efficacy of the measures, or
trust in authorities (factors shown to influence be-
havior during disease outbreaks [6,9,13]) because
these factors were stable during this period. This
change in behavior might be partly explained by
a decrease in the public’s perceived self-efficacy
(6,34) because during this period we observed an
increase in the public’s perceived difficulty of ad-
hering to the measures.

More recent research in the Netherlands has
shown that in the months after our study, persons
perceived it to be increasingly difficult to adhere to
several of the control measures (35). Although the per-
ceived difficulty of not shaking hands and practicing
proper handwashing remained relatively stable, the
perceived difficulty of maintaining a 1.5-m distance
from others increased considerably from mid-April
through mid-July 2020. Another study also found
fairly high compliance with hygiene measures during
the COVID-19 pandemic, along with limited compli-
ance on social distancing measures (36). This finding
might be explained by the assumed negative effect
of social distancing on mental health and loneliness

Table 4. Differences in perceptions of control measures based on sex, age, region of residence, health condition, and healthcare
employment determined in assessment of dynamic public perceptions of the coronavirus disease crisis, the Netherlands, 2020*

Sufficient measures are Measures are effective,
B (95% CI)

Independent variable taken, B (95% CI)

Difficult to adhere to
measures, B (95% Cl)

Most others adhere to
measures, B (95% Cl)

Female vs. male 0.1(0.1t00.2) 0.1(0.1t00.2) 0.2 (0.2t00.2) -0.1(-0.1to 0)
Age, y
>70 vs. <50 0.2 (0.2t0 0.3) 0.2 (0.1t0 0.2) 0.2 (0.2t0 0.3) -0.2 (-0.3t0-0.1)
50-69 vs. <50 0.1 (0t00.2) 0.1 (0t0 0.1) 0.1 (0t00.2) -0.3(-0.4t0 0.2)
Region
Southern vs. northern 0(-0.1t00.1) 0(-0.1t00.1) -0.1(-0.1t0 0) 0(-0.1t00.1)
Western vs. northern 0(-0.1t0 0.1) 0(-0.1t0 0.1) -0.1(-0.1to 0) 0(-0.1t0 0.1)
Eastern vs. northern 0.1(0t0 0.2) 0.1(0to0 1) 0(-0.1t0 0) 0(-0.1t00.1)
Health condition vs. no health -0.2 (-0.2t0-0.1) -0.1(-0.1t0 0) -0.1(-0.1t0 0) 0(-0.1t00.1)
condition
Work in healthcare vs. not in 0.1 (0t0 0.1) 0(-0.1t0 0.1) 0(-0.1t0 0.1) 0.1(0t00.2)
healthcare
*Actual survey questions shown in Table 1. Boldface indicates 95% Cls that do not include 0. COVID-19, coronavirus disease.
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Table 5. Differences in trust in authorities based on sex, age, region of residence, health condition, and healthcare employment
determined in assessment of dynamic public perceptions of the coronavirus disease crisis, the Netherlands, 2020*

Independent variable

Trust RIVM information, B (95% CI)

Trust government measures,  (95% CI)

Female vs. male 0.1 (0t0 0.1) 0.1 (0t0 0.2)
Age, y
>70 vs. <50 0.3(0.2t0 0.4) 0.3(0.2t00.4)
50-69 vs. <50 0.1(0t00.2) 0.1 (0t00.2)
Region
Southern vs. northern 0(-0.1t0 0.1) 0.1 (0to 0.1)
Western vs. northern 0.1(0to 0.1) 0(0to0.1)

Eastern vs. northern

0.2 (0.1 to 0.2)

0.1 (0.1 to 0.2)

Health condition vs. no health condition

—0.1(-0.2 to -0.1)

—0.1(-0.2 to -0.1)

Work in healthcare vs. not in healthcare

0.1(0t0 0.2)

0(=0.1100.1)

*Actual survey questions shown in Table 1. Boldface indicates 95% Cls that do not include 0. RIVM, National Institute for Public Health and the

Environment.

(37-39). It is understandable that persons find it (in-
creasingly) hard to be apart from others, specifically
from their loved ones. Other factors, such as more
practical barriers (e.g., difficult to keep distance in
small corridors in the supermarket) (40) and per-
ceived social norms (41), might also play a role.

Trust in the information and the measures from
authorities was relatively high and stable through-
out the first wave of the COVID-19 crisis. Other
studies from New Zealand (42) and South Korea
(43) have shown increased trust in government dur-
ing the spring of 2020 compared with earlier years,
which the authors attributed to the decisive and
rapid governmental crisis response. A study in the
United Kingdom suggests that trust can also rap-
idly decline, which was observed after government
announcements to relax lockdown measures and
news of misconduct by a high government official
(44). Of note, recent research has also shown a de-
crease in public trust in the government’s approach
to the COVID-19 crisis in the Netherlands from the
end of May through the beginning of October (45).
Whether this decreased trust is explained by relax-
ations of measures or other events/processes needs
further investigation.

In our study, the differences in perceptions, trust,
and self-reported behavior between subgroups were

rather small. Overall, the largest observed differences
were based on age and health condition. Older per-
sons perceived COVID-19 as more severe and had
more concerns about their own health than did young-
er persons. At the same time, older persons perceived
the probability of their getting infected with the virus
to be lower. A similar result was found in an earlier
study on COVID-19 risk perceptions, which showed
increased perceived risk for death among elderly per-
sons but lower perceived risk for infection (14). An
explanation for the lower perceived risk is that older
persons might have adopted more stringent social
distancing measures than younger persons and there-
fore perceived their risk for infection as being smaller.
In formal communications, maintaining strict social
distancing was recommended for persons >70 years
of age, and it was recommended that everyone avoid
visiting elderly persons (46). Respondents with a
chronic health condition also perceived their risk of
becoming infected to be more probable and the infec-
tion to be more severe, and they were more concerned
than those with no underlying health condition.

In line with risk-perception literature and previ-
ous research on behavior during disease outbreaks (6),
we also found small differences on the basis of sex. Al-
though the risk for severe COVID-19 illness is higher
for men (4), women in our study indicated slightly

Table 6. Differences in self-reported protective behavior based on sex, age, region of residence, health condition, and healthcare
employment determined in assessment of dynamic public perceptions of the coronavirus disease crisis, the Netherlands, 2020*

Self-reported protective measures taken,
odds ratio (95% Cl)

Independent variable

Self-reported adherence to guidelines,
odds ratio (95% Cl)

Female vs. male

1.8 (1.6 to 2.1)

1.2 (1.0 to 1.5)

Age, y
>70 vs. <50 1.2(1.0to 1.5) 1.7 (1.3t0 2.2)
50-69 vs. <50 1.1(0.9t0 1.4) 1.2 (0.9 to 1.6)
Region

Southern vs. northern
Western vs. northern
Eastern vs. northern

1.1 (0.9t0 1.4)
0.9 (0.7to 1.1)
1.1 (0.9t0 1.3)

0.9 (0.6 t0 1.2)
1.0 (0.8 to 1.3)
1.2(0.9t0 1.7)

Health condition vs. no health condition

1.3 (1.1to 1.4)

1.0 (0.8 to 1.2)

Work in healthcare vs. not in healthcare

0.9 (0.7 to 1.2)

0.8 (0.6 to 1.0)

*Actual survey questions shown in Table 1. Boldface indicates 95% Cls that do not include 1.0.
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higher risk perceptions and were more likely to adopt
measures to protect themselves and their family. De-
spite the considerable differences in infection rates
between the different regions in the Netherlands and
the increased risk to healthcare workers (4) and in con-
trast to previous perception study findings (15,19), we
found few differences between persons on the basis of
region of residence and healthcare employment.

One study limitation is that the study sample
is not perfectly representative of the population of
the Netherlands at large; specifically, our study in-
cluded few respondents <30 years of age. Another
limitation is that our operationalization of the vari-
able “underlying health condition” includes all self-
reported chronic or long-term conditions (except for
allergies). At the start of this study, little was known
about the specific underlying health conditions asso-
ciated with increased risk for COVID-19, and these
underlying conditions have therefore not been sepa-
rately added to the survey as answer categories. In
addition, the behaviors reported in our study are
self-reported and might be subject to social desir-
ability bias.

