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PERSPECTIVE

Reflections on 40 Years of AIDS

Kevin M. De Cock,* Harold W. Jaffe,* James W. Curran

“When the history of AIDS and the global response is
written, our most precious contribution may well be that, at
a time of plague, we did not flee, we did not hide, we did
not separate ourselves.”

—Jonathan Mann, Founding Director of Project SIDA
and the World Health Organization Global Programme on
AIDS, 1998

June 2021 marks the 40th anniversary of the first de-
scription of AIDS. On the 30th anniversary, we defined
priorities as improving use of existing interventions,
clarifying optimal use of HIV testing and antiretroviral
therapy for prevention and treatment, continuing re-
search, and ensuring sustainability of the response.
Despite scientific and programmatic progress, the end
of AIDS is not in sight. Other major epidemics over the
past decade have included Ebola, arbovirus infections,
and coronavirus disease (COVID-19). A benchmark
against which to compare other global interventions
is the HIV/AIDS response in terms of funding, coor-
dination, and solidarity. Lessons from Ebola and HIV/
AIDS are pertinent to the COVID-19 response. The fifth
decade of AIDS will have to position HIV/AIDS in the
context of enhanced preparedness and capacity to re-
spond to other potential pandemics and transnational
health threats.

orty years ago, on June 5, 1981, the Centers

for Disease Control’'s Morbidity and Mortality
Weekly Report described 5 cases of Pneumocystis
pneumonia in gay men (1). That report herald-
ed the HIV/AIDS pandemic, which has resulted
in over 75 million HIV infections and 32 million
deaths. In 2011, we reviewed 30 years of AIDS and
commented that the HIV/AIDS response would
be a benchmark against which responses to other
health threats would be compared (2). After 40
years of AIDS, we present our personal reflections

Author affiliations: Centers for Disease Control and
Prevention, Atlanta, Georgia, USA (K.M. De Cock, H.W. Jaffe);
Emory University and Emory Center for AIDS Research,
Atlanta (J.W. Curran)
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on scientific and global health evolution over the
fourth decade of AIDS in a world that has recent-
ly suffered other major epidemics. We focus on
biomedical advances because these have had the
greatest effect on HIV transmission and disease;
advances in structural and behavioral interven-
tions are reviewed in the CDC Compendium of Ev-
idence-Based Interventions and Best Practices for
HIV Prevention (3).

After the initial MMWR report was published, it
took 2-3 years for the cause of AIDS, the novel ret-
rovirus designated HIV, to be identified (4,5), and
many more years to uncover its simian origin (6). Be-
cause of the asymptomatic spread of HIV, the long
incubation period before disease, and transmission
through sex and blood, millions of persons around
the world, including several hundred thousand in
the United States, were infected by the time the first
AIDS cases were reported. The epidemiology and
natural history of HIV infection, combining elements
of acute and chronic diseases, ensured a diverse and
long-lasting pandemic.

The history of HIV/AIDS and the struggle to
contain it have seen the best and worst of human
nature. Frequent examples of discrimination and
exclusion are contrasted by leadership, illustrated
by community activists (7), Jonathan Mann mold-
ing the first global response (8), Kofi Annan rallying
the United Nations behind the search for a global
fund (9), and President George W. Bush committing
United States generosity to a war on HIV/AIDS of
uncertain duration (10). Despite continued instances
of injustice, the story has overall been a positive one,
providing lessons for how to respond to other epi-
demic and pandemic threats.

Evolving Epidemiology

The Joint United Nations Programme on HIV/AIDS
(UNAIDS) estimates that in 2019, 38 million persons
worldwide were living with HIV, 1.7 million became
newly infected, and 690,000 died with HIV disease

‘Retired.
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(11). Compared with 2010 estimates, overall HIV in-
cidence in 2019 decreased by 23% and mortality by
37%. However, age stratification shows that new in-
fections have decreased by 52% among children but
by only 13% among adults. With reduced mortality
rates yet continued HIV incidence and population
growth, the overall number of persons living with
HIV was 24% greater in 2019 than in 2010.

Global summaries hide regional differences. The
epicenter of the pandemic remains in East and south-
ern Africa, which account for 54% of all HIV-infect-
ed persons and 43% of incident HIV infections and
deaths (11). High prevalence of HIV-infected persons
with unsuppressed viremia predicts high incidence
and maintenance of community infection, an obser-
vation that applies to regions and countries, as well as
specific populations such as men who have sex with
men (MSM).

The next greatest HIV burden is in the Asia and
Pacific region, where the population is vastly greater
than that of East and southern Africa but there are
3.5 times fewer HIV-infected persons (11). Despite
overall prevention progress, HIV incidence has
not declined equally everywhere; little success has
been seen in eastern Europe, the Middle East, and
Central Asia.

Ever clearer is the global burden of HIV in key
populations: MSM, transgender persons, people who
inject drugs, sex workers and their clients, and incar-
cerated persons. In 2019, an estimated 62% of all new
HIV infections were in members of those key popula-
tions (11). In 7 of the 8 UNAIDS regions, key popula-
tions accounted for 60%-99% of incident HIV infec-
tions; only in East and southern Africa, where the
proportion was 28%, were new infections predomi-
nant in general populations (11).

Among high-income nations, the most heavily af-
fected country is still the United States. In 2018, a total
of 37,881 HIV infections were newly reported, with
regional differences (12). In the South, the rate of new
infections was more than twice that for the Midwest,
where the rate was the lowest. Major disparities by
race/ethnicity persist; the rate among Black/African
American persons is 2 times that among Hispanic
and 8 times that among White persons. Also associ-
ated with higher rates are factors indicating social
deprivation and poverty, even allowing for racial
and ethnic disparities. Among new HIV infections,
70% resulted from male-to-male sex. A cause for con-
cern is potential overlap between the HIV/AIDS and
opioid epidemics through increased drug injection
and needle sharing, which has resulted in explosive
HIV outbreaks (13).

1554

Evolving Science and Program

In our 2011 commentary (2), we considered the fol-
lowing as priorities: improving use of existing inter-
ventions, defining how best to use HIV testing and
antiretroviral therapy (ART) for prevention as well as
treatment, continuing the quest for new knowledge
and interventions, and ensuring sustainability of
the global response. By and large, progress has been
made on all fronts.

After the CAPRISA 004 trial of precoital and post-
coital use of tenofovir gel was published in 2010 (14),
the Ring (15) and Aspire (16) studies (randomized,
placebo-controlled trials in South Africa) examined
the protective efficacy of a self-inserted vaginal ring
impregnated with slow-release dapivirine, a non-
nucleoside reverse transcription inhibitor. The over-
all efficacy rates for reducing HIV incidence were
31% (Ring) and 27% (Aspire); many questions about
overall efficacy, adherence, and differences by age re-
mained. This collective experience provided proof of
concept for woman-controlled prevention but did not
provide the definitive public health solution to high
HIV incidence among young women in Africa.

Four pivotal randomized trials (17-20) of oral
preexposure prophylaxis (PrEP) with Truvada (com-
bination of tenofovir and emtricitabine) were pivotal
for international licensing of the compound. The rel-
evant trials studied MSM, transgender women hav-
ing sex with men, and at-risk heterosexual persons.
A review of evidence considered another 9 studies,
some of tenofovir alone, in different populations in-
cluding people who inject drugs (21). The pivotal tri-
als showed reduced HIV incidence (44%-86%) with
Truvada use. However, a consistent observation has
been a strong association between efficacy and adher-
ence; PrEP is effective, but the drugs need to be taken.

Subsequent research focused on differential tis-
sue penetration of drugs to relevant anatomic sites
in men and women and on modes of drug delivery.
HIV Prevention Trials Network (HPTN) studies
compared the prevention efficacy of the long-acting
injectable drug cabotegravir with Truvada in men
and transgender women who have sex with men
(study 083 [22]) and in heterosexual women (study
084 [23]). Interim results showed that cabotegravir,
delivered every 8 weeks by injection, was associ-
ated with 66% lower incidence than oral Truvada
in study 083 and 89% less in study 084. The long
half-life of cabotegravir enables intermittent dosing,
but waning drug levels over time may become sub-
therapeutic, thus requiring additional interventions
to prevent infection and preclude development of
drug resistance.
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In its 2016 guidelines, the World Health Orga-
nization (WHO) recommended public health use of
PrEP, as have other national and international regu-
latory or advisory bodies. However, the enthusiasm
engendered by PreP science needs to be tempered by
consideration of cost, need for rigorous adherence,
rising rates of other sexually transmitted infections
and thus need for continued condom use, and contra-
ception for women. Long-acting injectables could be a
major advance, but accessibility and logistics for their
delivery need to be considered.

Mathematical modeling and ecologic studies sug-
gested that greatly increased delivery of ART could
reduce HIV transmission at the community level. The
definitive study showing that ART provided preven-
tion benefits was the landmark HPTN 052 study (24),
published in interim form in 2011. This trial among
discordant couples found a 96% reduction in HIV
transmission among those who started ART early
versus those for whom it was deferred. Combined
with an influential modeling study (25) that sug-
gested that regular HIV testing and immediate use
of ART could suppress and perhaps ultimately elimi-
nate HIV transmission, the results of HPTN 052 led
to studies in East and southern Africa of the so-called
test and treat intervention (26-29). These studies were
community randomized evaluations of widespread
HIV testing and immediate ART compared with stan-
dard care; the primary endpoint was HIV incidence.
These large, expensive implementation science stud-
ies yielded rich information but did not lead to local
HIV elimination. Of the 4 studies, 2 showed no sig-
nificant incidence reduction and the other 2 showed
20%-30% reduction.