Our findings emphasize the need to monitor
public perceptions and public responses among
different groups during crises because these per-
ceptions can change considerably over time and
can differ among persons. Such insights are need-
ed to be able to respond to changes in public per-
ceptions and public responses with timely and
accurate risk and crisis communication. To main-
tain public compliance with protective measures
during the COVID-19 crisis, we also need to un-
derstand why persons struggle with adhering to
these measures and what they need to help them
overcome these difficulties. Consulting and col-
laborating with communities to understand their
difficulties and needs during this unprecedented
crisis is pivotal. When differences between per-
ceptions, responses, and needs in certain groups
are large (e.g., between younger and older per-
sons), targeting or tailoring information to specific
groups is advisable. Such group-targeted informa-
tion should be well-adapted to common views in a
specific group and should reach the group through
various accessible channels (e.g., social media or
postal mail) or intermediaries (e.g., schoolteachers,
general practitioners).
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Evolution of Sequence Type 4821
Clonal Complex Hyperinvasive and
Quinolone-Resistant Meningococci

Mingliang Chen,! Odile B. Harrison,* Holly B. Bratcher, Zhiyan Bo, Keith A. Jolley,
Charlene M.C. Rodrigues, James E. Bray, Qinglan Guo, Xi Zhang, Min Chen, Martin C.J. Maiden

Expansion of quinolone-resistant Neisseria meningitidis
clone ChinaCtc42-R1-CB from sequence type (ST) 4821
clonal complex (CC4821) caused a serogroup shift from
serogroup A to serogroup C invasive meningococcal dis-
ease (IMD) in China. To determine the relationship among
globally distributed CC4821 meningococci, we analyzed
whole-genome sequence data from 173 CC4821 menin-
gococci isolated from 4 continents during 1972-2019.
These meningococci clustered into 4 sublineages (1-4);
sublineage 1 primarily comprised of IMD isolates (41/50,
82%). Most isolates from outside China (40/49, 81.6%)
formed a distinct sublineage, the Europe—USA cluster,
with the typical strain designation B:P1.17-6,23:F3-36:ST-
3200(CC4821), harboring mutations in penicillin-binding
protein 2. These data show that the quinolone-resistant
clone Chinatc#82!R1-CB has expanded to other countries.
The increasing distribution worldwide of serogroup B
CC4821 raises the concern that CC4821 has the potential
to cause a pandemic that would be challenging to con-
trol, despite indirect evidence that the Trumenba vaccine
might afford some protection.

eisseria meningitidis, a leading cause of bacterial

meningitis and septicemia globally, causes ~1.2
million invasive meningococcal disease (IMD) cases
annually and a case-fatality rate of 11% (1). Menin-
gococci are classified into 12 serogroups based on
capsular polysaccharides (1); genetic relationships
among isolates are defined by clonal complexes
(CCs) identified by multilocus sequence typing
(MLST), which are surrogates for lineages (2). The
relationship among serogroups, CCs (lineages), and
IMD fluctuates over time and by location, but IMD
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isolates are dominated by CCs known as hyperin-
vasive lineages, usually associated with one of the
6 disease-causing serogroups (MenA, MenB, MenC,
MenW, MenX, and MenY).

In China, the national dissemination of hyper-
invasive sequence type (ST) 4821 clonal complex
(CC4821) meningococci led to a shift in IMD epi-
demiology from mostly MenA to predominantly
MenC (3,4). Although no quinolone resistance was
identified in CC4821 in China during 1965-1985,
high-frequency resistance (79%) occurred from 2005
onward due to expansion of the quinolone-resistant
clone China®“#2-R1-¢/B (5)  Previous studies discov-
ered that CC4821 can be divided into 2 groups, with
group 1 associated with IMD (6,7). Peng et al. identi-
fied 6 strain-specific genome regions resulting from
horizontal gene transfer (HGT) in isolate 053442 (8);
this finding was consistent with the emergence of the
China“#2!R1-C/B clone associated with multiple HGT
events within genes encoding surface antigens (6), al-
though the donors of these events were not identified.

Globally, the number of CC4821 IMD isolates has
increased. At the time CC4821 was identified, isolates
were confined to China (4,9); however, by June 2020,
a total of 59 CC4821 isolates had been identified in
19 countries worldwide (Figure 1). Moreover, 3 IMD
cases caused by quinolone-resistant CC4821 isolates
were reported in Canada (n = 2) and Japan (n=1) af-
ter 2013 (10,11); 3 other CC4821 isolates were found
to colonize the anorectal tract of men who have sex
with men (MSM) (12). We investigated the genomic
events leading to the emergence and expansion of
hyperinvasive CC4821 meningococci by describ-
ing the phylogenetic relationships among menin-
gococci with different serogroups (MenC, MenB,
MenW, and nongroupable), sources (IMD, carriage,
and MSM), locations (China or other countries),

1These authors contributed equally to this article.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 4, April 2021



Evolution of ST4821 Meningococci

Figure 1. Distribution of CC4821 Neisseria meningitidis isolates worldwide. CC4821 isolates were identified in China and in 19 countries
of Europe, Africa, North America, South America, Oceania, and Asia. CC, clonal complex.

and dates of isolation (1972-1978 vs. 2004-2019). We
assessed genes encoding key antigens and antimi-
crobial resistance phenotypes, identified putative
donors of HGT events unique to the epidemic and
quinolone-resistant clone China®““**-R1-¢/B and char-
acterized isolates outside of China.

Materials and Methods

Isolate Collection and Whole-Genome Sequencing

A total of 173 CC4821 genomes were collected dat-
ing from 1972-1978 (n = 19) and 2004-2019 (n = 154),
including isolates from IMD (66/173, 38.2%), geni-
tourinary sites (6/173, 3.5%), asymptomatic carriage
(86/173,49.7%), and unknown sources (15/173, 8.7%)
(Appendix 1 Table 1, https:/ /wwwnc.cdc.gov/EID/
article/27/4/20-3612-Appl.xlsx). Shanghai CDC se-
quenced 76 CC4821 isolates with Illumina HiSeq (Il-
lumina, https://www.illumina.com) using paired-

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 4, April 2021

end 150 base reads as previously described (13). An
additional 97 publicly available CC4821 genomes
consisted of 48 genomes from 14 provinces of China,
including the reference strain 053442 (6-8) and 49 ge-
nomes from countries outside of China, including the
United Kingdom (n = 20), United States (n =8), and 11
other countries (n = 21) (Figure 1; Appendix 1 Table 1)
(10,12,14-17). The completeness and contamination of
the genomes were evaluated using CheckM (18).

Antigenic and Antimicrobial Resistance
Characteristics of CC4821 Genomes

To describe the antigenic and antimicrobial resis-
tance characteristics of CC4821 genomes, we extract-
ed from genomes nucleotides of 9 antigen coding
genes (porA, fHbp, nhba, porB, fetA, opcA, nspA, tbpA,
and NMBO0315) (19-22) and 5 resistance-associated
genes (gyrA, parC, penA, ponA, and rpoB) (23,24)
for analysis. We annotated and analyzed deduced
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encoding factor H-binding protein (fHbp), Neisseria
heparin-binding antigen (NHBA), Neisseria adhe-
sion antigen (NadA), and outer membrane protein
(PorA) peptides and deduced meningococcal vac-
cine antigen reactivity (MenDeVAR) index from the
PubMLST Neisseria database (25).

Identifying CC4821 (L44) Sublineages

In the Neisseria PubMLST database, a lineage-specific
core genome MLST typing scheme containing loci
found in 95% of CC4821 isolates was established and
designated L44 cgMLST consistent with the previous-
ly described CC4821 lineage 44 (26). We compared
the 173 CC4821 genomes using Genome Comparator
(27) and the L44 cgMLST scheme, identifying distinct
sublineages. To characterize each sublineage, we visu-
alized a FASTA output from the Genome Comparator
Tool using all 2,860 defined loci (NEISO001-NEIS3173,
not contiguous) using MEGA version 5 (28). We used
72491 (GenBank accession no. NC_003116) as out-
group in accordance with previous studies (6,8). As-
sembled contigs and annotation information of 173
genomes in this study can be accessed at https://
pubMLST.org/neisseria (Appendix 1 Table 1).

Identifying and Characterizing Unique Alleles

in Sublineages

We determined shared and unique alleles using out-
puts from Genome Comparator. An allele was de-
fined as unique to a sublineage if it was present in
>90% of the genomes in that sublineage but absent
in other sublineages. Genes with unique alleles were
functionally characterized according to the Kyoto En-
cyclopedia of Genes and Genomes Orthology group-
ings of its database (29).

Identifying HGT Events and Putative Donors

Inputting the aligned sequences generated from
Parsnp (30), we predicted putative HGT events us-
ing Gubbins (31). To search for potential donors, we
blasted alleles and sequences of contiguous loci that
were predicted to originate from HGT against the
PubMLST database. We identified potential donors
as previously described (32). We labeled recombina-
tion areas with unique loci on the circular genome
map of genome 053442 by BLAST (https:/ /blast.ncbi.
nlm.nih.gov/Blast.cgi) comparisons to strains of oth-
er sublineages, as generated using BRIG (33).

Screening Molecular Markers of MSM Infection

Strains from Europe

In addition to the lineage of 11.2 possessing PorA
P1.5-1,10-8, 3 other molecular features have been
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identified in meningococci causing infections among
MSM in Europe during 2012-2014; these features
were functional nitrite reductase (AniA); frameshift-
ed fHbp allele found mostly in urethritis and proctitis
isolates; and penA327 that had reduced susceptibil-
ity to penicillin and third-generation cephalospo-
rins (34). These 3 molecular markers were screened
among all the 173 CC4821 genomes.