One of the reasons for the unexpectedly modest
differences in HIV incidence between intervention
and control communities in the test and treat study
was changing global practice with regard to when
to start ART. In 2015, results of the START (30) and
TEMPRANO (31) trials showed unequivocally that
immediate ART, irrespective of CD4+ lymphocyte
count, resulted in reduced HIV-associated disease
and death, ending more than 2 decades of argument
about when to start treatment. WHO rapidly changed
global recommendations to immediately start ART,
one result of which was erosion of differences be-
tween intervention and control communities in the
test and treat trials.

Although test and treat did not reduce HIV inci-
dence to the extent hoped for, the accumulated evi-
dence supports the notion of early, universal ART for
extending the lives of HIV-positive persons as well as
reducing the prevalence of unsuppressed viremia, the
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driver of HIV transmission. Large observational stud-
ies (32) showed that persons with suppressed viremia
do not transmit the virus sexually, leading to the slo-
gan “U = U” —undetectable equals untransmittable.
This experience provides a much more compelling ar-
gument for active HIV case finding through increased
HIV testing and partner notification, to enhance in-
dividual and public health through early treatment.

Although none of the approaches described pro-
vides a unique solution, the combination of wide-
spread HIV testing, early ART for those infected, and
PrEP for those at risk offers opportunity for substan-
tially limiting the epidemic. Such approaches have
been associated with reductions in new HIV infections
among MSM in London, UK (33), and in New South
Wales, Australia (34). In the United States, these ad-
vances — testing, case finding including through part-
ner notification, universal treatment, PrEP, and rapid
molecular investigation of clusters for service provi-
sion—have been incorporated into a revised national
strategy for HIV elimination (35).

Progress toward an HIV vaccine remains dis-
couraging. The only report of protective efficacy,
published in 2009, has been the RV-144 study in Thai-
land (36), which investigated use of a recombinant
canarypox vector vaccine (ALVAC-HIV) delivered
in 4 monthly priming injections followed by a recom-
binant glycoprotein 120 subunit vaccine (AIDSVAX
B/E) given in 2 additional injections. Reported effi-
cacy was 26%-31%, but statistical and technical in-
terpretation of these results was controversial (37).
In 2016, the HVTN 702 study was launched in South
Africa and used the same product as in the Thailand
trial but modified for the dominant subtype C. Af-
ter interim analysis, the study was halted for futility
in early 2020 (38). Other efficacy studies of vaccines
based on so-called mosaic immunogens from diverse
HIV subtypes are in progress.

There has been great interest in broadly neutral-
izing antibodies to HIV, which some infected persons
produce naturally and which might protect against a
wide variety of strains. Two international trials of in-
fusions with a broadly neutralizing antibody, VRCO01,
every 8 weeks showed relative protection against sen-
sitive strains but no significantly reduced HIV inci-
dence overall (39).

In 2014, UNAIDS launched its 90:90:90 initiative,
aiming for 90% of persons with HIV infection to be
diagnosed, 90% of those with an HIV diagnosis to
receive ART, and 90% of those receiving treatment
to show viral suppression by 2020. Globally, the re-
spective proportions in 2019 were 81%, 82%, and 88%,
so that an estimated 59% of persons living with HIV
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were showing viral suppression. Initially, 90:90:90
(with a goal of these numbers being 95s by 2030) was
an advocacy proposal rather than an evidence-based
initiative, but these targets have become adopted as
policy promising “epidemic control,” itself a concept
requiring precise definition (40).

ART scale-up, increased male circumcision, and
prevention of mother-to-child transmission have all
contributed to encouraging advances in the most
heavily affected regions of Africa (11,41,42). Success-
ful program implementation and declines in new
HIV infections and deaths, combined with scien-
tific progress, have led to a certain complacency that
“AIDS is over.” Former US Secretary of State Hillary
Clinton and staff promoted the idea that current tools
could abruptly halt the epidemic. We largely agree
with the 2018 judgment of the International AIDS So-
ciety-Lancet Commission on AIDS: “The HIV/AIDS
community made a serious error by pursuing ‘the
end of AIDS" message” (43). Key populations, hiding
in obscurity as well as in plain sight, will probably
remain as reservoirs, even with highly performing
programs. Experience in East and southern Africa has
highlighted the challenge of adequate service provi-
sion to youth and men. Stigma and discrimination
remain barriers in many parts of the world, and lack
of an HIV cure (a priority research area) and vaccine
remain scientific obstacles (44).