Results

Isolate Characterization

The 173 CC4821 isolates represented 46 different STs;
ST4821 (n=41, 23.7%) and ST3200 (n =30, 17.3%) were
the most prevalent. We identified 43 PorA subtypes,
of which P1.7-2,14 (n = 25, 14.5%) and P1.17-6,23 (n =
18, 10.4%) were the most frequent. We identified 27
FetA variants; F3-3 (n =47, 27.2%) and F3-36 (n = 37,
21.4%) were the most prevalent (Appendix 1 Table 1).

Identifying 4 Sublineages

We identified 2,161 loci in reference genome 053442,
including 1,699 core genes. Most (1,527/1,699,
89.9%) of the core loci had p-distance values of 0-0.1;
0.8% (14/1,699) showed high p-distance values of
0.50-0.68. On the basis of the L44 cgMLST scheme,
we divided the CC4821 isolates into 4 sublineages
(Figure 2): L44.1, identical to the China®“$*-R1-C/B
clone (n = 50, 28.9%), composed of isolates from
China (n = 44) and other countries (n = 6) during
2004-2019 that were very closely related (Figure
3); L44.2 (n = 29, 16.8%), composed of isolates from
China (n = 28) and the United Kingdom (n =1) dur-
ing 2005-2019; L44.3 (n = 58, 33.5%), composed of
isolates from China (n = 18) and countries outside
China (n = 40) during 1977-2019; and L44.4 (n
32, 18.5%), composed of isolates from China (n
30) and India (n = 2) during 1972-2017. Four ad-
ditional isolates from China were not assigned to
any sublineages.

Features of the 4 Sublineages

The percentage of IMD isolates was significantly
higher in L44.1 (41/50, 82%) than the other 3 sub-
lineages (17.2%-22.4%; p<0.001) (Figure 2). L44.1,
containing the reference strain 053442, was mainly
composed of MenC isolates (44/50, 88%) and had
ST4821 as its central ST. [44.2, was mainly com-
posed of MenB isolates (27/29, 93.1%) and its cen-
tral ST was ST5664. L44.3 was mainly composed of
MenB (55/58, 94.8%) with ST3200 as its central ST.
L44.4 was mainly composed of MenC (14/32, 43.8%)
and MenW (11/32, 34.4%) with its central ST3436
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(Appendix 2 Figure 1, https://wwwnc.cdc.gov/
EID/article/27/4/20-3612-App2.pdf).

Analysis of the 5 antimicrobial resistance genes
revealed that both gyrA-71 (with T91I) and parC-12
were specific to L44.1; parC-275 and penA-9 (with 5
mutations) were both specific to L44.3, and gyrA-294
(with T91I) was discovered only in L44.4 (Table 1; Ap-
pendix 2 Figures 2-6). In L44.1, all of the isolates pos-
sessed the quinolone resistance-associated mutation
T911 in GyrA (Figure 4). In L44.3, 40/58 (69.0%) har-
bored PBP2 mutations, almost always from countries
outside of China (38/40, 95%) (Figures 5, 6).

Vaccine Antigens among the 4 Sublineages

Analysis of 9 antigenic genes identified several alleles
unique to a certain sublineage (Table 2; Appendix 2
Figures 7-17). For example, FetA-VR F3-3 was found in
1441, F1-91 in L44.2, F3-36 and F3-9 in 1.44.3, and F1-7
in L44 4 isolates (Appendix 2 Figure 11). In L44.1, most
isolates had the same antigenic gene profile (nhba-124,
porB-29, fetA-64, opcA-4, nspA-4, thpA-7, and NMB0315-
21) (Figure 4), and 25/50 (50%) had the PorA subtype of
P1.7-2,14 (Figure 3). In L44.3, most had the same gene

Evolution of ST4821 Meningococci

profile (fHbp-16, nhba-553, porB-265, fetA-1069, opcA-100,
nspA-26, and NMB0315-194), with porA and tbpA show-
ing high genetic diversity (Figure 5).

We analyzed deduced peptide sequences for vac-
cine antigen constituents among MenB isolates (n =
97). We identified 16 fHbp peptides, of which pep-
tide 16 (variant 2/subfamily A) was present in 70/97
(72.2%) isolates, including 31/70 isolates from China.
There were 20 NHBA peptides, of which alleles 669
(46/95, 48.4%), 901 (11/95, 11.6%), and 668 (10/95,
10.5%) occurred most frequently. The nadA gene was
absent in all isolates (including other serogroups). Of
31 PorA VR1/VR2 combinations, the most frequently
occurring was P1.20,23 (11/97, 11.3%).

MenDeVAR Index values were assigned for
MenB disease isolates (n = 29, including the 6 isolates
from genitourinary sites), but 27/29 (93.1%) isolates
had insufficient data from experimental studies to
estimate the coverage of the MenB vaccine Bexsero
(Appendix 2 Table 2). We predicted cross-reactivity
to the MenB vaccine Trumenba for 18/29 (62.1%) iso-
lates. For the MenB disease isolates from China, 7/17
(41.2%) were deemed cross-reactive with Trumenba;

Figure 2. Allele-based sublineages of clonal complex 4821 Neisseria meningitidis identified using lineage 44 core genome multilocus
sequence typing scheme. The inset shows the country distribution of the 40 genomes constituting the Europe—USA cluster. IMD,

invasive meningococcal disease; MSM, men who have sex with men.
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Figure 3. Phylogenetic tree and data of clonal complex 4821 Neisseria meningitidis sublineage L44.1 (Chinatc48!-R1-C) jsolates. Red
text indicates the oldest isolate of the sublineage; blue text, the isolates from countries outside of China; and green text, the dominant
type or allele. Scale bar indicates substitutions per site. IMD, invasive meningococcal disease; MSM, men who have sex with men; SG,

serogroup; ST, sequence type; VR, variable region.

however, we had insufficient data for the remaining
10/17 (58.8%) to determine reactivity.

Molecular Markers of Strains from Europe

Infecting MSM

None of the CC4821 isolates harbored frameshifted
fHbp allele or penA327, but the distribution of puta-
tively functional AniA proteins was diverse. The aniA
gene was absent in all L44.1 isolates (Figure 3) but was
present in all of the other 123 CC4821 isolates, of which
96.7% (119/123) isolates harbored putatively function-
al AniA proteins (Figure 5; Appendix 2 Figures 16-17).

Evolution of Sublineage L44.1 (Chinat421R-C® Clone)

Five specific loci were present in >90% of L44.1 but in
<10% of other sublineages. These loci were involved in
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signaling and cellular processes (n = 2), metabolism (n
=1), and genetic information processing (n = 1) (Table
3). No loci were specific to any of other 3 sublineages.
Prediction of HGT events contributing to the
emergence of L44.1 using Gubbins discovered 126
events involving 686 loci shared by the 50 L44.1 iso-
lates (Appendix 2 Figure 18). These events included
216 loci with alleles specific to L44.1. We discovered
an additional 83 unique loci based on analysis of the
accessory genome. Therefore, a total of 299 unique
loci were identified in L44.1; of those, 139 (46.5%)
were involved in metabolic function (Appendix 1 Ta-
ble 3). These 299 unique loci were distributed across
the chromosome; we observed 44 areas (216 loci) har-
boring contiguous loci with unique alleles (Figure 7),
among which the exact donors of 36 areas across 149
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Table 1. Specific alleles of antimicrobial resistance genes in 4
sublineages of clonal complex 4821 of Neisseria meningitidis
Resistant, allele no. (no. isolates)

Sublineage gyrA parC penA  ponA rpoB
L44.1,n =50 71(50) 12(43) None None None
L44.2, n =29 None None None None None
L44.3,n =58 None 275(41) 9(35) None None
L44.4, n = 32 294 (11)  None None None None

loci were identified in 46 putative HGT events. The to-
tal length of these putative recombination fragments
was =225 kb, including 87 kb (38.7%) originating from
the C:ST-9514 cluster isolates in China during 1966-
1977, followed by 25 kb (11.1%) from MenA isolates
(CC5 and CC1) in China during 1966-1984 (Table
4,  https://wwwnc.cdc.gov/EID/article/27/4/20-
3612-T4.htm).

Evolution of CC4821 Isolates from Outside China
We identified 49 CC4821 isolates from countries out-
side of China, and most (40/49, 81.6%) were assigned

Evolution of ST4821 Meningococci

to L44.3, of which there were 39 MenB and 1 MenC,
constituting the distinct Europe-USA cluster (Fig-
ures 2, 5). The representative molecular character-
istics of the Europe-USA cluster was B:P1.17-6,23:
F3-36:5T-3200(CC4821); its antigen gene profile was
porA-423, fHbp-16, nhba-553, porB-265, fetA-1069,
opcA-100, nspA-26, thpA-1333, and NMB0315-194 and
antimicrobial resistance profile gyrA-12, parC-275,
penA-9 with PBP2 mutations, ponA-7, and rpoB-85
(Figure 6). In Gubbins analysis, 33 events involving
193 loci were shared by all the Europe-USA clus-
ter isolates (Appendix 2 Figure 18); we discovered
60 unique loci for which we could not identify their
potential donors. These unique loci were involved
in functions mainly associated with metabolism
(23/60, 38.3%) and genetic information processing
(18/60, 30%) (Appendix 1 Table 4).

In addition to the 40 Europe-USA cluster isolates,
there were 6 MenC invasive isolates from India (n =4,
identified 2014-2016), Japan (n =1, identified in 2017),

Figure 4. Genomic diversity of clonal complex 4821 Neisseria meningitidis sublineage L44.1 (China®t42!-R1-CB) jsolates. The numbers
underneath the antigen genes and AMR genes are the dominant alleles for that particular gene, and the colored blocks for SNPs/1,000
bp were determined using the allele number labeled above each column as the reference allele. AMR, antimicrobial resistance; SNP,

single-nucleotide polymorphism.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 27, No. 4, April 2021

1115



RESEARCH

Figure 5. Phylogenetic tree and data of clonal complex 4821 Neisseria meningitidis sublineage L44.3 isolates. Red text indicates the
oldest isolates of the sublineage; blue text, the isolates from countries outside of China and the isolates from genitourinary swabs from
MSM; and green text, the dominant type or allele. The Europe—USA cluster can be further divided into 3 subclusters: subcluster L44.3.1,
composed of 3 ST6595 isolates from the United States, all of which contained putatively nonfunctional AniA; L44.3.2, composed of 7
ST3200 isolates from the United Kingdom (n = 6) and Brazil (n = 1); and L44.3.3, composed of 30 isolates with multiple geographic
locations. All the isolates from urethral (n = 2) and rectal (n = 4) swabs were assigned to L44.3.2 and L44.3.3, both of which comprised
isolates with putatively functional AniA. Scale bar indicates substitutions per site. IMD, invasive meningococcal disease; MSM, men who
have sex with men; NG, nongroupable; SG, serogroup; ST, sequence type; VR, variable region.

and New Zealand (n = 1, identified in 2018). These
6 isolates were clustered together and were closely
related with 44 isolates from China within sublin-
eage L44.1 (Figures 2-3). Only the isolate from Japan
showed the typical molecular feature of Anhui out-
break strain (C:P1.7-2,14:F3-3:5T-4821[CC4821]).

Features and Evolution of Serogroup W CC4821 Isolates
A total of 11 MenW isolates from China were iden-
tified; the representative strain designation was
W:P1.5-3,10-2:F1-7:ST-8491(CC4821), with similar
gene profiles of antigen-encoding loci (porA-1804,
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fHbp-474, nhba-966, fetA-37, opcA-4, nspA-117, and
NMB0315-21) and antimicrobial resistance loci (gyrA-
294 with T91L, parC-779, ponA-7, and rpoB-85). These
MenW isolates constituted a distinct cluster in 144 .4;
they were more closely related to NM193 (C:P1.20-
3,23-1:F1-5:5T-3436[CC4821], dating from 1972) than
to NM205 (C:P1.20,23-2:F5-135:ST-4821[CC4821], dat-
ing from 1973) (Appendix 2 Figure 17).

Discussion
The meningococci can cause IMD, leading to endemic
disease in most if not all human populations. Several
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genotypes belonging to hyperinvasive lineages, in
combination with the disease-associated capsular se-
rogroups, can cause elevated levels of disease; some
of which also possess epidemic and pandemic poten-
tial. In the past 100 years, notable epidemics and pan-
demics have included meningococci such as A:CC1,
A:CC5, B:CC41/44, C:CC11, and W:CC11 (35). Here,
we employed a genomic analysis of MenB, MenC,
and MenW CC4821 isolates dating from 1972-2019 to
assess their epidemic and pandemic potential. Of spe-
cial concern are the expansion of the quinolone-resis-
tant clone China“*?"®1-¢/B from China to other coun-
tries; the potential possession of universal resistance
to penicillin in Europe-USA cluster isolates; and the
uncertainty over the potential efficacy of existing vac-
cines to prevent B:CC4821 diseases.

CC4821, which corresponds to lineage 44, shares
several properties in common with the hyperinvasive

Evolution of ST4821 Meningococci

CC11 meningococci (lineage 11): its ability to express
several serogroups, global distribution, colonization
of urogenital and anorectal tracts, and separation into
distinct sublineages. CC11 has caused well-document-
ed epidemics and pandemics on several occasions,
including US military outbreaks in the 1960s; Hajj-as-
sociated outbreaks in 2000s; and the global epidemics
from 2010, especially outbreaks among MSM (34-38).
These similar characteristics raise the concern that
the CC4821 may have the potential to cause similar
global pandemics.

Consistent with the presence of the epidemic
C(C4821 clone in countries outside of China, 6 CC4821
IMD meningococci from India, Japan, and New
Zealand, isolated during 2014-2018, clustered with
China®$2R1-¢/B meningococci in [44.1 (Figure 3).
IMD cases caused by these 6 isolates were all found
in native inhabitants (10,15,39); all 6 isolates shared

Figure 6. Genomic diversity of clonal complex 4821 Neisseria meningitidis sublineage L44.3 isolates. The numbers underneath

the antigen genes and AMR genes are the dominant alleles for that particular gene, and the color blocks for SNPs/1,000 bp were
determined using the allele number labeled above each column as the reference allele. The Europe—USA cluster can be further

divided into 3 subclusters: subcluster L44.3.1, composed of 3 ST6595 isolates from the United States, all of which contained putatively
nonfunctional AniA; L44.3.2, composed of 7 ST3200 isolates from the United Kingdom (n = 6) and Brazil (n = 1); and L44.3.3, composed
of 30 isolates with multiple geographic locations. All the isolates from urethral (n = 2) and rectal (n = 4) swabs were assigned to

L44.3.2 and L44.3.3, both of which comprised isolates with putatively functional AniA. Scale bar indicates substitutions per site. AMR,

antimicrobial resistance; SNP, single-nucleotide polymorphism.
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Table 2. Specific alleles of antigenic genes in 4 sublineages of clonal complex 4821 of Neisseria meningitidis

Antigen allele no. (no. isolates)

Sublineage PorA fHbp nhba PorB FetA-VR OopcA nspA thpA NMB-0315
L44.1,n =50 P1.7-2,14 (25) 22 (12) 124 (48) 3-48(47) F3-3(45) None 4 (49) 7 (36) None
P1.12-1,16-8 (9) 489 (13)
498 (15)
L44.2,n =29 None None 965 (10) 3-81(15) F1-91(20) None None None 335 (26)
967 (12)
L44.3,n =58 P1.17-6,23-x* (23) None None 3-229(35) F3-9(8) 100 (40) 26(39) 1,333(31) 194 (49)
F3-36 (37)
L44.4,n =32 P1.5-3,10-2 (8) None None 3-460(7) F1-7(11) None 117 (20) None None

*23-x refers to 23, 23-2, and 23-6.

similar serogroup, antibiotic, and antigen (except
porA and fHbp) gene characteristics with isolates from
China in this sublineage. In particular, all 6 isolates
harbored the T91l mutation in GyrA, the molecu-
lar marker of quinolone resistance, compatible with
their quinolone-resistant phenotype (10,15,39). These
isolates also had strain-specific features, which sug-
gested that they resulted from transmission from the
China“$2R1-C/B clone. The isolate from Japan, which
had the typical molecular features of the Anhui out-
break strain (C:P1.7-2,14:F3-3:ST-4821[CC4821]) (4),
became the earliest-reported quinolone-resistant me-
ningococcus harboring ParC mutation (S871, allele
1538) to cause IMD worldwide (10). In contrast, none
of the China““*"®1-C/B clone isolates from China had
ParC mutations conferring antimicrobial resistance.
The isolate from Japan was more closely related to the
reference strain 053442 than were the 4 India and 1
New Zealand isolates, which had different STs, porA,
fHbp, and tbpA alleles (Figure 4).

Although we did not identify a putative ances-
tor of the quinolone-resistant clone China““$2-R-C/B jn
this study, we found 299 loci with alleles unique to
this sublineage. Approximately half of these loci were
associated with metabolic pathways, suggesting that
divergence in metabolic genes may play a role in the
emergence of epidemic meningococci. Several studies
have indicated that metabolic genes can influence the
pathogenesis and virulence of the meningococcus,
for example by allowing alternative host resources to
be exploited in invasive disseminated infections (40).
Changes in the hyperinvasive A:CC5 meningococci
circulating in Africa have been associated with HGT
of core genes involved in metabolic processes (41).
The putative donors of these unique alleles included
lineages from different serogroups and dates of isola-
tion, such as C:ST-9514 cluster, 1960s-1970s; A:CC5
and A:CCl1, 1960s-1980s; B:CC32, 1960s; B:CC41/44,
1970s; and E:CC178, 1980s (Table 4). The C:ST-9514
cluster, STs that do not presently form part of a clonal
complex documented in PubMLST, has ST9514 as the
central ST and was predominant in MenC carriage
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isolates during 1965-1980 in Shanghai, China (42).
Therefore, the emergence of China®*?'®</B clone
was perhaps associated with accumulation of these
unique alleles, which accounted for the separation
from other sublineages in the allele-based phylogeny
(Figure 2).