Evolving Global Health
The HIV/AIDS pandemic has evolved in paral-
lel with other global health events that necessarily
influence how HIV/AIDS is perceived and priori-
tized. In a 2012 paper, author K.D.C. suggested that
global health trends could best be analyzed through
the lenses of development, public health, and health
security (45). The fourth decade of AIDS started in
the aftermath of the global financial crisis and the in-
fluenza (HIN1) pandemic and is finishing amid the
coronavirus disease (COVID-19) pandemic. Although
substantial progress has been made toward reducing
maternal deaths, improving child survival rates, and
scaling up programs for HIV/AIDS, malaria, and
tuberculosis, the past decade has seen major disease
outbreaks and a consequent focus on health security.
Because of its sociodemographic effects, AIDS was
portrayed as a security issue in United Nations dis-
cussions early in this century. With massive scale-up
of treatment and prevention, HIV/AIDS is now per-
ceived as another public health priority rather than a
security emergency.

In 2014, Ebola was reported in Guinea, Liberia,
and Sierra Leone, far west of previously recognized
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outbreaks. The epidemic lasted until mid-2016 and
ultimately resulted in 28,646 reported cases and
11,323 deaths (46). Infections were exported to 3 oth-
er countries in Africa, several countries in Europe,
and the United States. This health crisis resulted in
widespread fear of possible global spread, unparal-
leled global mobilization of emergency health assis-
tance including use of armed forces of the different
high-income countries, and political involvement at
the highest levels of governments and the United
Nations. Subsequent outbreaks of Ebola have oc-
curred in Uganda and the Democratic Republic of
the Congo (DRC), including a large epidemic in con-
flict-ridden eastern DRC in 2018-2020 that resulted
in 3,481 reported cases and 2,299 deaths (47). Under-
emphasized aspects of these Ebola epidemics were
that cases over the past 6 years represent more than
90% of all cases reported cumulatively since recogni-
tion of Ebola in 1976; that vast geographic distances
were involved; and that these outbreaks were largely
urban, sometimes involving capital and other major
cities. Ebola epidemiology has changed from that of
an exotic, remote infection in Africa to one capable of
causing extensive urban outbreaks threatening glob-
al health (48). Also of note was that field research
conducted during the outbreaks under the most dif-
ficult conditions showed efficacy of a vaccine and
therapeutics, both now considered the standard of
care for Ebola (49,50).

Over the past decade, arboviral epidemic activ-
ity has been diverse. The epidemics of yellow fever in
Angola and the DRC in 2015-2016 were the world’s
largest over the past 30 years. A total of 965 cases and
400 deaths were reported, but true numbers were far
greater. Over 30 million persons were vaccinated,
and shortage of yellow fever vaccine required health-
care providers to resort to the untested practice of
fractionating vaccine doses (51). Huge epidemics of
chikungunya and dengue occurred internationally;
virus was transmitted to areas previously considered
at low risk, such as Europe (52). In 2015, the Zika epi-
demic raised global concern when infection with this
virus was shown to be associated with microcephaly
in infants and with Guillain-Barré syndrome and to
be sexually transmissible. The outbreak resulted in at
least 3,700 cases of birth defects in the Americas (53).

In 2005, after the outbreak of severe acute re-
spiratory syndrome (SARS), WHO revised its Inter-
national Health Regulations (54). A key change was
authority to declare a Public Health Emergency of
International Concern, a health emergency that could
result in international spread or required coordinated
action. WHO has implemented this authority only 6

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 6, June 2021



times, 5 of them during the fourth decade of AIDS: for
polio (2014), Ebola (2014 and 2019), Zika (2015), and
COVID-19 (2019).

Related to health security are the interrelated
challenges of global warming, demographic change,
and migration. Climate change affects social and en-
vironmental determinants of health, such as access
to clean air, water, shelter, and arable lands, but also
exerts direct health effects. The United Nations High
Commissioner for Refugees characterized 2010-2019
as “a decade of displacement,” during which 100 mil-
lion persons were forced to flee their homes, many
because of conflict such as that in the Middle East.
During 2014-2020, some 20,000 migrants crossing the
Mediterranean Sea to Europe drowned, and another
12,000 or more were unaccounted for.