In the PubMLST database, >60% of the CC4821
isolates from outside China were MenB. Of these, 49
genomes were available in this study, including iso-
lates from IMD (n=15) and urogenital and rectal tracts
(n=6). Most of these genomes clustered in sublineage
L44.3 and constituted a distinct cluster, the Europe-
USA cluster, showing the typical strain designation:
B:P1.17-6,23-x:F3-36:ST-3200(CC4821), wherein 23-x
refers to 23, 23-2, and 23-6. The PorA and FetA types
P1.17-6,23-x and F3-36 were only found in this cluster.
The Neisseria PubMLST database had no genome data
for 24 CC4821 isolates from other countries (United
States, Brazil, France, Czech Republic, Spain, Italy,
Australia, and Vietnam), but included PorA or FetA
variants for the 24 isolates (Appendix 1 Table 5). Of
these, 19 (79.2%) exhibited P1.17-6,23-x or F3-36, sug-
gesting they might belong to the Europe-USA clus-
ter. This cluster was distinct from the epidemic clone
China““*2R1-C/B For example, the antigen profile char-
acteristic of the Europe-USA cluster was P1.17-6,23-
x, F3-36, PorB-3-229, fHbp  -16, nhba-553, opcA-100,
nspA-26, and tbpA-1333, compared with P1.7-2,14,
F3-3, PorB-3-48, fHbp-498, 22 and 489, nhba-124, opcA-
4, nspA-4, and thpA-7 in the China““*s#-R-</B clone. In
addition, all the China®*$2'-RI-¢/B jsolates harbored
the mutation T91I in GyrA, whereas almost all of the
Europe-USA cluster isolates possessed mutations in
PBP2 (F504L, A510V, 1515V, H541N, and 1566V). This
may reflect different antibiotic selective pressures ex-
perienced by the Europe-USA and the China““*s2-R!-
/B meningococci. Penicillins were the most-used an-
timicrobial drugs in outpatients in Europe, whereas
China has the second largest global increases of fluo-
roquinolone consumption (43,44). A high frequency
(>70%) of quinolone resistance has been reported in
China since 2005 (5), whereas 65% of meningococci
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in Europe showed reduced susceptibility to penicil-
lin G during 1945-2006 (45). In the 2 oldest isolates
of the sublineage [.44.3, Nm282 (B:P1.20,23:F3-36:ST-
3200[CC4812]) was much closer to the Europe-USA
cluster isolates than Nm323 (B:P1.20,23:F3-36:ST-
5798[CC4821]) (Figure 5), and it seemed more likely
to be the ancestor of the Europe-USA cluster isolates.

Urogenital and rectal meningococci have raised
increasing public health concerns (34). In 2017,
C(C4821 anorectal isolates were identified in the Unit-
ed Kingdom (12). In this study, we identified CC4821
isolates from urethral and rectal tracts that clustered
with isolates from IMD specimens and oropharyn-
geal carriage (Figure 5). With the exception of L44.1
isolates, most of the CC4821 isolates contained a pu-
tatively functional nitrite reductase (AniA), required
for growth in anaerobic environments. The CC4821
isolates acquired quinolone resistance alleles from N.
lactamica and N. subflava (46); the ability to grow in
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anaerobic environments will facilitate acquisition of
gonococcal alleles, including antimicrobial resistance
alleles. Such events seem to have already occurred in
a sublineage of CC11, which was responsible for sev-
eral IMD outbreaks and urethritis among MSM (34).
They shared the same penA allele (penA327/pen AXXX-
IV) with gonococcal bacteria and showed decreased
susceptibility to third-generation cephalosporins (47).
Although PubMLST is the largest global repository
of meningococcal genomes (>22,000), a paucity of ge-
nomic data were available from isolates originating
from the genitourinary or respiratory tract, suggest-
ing an underestimation of the global dissemination of
CC4821. Therefore, we recommend WGS for urogeni-
tal-, rectal-, and respiratory-derived meningococci if
they are exhibiting antimicrobial resistance.

C(C4821 lineage 44 includes isolates from differ-
ent serogroups, including MenB, MenC, and MenW.
In China, MenC and MenW isolates can be prevented

Figure 7. Circular genome map of CC4821 Neisseria meningitidis genome 053442 with BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
comparisons to the genomes of other sublineages. The innermost rings show guanine and cytosine (G+C) content (black) and G+C skew
(negative in purple, positive in green) of genome 053442. The 4 outer rings show BLAST comparisons (using BLASTn and an E-value
cutoff of 10.0) to the complete genome sequence of 053442 (red), Nm449 (green), Nm205 (pale blue), and Nm323 (blue); shading on rings
indicates percentage identity as indicated in the key. Labels around the outer ring refer to the 46 HGT events involving 149 unique loci that
are labeled with their possible donor strain. Red text indicates loci related to most common donors; blue text indicates those with serogroup
A hyperinvasive lineage donors. CC, clonal complex; HGT, horizontal gene transfer; Nm, N. meningitidis; ST, sequence type.
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Table 3. Loci present only in sublineage L44.1 of clonal complex 4821 of Neisseria meningitidis*

Locus Gene ID Product KEGG pathway
NEIS0364 NMCC_0368 Conserved hypothetical protein Genetic information processing
NEIS0365 NMCC_0369 Competence protein ComFC Signaling and cellular processes
NEIS0632 NMCC_0638 Lipoprotein Signaling and cellular processes
NEIS2493 NMBG2136_1300 Hypothetical integral membrane protein Not included
NEIS3165 NMCC 2037 Histone macro-H2A1-related protein Metabolism

*KEGG, Kyoto Encyclopedia of Genes and Genomes.

by vaccines, such as group A and C meningococcal
polysaccharide vaccine (MPV-AC) and MPV-ACYW,
but no routinely administered vaccine is available to
prevent MenB IMD (48). Two protein-based vaccines,
targeting MenB meningococci 4CMenB (Bexsero) and
rLP2086 (Trumenba), have been licensed in several
countries (49-50; reference 51 in Appendix 2), but
limited data are available on the bacterial coverage of
these vaccines to CC4821 isolates directly from serum
bactericidal activity assays, the Meningococcal Anti-
gen Typing System (MATS) for Bexsero, or meningo-
coccal antigen surface expression for Trumenba. One
B:CC4821 isolate (M14-240580, UK) was reported to
be tested using the MATS assay and showed no po-
tential protection (reference 52 in Appendix 2). Using
systems to index complex genotypic and phenotypic
data, such as the MenDeVAR Index, we predicted
that ~60% of B:CC4821 disease-causing isolates might
be prevented through vaccination with Trumenba;
data are insufficient to infer Bexsero reactivity. Fur-
ther testing of globally diverse meningococci is need-
ed with these experimental assays to analyze poten-
tial vaccine impact in settings outside Europe.

In summary, we have undertaken a compre-
hensive genomic analysis of a hyperinvasive me-
ningococcal CC4821 expressing MenB, MenC, and
MenW with expansion from China to other global
geographic locations with currently available ge-
nomic data. We identified key genomic factors and
putative evolutionary changes that might have led
to the emergence and persistence of the epidemic
quinolone-resistant clone in China. Vaccine cover-
age for MenB CC4821 isolates needs further evalu-
ation. Enhanced laboratory surveillance for CC4821
isolates from IMD cases and from oropharyngeal,
urethral, and rectal carriage is needed to monitor
global trends of expansion, which will be essential
for local immunization policies.
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Epidemiologic and Genomic
Reidentification of Yaws, Liberia
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We confirmed endemicity and autochthonous transmis-
sion of yaws in Liberia after a population-based, commu-
nity-led burden estimation (56,825 participants). Sero-
logically confirmed yaws was rare and focal at population
level (24 cases; 2.6 [95% CI 1.4-3.9] cases/10,000 popu-
lation) with similar clinical epidemiology to other endemic
countries in West Africa. Unsupervised classification of
spatially referenced case finding data indicated that yaws
was more likely to occur in hard-to-reach communities;
healthcare-seeking was low among communities, and
clinical awareness of yaws was low among healthcare
workers. We recovered whole bacterial genomes from 12
cases and describe a monophyletic clade of Treponema
pallidum subspecies pertenue, phylogenetically distinct
from known TPE lineages, including those affecting neigh-
boring nonhuman primate populations (Tai Forest, Cote
d’lvoire). Yaws is endemic in Liberia but exhibits low focal
population prevalence with evidence of a historical genet-
ic bottleneck and subsequent local expansion. Reporting
gaps appear attributable to challenging epidemiology and
low disease awareness.

Yaws, caused by the bacterium Treponema pallidum
subspecies pertenue (TPE), is an infection of skin
and soft tissues, affecting primarily children, with
transmission driven by direct human-to-human con-
tact (I). TPE disseminates through the bloodstream
and lymphatic system and can lead to extensive ulcer-
ative or papillomatous lesions and progressive dam-
age to cartilage or bone. In eradication campaigns
that ran during 1948-1964, >300 million persons were
assessed for yaws and >50 million were treated with
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injectable benzathine penicillin, reducing global prev-
alence by as much as 95% (2). Despite this achieve-
ment, interest in yaws eradication waned and the
disease resurged in several countries in Africa, the
Pacific, and Southeast Asia by the 1970s. In 2012 the
World Health Organization (WHO) relaunched erad-
ication efforts based on total community and targeted
treatment with single-dose azithromycin, termed the
Morges strategy (3).

Historically, 103 countries have reported cases of
yaws, but as of 2018 only 14 continued to report con-
firmed cases to WHO (4). It remains unclear whether
this reflects true absence of disease or rather inad-
equate surveillance and loss of disease-specific ex-
pertise (5). A recent modeling study suggested that
more than two thirds of countries without recent data
would be highly unlikely to report yaws without
dedicated active surveillance (4). Furthermore, since
the launch of the Morges strategy, the Philippines re-
mains the only country that previously reported cases
to subsequently confirm autochthonous transmission
(6). Surveillance activities are challenging because of
low population-level prevalence with cases clustered
(7,8) among poor rural populations with low accessi-
bility (9), although there is a lack of objective data on
yaws-endemic communities. Consequently, no stan-
dardized approaches exist to efficiently identify cases
in areas of unknown burden (10,11). One approach
proposed by WHO to is to integrate active surveil-
lance for multiple neglected tropical diseases (NTDs)
that affect the skin (skin NTDs) (12), including yaws,
an approach recently adopted by several countries in
West Africa (13).

For T. pallidum subspecies pallidum, genetic epide-
miology has informed understanding on global trans-
mission patterns and macrolide resistance (14,15).
Despite their close genetic relationship, few whole-
genome sequences are currently available for TPE.

1These senior authors contributed equally to this article.
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Furthermore, yaws-like disease caused by TPE has
now been detected in nonhuman primate species in
several countries in sub-Saharan Africa, including
Cote d'Ivoire (16,17). The direct role of nonhuman pri-
mate species as a potential reservoir for zoonotic infec-
tion is currently unknown, but it may prove critical to
guiding eradication strategies (16). Yaws eradication
efforts will be supported through improved genomic
analyses of human and nonhuman primate TPE at dif-
ferent spatiotemporal scales to inform understanding
of transmission and antimicrobial resistance.

Yaws was previously highly endemic to Libe-
ria; active clinical prevalence was estimated to be as
high as 30% during the first eradication era (18). Na-
tional surveillance systems, however, ceased report-
ing cases by the mid-1970s, and no yaws cases have
been confirmed in subsequent decades (5,19). Several
countries in the region do continue to report high
numbers of yaws cases (5), including neighboring
Cote d’'Ivoire, and there have been anecdotal reports
of unconfirmed cases in Liberia in recent years. As
part of an integrated project on skin NTDs, we un-
dertook an exhaustive population-based burden es-
timation in Maryland County, Liberia, and identified
24 cases of serologically confirmed yaws. We present
detailed epidemiologic and whole-genome character-
ization of these cases and their affected communities.

Methods

Setting and Survey Design

We conducted a population-based cross-sectional in-
tegrated survey for skin NTDs (Buruli ulcer, leprosy,
lymphatic filariasis-associated morbidity, and yaws)
during June-October 2018 in Maryland County, Libe-
ria (census population 165,456) (Appendix 1, https://
wwwnc.cdc.gov/EID/article/27/4/20-4442-Appl.
pdf). Maryland County is in the far southeast part
of Liberia and borders known yaws-endemic re-
gions in Cote d'Ivoire. All communities and residents
were eligible for inclusion. We defined community
health worker catchment areas as primary sampling
units (PSUs), stratified them across all 24 health fa-
cilities, and systematically selected them using prob-
ability proportional to size. The study protocol was
approved by the University of Liberia (PIRE) Insti-
tutional Review Board (no. 18-02-088) and the Eth-
ics Committee of the London School of Hygiene and
Tropical Medicine (no. 14698).

Procedures

Community health workers undertook exhaustive
screening for skin NTDs by visiting all households,

1124

door to door, in their selected PSUs. The community
health workers showed photographs of common skin
NTD lesions to household members who verbally re-
ported whether they, or other household members,
currently exhibited skin lesions similar to those in
the photographs. Suspected skin lesions identified
by community health workers were subsequently
verified by specially trained nonphysician healthcare
workers during follow-up surveys. For the purpose
of this survey, we focused on the typical lesions of
primary yaws, namely ulcerative lesions and papil-
lomas. All persons with lesions compatible with yaws
or tropical ulcer, and any child (<18 years of age) with
any form of ulcer were tested using a rapid trepone-
mal test (SD Bioline, https:/ /www.globalpointofcare.
abbott); if that result was positive, then they were test-
ed with the syphilis dual path platform (DPP) lateral
flow assay (ChemBio, https://chembio.com). During
clinical diagnosis, details of healthcare-seeking be-
haviors and previous diagnoses were recorded, then
confirmed at health facilities. For clinically suspicious
cases of yaws or any other ulcers, swab specimens
were collected from the largest lesion. Lesion samples
were shipped to the London School of Hygiene and
Tropical Medicine, where a multiplex quantitative
PCR (qPCR) assay for both TPE (targeting polA) and
Haemophilus ducreyi (hhdA), and a separate qPCR for
Moycobacterium ulcerans, the causative agent of Buruli
ulcer (152404), were performed. All serologically con-
firmed yaws cases (DPP positive) were referred for
immediate treatment with azithromycin.

Outcome

We defined yaws infection as being positive for both
treponemal and nontreponemal antibodies on testing
with the DPP assay. We defined active yaws as a clini-
cally suspicious lesion in which TPE was detected by
qPCR from a lesion sample. Survey activities also in-
cluded measurement of other skin NTDs (Appendix).

Data Analysis

We estimated prevalence through design-based infer-
ence as a stratified 1-stage cluster design with vari-
ance estimated using jackknife repeated replication
(R version 4.0.1, survey version 3.36; https:/ /www.r-
project.org). The intraclass correlation coefficient
(ICC) of PSUs was estimated from intercept-only bi-
nomial mixed effects models (Ime4 version 1.1-23)
(20). We extracted community accessibility data from
all household GPS point locations (n = 9,375) collected
by community health workers during screening from
open-source GIS layers (raster version 3.1-5). Loca-
tions with missing data (n = 489) following extraction
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were removed and median values aggregated by PSU
for analysis. We used unsupervised classification to
objectively define subpopulations of PSUs with low-
est accessibility in Maryland County. We classified
PSUs using nested (K-means) or partitioning (hierar-
chical agglomerative and divisive) clustering methods
(cluster version 2.1.0). We used Euclidean distance as
a standard measure and limited cluster number be-
tween 2 and 5. We applied Ward’s method for hier-
archical agglomerative classification. We chose the
optimal approach using weighted rank aggregation
across 3 measures of internal validity: Dunn index,
silhouette width, and adjusted connectivity (optClus-
ter version 1.3.0) (21) leading to selection of divisive
hierarchical classification for final analysis.

Whole-Genome Sequencing

From all TPE PCR-positive swabs in the study, we
submitted samples with a qPCR threshold of <Cq 32
for whole-genome sequencing using the pooled se-
quence capture method described previously (14,22).
We mapped Treponema-specific sequencing reads to
the Samoa D reference genome (bwa mem version
0.7.15), as previously described (15), to infer a whole
genome multiple sequence alignment (samtools ver-
sion 1.6, beftools version 1.6, http:/ /www .htslib.org),
contextualized by 33 high-quality publicly available
TPE genomes (and 1 T. pallidum subsp. endemicum as
outgroup) from around the world. We used Gubbins
version 24.1 (https://github.com/sanger-patho-
gens/ gubbins) to mask recombination and generated
a maximum likelihood phylogeny (IQ-Tree version
1.6.10, http:/ /www.igtree.org). Macrolide resistance-
associated alleles were inferred as previously de-
scribed (15). We inferred pairwise single nucleotide
polymorphism distances between samples using
pairsnp  (https:// github.com/ gtonkinhill / pairsnp).
We performed joint ancestral reconstruction using
pyjar (https:/ / github.com/simonrharris/ pyjar).