Broad themes that have dominated global health
discourse include the transition from the era of the
Millennium Development Goals (MDGs; 2000-2015)
to that of the broader Sustainable Development Goals
(SDGs; 2015-2030) (55) and the issue of universal
health coverage. Other disease-specific programs re-
quire continued support, such as the unfinished ef-
forts to eradicate polio and Guinea worm disease.
The MDGs had 3 specific health goals relating to child
survival; maternal health; and HIV / AIDS, tuberculo-
sis, and malaria. Only 1 of the 17 SDGs is devoted to
health, SDG3, which has 13 targets and 28 indicators.
Specifically, SDG3 calls for: “By 2030, end the epi-
demics of AIDS, tuberculosis, malaria and neglected
tropical diseases and combat hepatitis, water-borne
diseases and other communicable diseases.” Another
target and WHO priority is provision of universal
health coverage, global access to decent healthcare,
and protection against penury from out-of-pocket
health expenditures. HIV/AIDS exists in a crowded
and complex global health space.

Preparing for the Fifth Decade of AIDS
As the world emerged from the financial crisis a de-
cade ago, there was concern that HIV/AIDS fund-
ing might be constrained. Development assistance
for health reached $40.6 billion in 2019, an increase
of 15% over the amount in 2010 (56). Approximately
half of this assistance goes to HIV/AIDS, especially
for treatment, and to newborn, maternal, and child
health. Thus, although health security has eclipsed
health development and global public health in this
fourth decade of AIDS, financial commitments have
been largely maintained.

The overall annual spending on HIV/AIDS by
low- and middle-income countries is ~$20.2 billion,
of which ~$9.5 billion represents donor funding.
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UNAIDS consistently communicates that to meet
SDG targets, overall spending on HIV/AIDS needs
to increase by ~40%. Nonetheless, this HIV-specific
spending is privileged compared with funding for
other high-impact diseases in low-income settings,
such as malaria and tuberculosis. AIDS is no longer
among the 10 leading causes of death globally and is
now widely viewed as a medically manageable dis-
ease. HIV/AIDS prioritization and funding may be
justified by the youthful groups affected and its life-
long nature, but this view may be increasingly chal-
lenged. Expecting the United States to pay indefi-
nitely for most of the world’s HIV/AIDS response is
unrealistic. The end of the SDG era in 2030 will prob-
ably come with reappraisal of global commitments,
including those for global health funding, disease-
specific focus, and maintenance of single-disease
organizations such as UNAIDS. Over the coming
years, HIV/ AIDS programs need to show good fiscal
management and epidemiologic results, and affected
countries need to shoulder an increased share of their
disease burdens.

Lessons from HIV/AIDS and Other Epidemics

The most dramatic epidemics in recent time (COV-
ID-19 [57], Ebola, and HIV/AIDS) involve quite dif-
ferent biological agents and challenges yet also raise
common themes and questions. Especially needed are
global responses to challenges that transcend national
borders. Pathogen emergence is enhanced by global-
ization, but globalized systems are needed to address
an interconnected worldwide emergency. The slogan
“no one is safe until everyone is safe” has been heard
in relation to COVID-19, but it was said years ago
about HIV. And global health needs global funding.

Individual leaders and organizations have per-
formed valiant work on COVID-19, yet countries
have isolated themselves in all senses, resulting in
global fragmentation. Major powers look inward yet
are reluctant to cede space, and the influence of mul-
tilateral agencies is limited. WHO was heavily criti-
cized after the Ebola epidemic in West Africa but is
constrained by restricted authority, inadequate fund-
ing, and unrealistic expectations from member states.
Repeated calls for WHO reform are unclear about
what is really wanted.

Honesty is required concerning preparedness
and surveillance. The Ebola epidemic in West Afri-
ca became as severe as it did because the 3 affected
countries had been neglected for years and had no
functioning surveillance and public health infrastruc-
ture. We cannot say that severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was completely
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unexpected; the literature on pandemic threats is
voluminous. SARS in 2002-2003 was severe but not
widespread; the 2009 influenza (HIN1) pandemic
was widespread but not severe. It is hubristic to as-
sume that pathogen severity and spread would al-
ways segregate, yet we were not prepared. Prepared-
ness metrics can give false reassurance, witnessed by
the lamentable response to COVID-19 in the United
States in 2020. “Never again” was the mood after the
Ebola epidemic in West Africa, but preparedness just
seems too hard and costly. Perhaps true preparedness
exists only in the military, where personnel train con-
tinuously for wars they hope will never happen.

As a result of technologic advances such as
whole-genome sequencing, scientific progress on CO-
VID-19 has been breathtakingly rapid compared with
early laboratory research on HIV. We hope to not see
a replay of the early history of ART, with scientific
advances relating to COVID-19, and specifically vac-
cines, not being rapidly or equitably accessible every-
where. “Vaccine nationalism” is a new term raising
the specter of lower risk groups in high-income coun-
tries receiving vaccine before, for example, frontline
healthcare workers in low-income settings. Health-
care workers have been disproportionately affected
by Ebola and COVID-19, highlighting the need for
much greater investment in infection prevention and
control in healthcare settings worldwide. Attention
and innovation are required to ensure maintenance
of HIV and other essential public health services amid
other outbreaks such as COVID-19.

Although initially slow, the HIV/AIDS response
over the years has been a beacon in global health for
respect for individuals and their rights and for health
equity. More reflection is required with regard to
what the responses to HIV and Ebola have taught us
and how they might be relevant to COVID-19 and
other future epidemics.

Conclusions

Although great need remains, the past decade has
seen scientific and programmatic successes with re-
gard to the HIV/AIDS priorities we defined after 30
years of AIDS. Existing interventions have been scaled
up, and new tools such as PrEP and long-lasting drug
preparations have been introduced. The roles of HIV
testing and ART for treatment and prevention have
been clarified, and the need for immediate ART for
all HIV-infected persons has been proven. The global
HIV/AIDS response has been sustained, financing
has been maintained, and the world has kept focus on
the SDGs. Mann’s judgment that “we did not sepa-
rate ourselves” remains justified. We must also accept
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that political promises of “the end of AIDS” were hy-
perbole that current epidemiology does not support.
The COVID-19 pandemic has exploited the fault
lines of global systems and existing inequalities in a
way that HIV did early on. Regrettably, the solidarity
that HIV/AIDS engendered has not yet been carried
over. In retrospect, the recent epidemics of Ebola in
West Africa and DRC were preparation for the COV-
ID-19 pandemic, but follow-through was lacking. The
fifth decade of AIDS will take us to the SDG target date
and reassessment of global health and development
priorities. HIV/AIDS may not be central to global
health discourse as it was earlier, but it will remain a
yardstick by which to judge commitment and efforts,
including, and especially in relation to, health security.

Addendum

On February 7, 2021, the Ministry of Health of DRC
reported a laboratory-confirmed case of Ebola in
North Kivu Province, the most heavily affected prov-
ince during the 2018-2020 outbreak in eastern Congo.
The case-patient experienced symptom onset on Jan-
uary 25, 2021, and died in Butembo, a city of =1 mil-
lion persons, on February 4, 2021. She was reportedly
linked epidemiologically to an Ebola survivor, and
genetic sequencing reportedly showed phylogenetic
association with the earlier outbreak rather than a new
spillover event. As of February 8, 2021, a total of 118
contacts were being investigated (https:/ /www.who.
int/emergencies/diseases/ebola/ebola-2021-north-
kivu, https://www.who.int/csr/don/10-february-
2021-ebola-drc/en).

Separately, on February 14, 2021, the Ministry of
Health of the Republic of Guinea reported an outbreak
of Ebola in the subprefecture of Gouécké, Nzérékoré
Region, the first report of Ebola in Guinea since the
2014-2016 epidemic. The index case-patient, a nurse, ex-
perienced symptoms on January 18, 2021, and died on
January 28, 2021. A total of 6 secondary Ebola cases were
reported, 1in a traditional practitioner who cared for the
index case-patient and 5 in family members attending
her subsequent funeral. Of the 7 case-patients, 5 died.
As of February 15, 2021, a total of 192 contacts were be-
ing investigated, including in the capital city, Conakry
(https:/ /www.who.int/emergencies/ diseases/ebola/
ebola-2021-nzerekore-guinea, https://www.who.int/
csr/don/17-february-2021-ebola-gin/en).
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Pertactin-Deficient Bordetella
pertussis, Vaccine-Driven Evolution,
and Reemergence of Pertussis

Longhuan Ma?, Amanda Caulfield,* Kalyan K. Dewan, Eric T. Harvill

Recent reemergence of pertussis (whooping cough)
in highly vaccinated populations and rapid expansion
of Bordetella pertussis strains lacking pertactin (PRN),
a common acellular vaccine antigen, have raised the
specter of vaccine-driven evolution and potential return
of what was once the major killer of children. The discov-
ery that most circulating B. pertussis strains in the United
States have acquired new and independent disruptive
mutations in PRN is compelling evidence of strong selec-
tive pressure. However, the other 4 antigens included in
acellular vaccines do not appear to be selected against
so rapidly. We consider 3 aspects of PRN that distinguish
it from other vaccine antigens, which might, individually
or collectively, explain why only this antigen is being pre-
cipitously eliminated. An understanding of the increase
in PRN-deficient strains should provide useful informa-
tion for the current search for new protective antigens
and provide broader lessons for the design of improved
subunit vaccines.