Results

After exhaustive screening of 56,825 persons from 92
clusters in Maryland County, we assessed 81 persons
with ulcerative or papillomatous lesions meeting
testing criteria for yaws, using an SD Bioline rapid
treponemal test. We identified 28 treponemal sero-
positive persons who were subsequently tested using
the ChemBio DPP. Among this group, we identified
24 cases of serologically confirmed yaws infection; of
these, 17 were PCR-confirmed active yaws lesions.
We estimated the design-adjusted population preva-
lence of serologically-confirmed yaws infection as 2.6
(95% CI 1.4-3.9) cases/10,000 population (Table). Of
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note, the first case of yaws was not confirmed until
36,621 persons had been screened (Figure 1), empha-
sizing the sampling effort in confirmation of the first
case. The spatial distribution of cases was highly fo-
cal, with occurrence in only 8/92 (8.7%) survey clus-
ters and an intraclass correlation coefficient estimated
at 0.93 (Figure 2). Maryland County is divided into 6
health districts; confirmed cases were identified in 3
districts, including a single, isolated case within the
most populated district, Pleebo (Figure 2). Spatial
clustering was also evident from the concentration
of 15 cases (62.5%) among clusters served by a sin-
gle health facility, where the maximum cluster-level
prevalence of 2.0% was observed.

Aside from 1 case in a 32-year-old person, all con-
firmed cases were in persons <18 years of age, most
of whom were male (Table). The most common clini-
cal presentation was a solitary skin lesion. The mor-
phology of the skin lesions was either papillomatous
(12/24; 50.0%) or ulcerated (12/24; 50.0%). A total of
11/12 (91.7%) papillomas had a positive PCR for TPE
(a specimen was missing for 1 sample), compared
with 6/12 (50%) yaws-like ulcers that had a positive
PCR for TPE. In addition, 12 persons identified with
clinically suspicious yaws lesions tested negative by
yaws serology. Among this group, we detected H.
ducreyi in 3 persons and 152404 from M. ulcerans in 2
persons. Most persons with yaws cases (15/24; 62.5%)
reported having symptoms for <6 months, although 3
reported persistence of symptoms for >3 years.

Active healthcare seeking for treatment of yaws
among users of the Maryland health system appeared
low, as did clinical awareness among providers. Few-
er than half of persons with confirmed cases reported
seeking formal healthcare for lesions before survey
activities (Table). Among those seeking care (n = 11),
only 1 person received any formal diagnosis (tropical
ulcer) although 6 (54.5%) received prescription phar-
maceuticals. Use of traditional medicine providers
was rarely reported for persons with confirmed yaws
(2/24, 8.3% of cases) despite the common use of these
pathways for other skin NTDs reported in our proj-
ect (data not shown). Only 1/7 (14.3%) nonphysician
healthcare workers recruited for validation survey
activities reported prior awareness of the clinical di-
agnosis of yaws during presurvey knowledge assess-
ments. Despite this lack of awareness, the positive
predictive value (PPV) of confirmed yaws among clin-
ically suspicious cases was promising after a tailored
training program for healthcare workers (64.5%, 95%
CI 46.5%-80.3%). When broken down by major clini-
cal forms, yaws papillomas demonstrated notably
higher clinical PPV than ulcers (Table). Clinical teams
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were also trained to differentiate between multiple
forms of ulcers. The negative predictive value (NPV)
among all ulcers clinically diagnosed with non-yaws
etiology was high (98.0%, 95% CI 93.1%-99.8%). NPV
remained high (94.4%, 95% CI 81.3%-99.3%) when
limited to only tropical ulcers, the major differential
diagnosis of yaws ulcers.

To objectively classify the accessibility of survey
communities in Maryland County, we used a divi-
sive hierarchical classification algorithm that defined
3 distinct population groups, which we described as
high accessible (65 clusters), low accessible (26 clus-
ters), and very low accessible (1 cluster; Appendix 1).
Yaws cases were identified in all 3 population groups
(Figure 2); the proportion of yaws-endemic com-

munities was inversely correlated with accessibil-
ity (high access: 3/65, 4.6%; low access: 3/26, 11.5%;
very low access: 1/1, 100%; p = 0.041). Four cases of
active yaws were identified in the single very-low-
access cluster (Figure 3, cluster A, prevalence 1.3%).
This community exhibited similar population density
to low-access clusters, but estimated travel times to
cities, calculated using friction surface data, were 2.6
times higher and estimated travel times to health fa-
cilities were 3.6 times higher. More than half the con-
firmed cases (14/24; 58.3%) were identified in high-
access clusters, including 1 community with 10 cases
and prevalence of 2.0% (Figure 3, cluster B). Among
the high-access communities, no cases were identified
in clusters a priori defined as urban or periurban.

Table. Descriptive epidemiological characteristics of serologically confirmed yaws cases, Liberia*

Characteristic Value
Total serologically confirmed cases 24
Total PCR-positive lesions 17 (70.8)
Whole genome recovered 12 (50.0)
Prevalence of serologically confirmed yaws, cases/10,000 population (95% ClI)
Crude prevalence in survey population 4.2 (2.5-5.9)
Design-adjusted population prevalence 2.6 (1.4-3.9)

Clinical diagnostic accuracy, % (95% CI)
Positive predictive value of all suspected yaws
Positive predictive value of yaws ulcers
Negative predictive value of tropical ulcers
Positive predictive value of yaws papilloma

64.7 (46.5-80.3)
47.6 (25.7-70.2)
94.4 (81.3-99.3)
92.3 (64.0-99.8)

Case demographics

Median age, y(interquartile range)t 10 (8.2-12.0)
Sext
M 17 (73.9)
F 6 (26.1)

Clinical presentation

Ulcer 12 (50.0)

Papilloma 12 (50.0)
No. active lesionst

1 17 (73.9)

2 3(13.0)

3 2(8.7)

10 1(4.4)
Patient-reported duration of lesion

<8 wk 9 (37.5)

8-26 wk 6 (25.0)

27 wk-1y 5(20.8)

1-3y 0

>3y 3(12.5)

Unknown 1(4.2)
Sought formal healthcare for lesion(s)

Yes 11 (45.8)

No 13
Provided with any diagnosis from health provider

Yes 14.2)

No 23
Treated lesion(s) with prescription pharmaceuticals

Yes 6 (25.0)

No 18
Sought traditional medicine for lesion(s)

Yes 2 (8.3)

No 22

*Values are no. (%) except as indicated.
tMissing data for 2 cases.
tMissing data for 1 case.
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Figure 1. Clinical presentation
and serological results of the
first confirmed case of yaws
since the 1970s and first whole
Treponema pallidum subspecies
pertenue (TPE) genome from
Liberia. A) Papillomatous yaws
lesion below the right knee. B)
Paired serological results from
this case. Dual path platform
syphilis lateral flow assay
(ChemBio, https://chembio.
com) shows antibody binding to
treponemal and nontreponemal
antigen indicative of active yaws
infection. A complete genome
sequence was recovered from
this case (Figure 3).

We conducted a sensitivity analysis using alter-
native clustering algorithms (k-means and agglom-
erative hierarchical). Both outputs failed to define a
very-low-access group, yet delineated low-access
populations with strong concordance to the origi-
nal grouping. Yaws cases were similarly distributed
across these 2 groups but lacked statistical evidence
of a difference (agglomerative; high, 4/66, 6.1%; low,
4/26,15.4%; p = 0.22). We also repeated classification
analysis with leprosy-endemic communities (Appen-
dix 1). This showed that leprosy did not follow the
same patterns as yaws, with cases most frequent in
high-access clusters (22/65, 33.8%; low access, 5/26,
19.2%; very low access, 0/1; p = 0.38).

We were able to recover whole genomes from
12 of the 17 PCR-positive lesion samples (Appen-
dix 1 Table 1). We identified a novel monophyletic
TPE clade in Maryland County (Figure 3) in which
all sequences were phylogenetically distinct rela-
tive to publicly available TPE genomes isolated from
humans and nonhuman primates (Figure 4). This
distinction includes clear separation from the geo-
graphically related TPE genomes isolated in nonhu-
man primates from nearby Tai National Park (Cote
d’Ivoire). All Liberia genomes were extremely closely
related; 10 variable genome positions described the
entire Liberia subtree, and a maximum of 7 pairwise
single-nucleotide polymorphisms exist between any
2 TPE genomes. Ancestral reconstruction on the phy-
logeny inferred that the maximum number of sub-
stitutions from the common ancestor of all genomes
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sequenced from Maryland County was 4. Contextual-
ized by previous estimates that the molecular clock
rate of T. pallidum is 4-9 years/substitutions/genome
(14,23), which suggests a recent common ancestor
within the past 16-36 years. Despite low overall di-
versity, there remained evidence of local geographic
separation within Maryland County genomes, par-
ticularly among 2 northernmost communities (Figure
3, clusters A, B). All sequences were predicted to be
azithromycin sensitive based on in silico analysis of
the 2 known azithromycin resistance loci (A2058G,
A2059G) in the 23S ribosomal regions previously re-
ported for syphilis or yaws.