Bordetella pertussis, the causative agent of pertussis
(whooping cough), continues to reemerge in coun-
tries that have high vaccine coverage, such as the United
States, and has accelerated since the switch during the
mid-1990s from whole-cell pertussis (wP) formula-
tions comprising many partially characterized bacterial
proteins to the less reactogenic 1-5 component acellu-
lar pertussis (aP) vaccines (1,2). These aP vaccines, in-
cluding DTaP (diphtheria, tetanus, and aP for children)
and Tdap (tetanus, diphtheria, and aP for adolescents
and adults), protect against disease, but this protection
wanes rapidly and does not prevent colonization or
transmission of the pathogen (3-5). In this background
of suboptimally performing aP vaccines, many coun-
tries have noted the emergence and expansion of strains
specifically lacking pertactin (PRN), a membrane bound
autotransporter, and 1 of up to 5 B. pertussis protein an-
tigens included in the vaccines (6-11).
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PRN-deficient B. pertussis strains have recently
been reported in countries using aP vaccines, includ-
ing the United States, Australia, Sweden, Italy, Nor-
way, the United Kingdom, France, Belgium, Finland,
the Netherlands, and Japan. The frequency of PRN-
deficient strains has been variable, but these strains
have risen to dominance in the United States (85%),
Australia (>80%), Sweden (69%), and Italy (55%)
(7-11). Lower frequencies were reported from Japan,
which showed a major decrease from a prevalence of
41% during 2008-2010 to 8% during 2014-2016 and
correlated with a change to aP vaccine formulations
that exclude PRN (6,11-12). Denmark, which uses the
monocomponent pertussis toxin (PT) vaccine, had no
reports of PRN-deficient isolates before 2012, and the
4 PRN-deficient strains detected since have been as-
sociated with human migration from countries with
PRN in their vaccines (6). Limited data are available
from the predominantly developing countries that
use WP vaccines to enable a robust comparison be-
tween the effects that aP and wP have on the selec-
tion of PRN. A sequencing study of the only 2 clini-
cal isolates reported from India, which still uses wP,
showed that the isolates still retained the broadly
encountered PRN gene allele prn-1 (13). Considered
together, these observations provide a strong correla-
tion between the use of aP vaccines containing PRN
and the appearance and increase to prominence of
PRN-deficient strains.

Lineages of all bacteria are constantly evolving,
but increasing to dominance alone is not conclusive
evidence of a causal relationship between use of
PRN-containing aP vaccines and loss of PRN. A PRN
mutation could be carried along with a strain that is
increasing in dominance because of 1 or many other
mutations. However, the appearance of a wide vari-
ety of PRN mutations, each arising from a diversity
of B. pertussis lineages over time, provides additional
strong evidence in favor of vaccine-driven selection
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on PRN in particular. Although insertions of 15481
at multiple genomic locations are the most common
PRN mutation, there is a large diversity of disrup-
tions to PRN expression, including deletions within
the signal sequence, promoter inversion, transver-
sions resulting in a stop codon, deletions resulting
in a stop codon, and full-gene deletion (2,6,12). The
variety of genomic lesions that have led to loss of
PRN indicates that numerous independent selection
and expansion events have occurred in most of the
lineages now circulating in many countries using aP
vaccines. Providing more direct experimental data,
such as murine models aimed at investigating PRN-
deficient B. pertussis infection, have demonstrated an
overall defect in colonization in unvaccinated mice,
but advantages in both colonization and competition
in assays using aP-vaccinated mice (14-16).

Together, these observations strongly support
the hypothesis that loss of PRN confers a fitness ad-
vantage over wildtype B. pertussis particular to the
aP vaccinated populations in which they are arising.
However, there are 4 other antigens included in aP
vaccines that are not being disrupted or lost. Why
are the other vaccine antigens not being mutated at
similar rates? What are the characteristics of PRN that
might lead to the loss of this antigen in particular?
Understanding multiple possible explanations, and
distinguishing between them where possible, will be
useful for ongoing efforts to improve vaccines to con-
trol B. pertussis spread and disease.

Role of PRN

PRN is an autotransporter protein located on the sur-
face of B. pertussis (17). Similar to all autotransporters
found in gram-negative pathogens, PRN has 3 func-
tional domains: the N terminal signal sequence, the
passenger domain, and a C-terminal autotransporter
domain. The signal sequence guides the passenger
and transporter domains into the periplasm, enabling
the transporter domain to form a pore in the outer
membrane for translocation of the passenger domain
to the cell surface. The protein is then cleaved by an
outer membrane protease, the passenger domain re-
maining in contact with the surface by noncovalent
interactions (18,19).