Discussion

We have demonstrated through deployment of com-
prehensive serologic and molecular tools that yaws
remains endemic to Liberia and have provided de-
tailed epidemiologic description of the cases and
the affected communities. Our results also provide
novel insight into the genetic epidemiology of yaws
in West Africa and the operational challenges of
identifying yaws cases in countries with unknown
disease distribution.

The clinical profile of yaws in Liberia is similar to
those from other endemic countries in West Africa:
the disease is predominantly detected in male chil-
dren who have a high proportion of papillomatous le-
sions (24). We showed that TPE genomes in Maryland
County form a monophyletic clade that is clearly dis-
tinct from other publicly available TPE genomes. The
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low genomic diversity within samples from Liberia is
consistent with previous observations regarding low
mutation rates of TPE and TPA (14,23) yet contrasts
the genetic and geographic structuring observed in
the broader global phylogeny. This finding suggests
evolution and expansion of local TPE strains from a
common ancestor subsequent to the benzathine peni-
cillin-based eradication campaigns conducted until the
1960s, rather than recent importation from elsewhere.
This information contrasts with a recent study on high-
ly endemic Lihir Island, Papua New Guinea, where
TPE was polyphyletic and exhibited >3 distinct phy-
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logenetic clades (15). These observations were made
despite a smaller geographic area and population and
may reflect both higher TPE transmission rates and
mobility among island inhabitants. Repeated events
similar to those observed in Liberia occurring across
the West Africa region may also explain the broader
geographic structuring (Figure 4). Under this scenario,
circulating TPE populations may have undergone his-
toric collapse as a consequence of previous eradication
efforts, leading to genetic bottlenecks and subsequent
expansion of isolated residual cases. Characterization
of genomes from other spatially contiguous locations

Figure 2. Spatial occurrence and
accessibility of yaws endemic
communities in Maryland County, Liberia.
A) All survey cluster centroids (n = 92).
Yaws endemic clusters are shown by
large gray circles. All survey clusters were
classified based on accessibility criteria
into high access (pink), low access (blue),
and very low access (yellow) using open-
source GIS datasets. Black features

are OpenStreetMap defined buildings
(©OSM Contributors) to provide indication
of structural density. B, C) Main urban
centers of Maryland County: Pleebo (B)
and Harper (C). Inset: Results of divisive
hierarchical classification. The axes of this
plot show the principal components and
proportion of variance explained by each
component.
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Figure 3. Spatial and phylogenetic distribution of 12 whole genome TPE sequences isolated from serologically confirmed yaws cases in
Maryland County, Liberia. Genomes are extremely closely related but show evidence of geographical separation. A) Regional map with
study area highlighted in red. B) Maryland County, indicating sampling location of Treponema genome (colored by survey cluster). C)
Maximum-likelihood whole genome phylogeny of Liberia genomes, scaled by substitutions per site, showing phylogenetic relationships
of patient samples. Ultra-fast bootstrap values >95% are indicated on the tree. Map tiles by Stamen Design (CC-BY 3.0), map data by
OpenStreetMap (ODbl). TPE, Treponema pallidum subspecies pertenue.

will, however, be required to better understand fine-
scale transmission in this region.

The bacterial genomes we describe were recov-
ered from human patients with yaws who were <200
km from Tai National Park and represent the closest
geospatial overlap with nonhuman primate TPE ge-
nomes currently available (16). These human-derived
TPE genomes appearing completely unrelated to
those from nonhuman primates, coupled with our
detection of only a single monophyletic clade, high-
light the importance of geography on TPE population
structure. This finding is also inconsistent with re-
cent zoonotic transmission between humans and the
nonhuman primates in this area (17), although more
intensive, localized sampling is needed to affirm our
understanding of TPE as a potential zoonosis.

Recent implementation of azithromycin mass
drug administration (MDA) in Papua New Guin-
ea led to the emergence of azithromycin-resistant
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strains of TPE (25). We found no evidence of azithro-
mycin-resistant alleles in any TPE genomes in Libe-
ria. To our knowledge, these genomes represent the
western limit of human TPE genomes described in
Africa and suggest low prevalence or selection pres-
sure for resistance alleles in Maryland. The absence
of azithromycin MDA programs across Liberia (26)
for either yaws or trachoma is a key consideration
for low selection pressure.

Given the sampling methods used during this
study, exhaustive screening among a large popula-
tion fraction, our findings provide useful insight into
the process of confirming yaws cases in areas of un-
known distribution. In light of the extensive screen-
ing, the low observed prevalence and highly focal
nature of the disease were particularly striking, rein-
forcing the limited feasibility of stand-alone survey-
based approaches for detecting yaws. Surveys and
case-finding activities for yaws should instead be
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considered when integrated alongside those for other
skin NTDs to maximize efficiency (12,27). Our find-
ings also support the use of larger implementation
units for MDA at the county level, equivalent to the
WHO definition of districts, following confirmation
of an active yaws case, given the evident difficulty in
excluding occurrence within smaller implementation
units. We also sought only cases with active clinical
symptoms of yaws disease, which means that our es-
timate of yaws infection is likely a substantial under-
estimate, given that the ratio of active to latent infec-
tion can be as high as 1:6 (28).

Although standalone surveys for yaws may be
unsuitable, our results suggest that community-led

case finding activities should be considered, includ-
ing photo-based screening. Our accessibility analysis
also provides some support for WHO guidance of
purposively selecting remote communities for these
activities (11). Our data suggested that the propor-
tion of communities with yaws cases was greater
among those classified as low or very low access. Our
approach identified a single very-low-access cluster
with high prevalence of confirmed yaws, thus sup-
porting the idea that extremely remote settings may
be at highest risk. The need for targeted case finding
in areas of unknown distribution was further empha-
sized by the large sampling effort before identifica-
tion of the first case in our survey process. Of note,

Figure 4. Global context of whole Treponema pallidum subspecies pertenue (TPE) genomes from Liberia. Liberia genomes form a
monophyletic clade, genetically distant from publicly available genomes including 3 isolated from nonhuman primates in nearby Tai
National Park (Cote d’'Ivoire). Plot shows a maximum-likelihood phylogeny of 12 Liberia genomes contextualized with 34 published
global genomes, scaled by substitutions per site. Ultra-fast bootstrap values >95% are indicated on the tree. Colored tracks show
country of sampling and original host organism. Novel Liberia genomes from this study are indicated with blue labels.
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however, half of all yaws-endemic communities in
Maryland were defined as high access. Even though
no cases were found in periurban or urban settings,
these data show that if activities were focused solely
on the most remote communities, most cases would
be missed, a crucial point in light of eradication goals.

A recent modeling analysis indicated that, on
the basis of several epidemiologic and structural fac-
tors, Liberia was unlikely to report yaws cases, even
if present (4). Our findings indicate that knowledge
and healthcare seeking for yaws among both health-
care workers and communities appeared low. Cou-
pled with both our epidemiologic and accessibility
findings, this contextual information highlights the
challenges of yaws surveillance. We did, however,
demonstrate that nonphysician healthcare workers
could be trained to provide reliable clinical diagnoses
of suspicious lesions despite limited prior awareness.
These results are promising, given that the PPV and
NPV of yaws can be low because of differential diag-
noses (29,30). The high PPV attributable to papilloma-
tous lesions also highlights that a clinical case defini-
tion of a yaws-like papilloma may be an effective tool
in settings where serologic or molecular diagnostics
are not available.

Our study’s limitations include the potential for
missed yaws infections or cases of active disease. We
did not screen every community in Maryland Coun-
ty, and community healthcare workers may have
missed cases during case finding, nor did we train
community healthcare workers to screen for the less
common clinical manifestations of yaws. To reduce
selection and classification bias, we administered
rigorous training, real-time data monitoring, and
quality control surveys in all community healthcare
worker-surveyed clusters. Despite these efforts,
both the prevalence of active yaws and genomic di-
versity of TPE in Maryland County could be greater
than we report. In addition, we did not character-
ize latent yaws through widespread serologic test-
ing; therefore, we cannot provide indications of the
prevalence of latent infection. The inherent limita-
tions of high host and bacterial contamination, com-
bined with low Treponema load in swab specimens,
permitted us to recover genomes from only 12 of 17
PCR-confirmed cases, meaning that we may have
missed unsampled diversity.

Our use of exhaustive, rigorously validated sam-
pling methods provides an unusual level of insight
into the epidemiology of yaws and the public health
challenges associated with confirming cases in areas
of unknown burden. Coupled with the genomic char-
acterization of TPE, we provide key details of TPE
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diversity in this region, which expands and reinforc-
es understanding of TPE spatiotemporal diversity in
West Africa. Other previously yaws-endemic coun-
tries can use our approaches and findings to inform
surveillance activities and to support global yaws
eradication efforts.
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