The function of PRN is only partially understood.
PRN is considered one of several virulence factors
found in B. pertussis and has been shown to serve as
an adhesin, facilitating attachment to various mam-
malian epithelial cells (20,21). The 3-dimensional
structure of PRN (PDB no. 1DAB) shows 16 right-
handed parallel B-helixes, the largest B-helix struc-
ture recorded to date. Two Arg-Gly-Asp tripeptide
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motifs within the helical structure appear to be poten-
tial attachment sites to many mammalian adhesion
proteins (22-24). PRN is reported to be essential for
resisting neutrophil-mediated clearance and possess-
es additional immunomodulatory abilities that aid B.
pertussis in suppressing the production of proinflam-
matory cytokines (25,26). The benefits of functional
expression of PRN in pathogenesis are consistent
with its conservation in B. pertussis and other patho-
genic Bordetella species. Loss of such a factor would
be expected to be costly to the organism, yet PRN-
deficient strains appear to be rapidly expanding in aP
vaccinated populations, suggesting a recent rebalanc-
ing of fitness costs and benefits.

Unique Features of PRN among Vaccine Antigens
PRN is conserved in B. pertussis, B. parapertussis, and
B. bronchiseptica under the same Bordetella virulence
gene regulatory system, suggesting that PRN has a
more general role in pathogenesis that is not restrict-
ed to the human-specific B. pertussis. However, there
are 16 other autotransporter genes identified in the
genome of B. pertussis, 5 of which are disrupted by
frameshift mutations (27). Park et al. (28) observed
that autotransporters, as a group, are much more
highly mutated or lost than other virulence factors.
There appears to be no major loss in in vitro growth
or in vivo fitness that prevents the expansion of B.
pertussis strains lacking PRN, indicating that the func-
tional contributions of PRN in pathogenesis might be
redundant or that complementary functions, poten-
tially mediated by other autotransporters, might be
compensating for any deficiencies caused its loss. This
finding can be contrasted with PT, which requires a
complex operon to assemble and another to export,
has a central and nonredundant role in the pathogen-
esis of B. pertussis, and has no paralogs in the genome
that can replace it. This finding is consistent with the
rarity of clinical isolates lacking PT, compared with
the abundance of PRN-deficient strains (29-31). For
these and potentially other reasons, it might be that
loss of PRN can be tolerated, but loss of PT would
result in a more serious fitness defect.

Examination of the location and conformation of
the different acellular vaccine components showed
that most antibody functions directed against these
antigens occur away from the bacterial surface. Both
PT and the mature surface-associated filamentous
hemagglutinin (FHA) (32) are secreted and diffuse
away into the surrounding host environment. There-
fore, antibodies directed against released FHA and
PT would primarily neutralize toxin function by
binding to the secreted molecules in the surrounding
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milieu, or to molecules in the process of being shed,
mitigating potential surface-directed antibody ef-
fects. These antibodies do not effectively localize to
the bacterial surface and thus do not facilitate com-
plement activation or fragment crystallizable region
(FcR)-mediated phagocytosis that would result in
direct bacterial killing (Figure 1, panel A) (33,34).
Fimbriae (FIM), although generally anchored to the
bacteria, might extend more than a cell length away
from the cell surface. Because FIM are composed of
repeated structures with many copies of the same
antigenic molecule, most FIM antibodies would be
bound to parts of the structure extended >1 micron
from the bacterial membrane, which is an enormous
distance for highly reactive complement components
to travel. Antibodies bound to fimbria would not be
arrayed on a 2-dimensional surface required to opti-
mally bind and activate complement or FcRs (Figure
1, panel B) (35).

However, PRN is the only aP vaccine antigen that
remains closely associated with the outer membrane.
When cognate antibodies bind PRN, they become ar-
rayed on the bacterial surface in a conformation that
is particularly effective in binding and activating com-
plement component C1q. The subsequent complement
cascade that is activated rapidly deposits component
in the adjacent membrane that opsonizes the cell and
assembles into a membrane attack complex to lyse the
bacterial membrane (33-36). The combination of the
array of antibodies, bolstered by the complement com-
ponents cleaved and activated in the immediate vicin-
ity, would effectively opsonize the bacteria for efficient
phagocytic killing (Figure 1, panel C).

The model we provide (Figure 1), although large-
ly hypothetical, is consistent with evidence that aP

Figure 1. Model for various roles
of antibodies against antigens in
acellular pertussis vaccine.

A) Antibodies against PT and
FHA neutralize secreted virulence
factors and mitigate disease
progression but are not targeted to
the bacterial surface. B) Antibodies
attaching to fimbriae poorly
activate the complement system
far from the bacterial membrane.
C) Antibody-PRN complex
induces strong bactericidal

activity via multiple synergistic
functions. This complex activates
complement to form a MAC,
activates complement to deposit
components such as C3b that

Pertactin-Deficient B. pertussis and Pertussis

vaccination is effective in preventing severe disease
(by binding and neutralizing a key factor that medi-
ate aspects of disease) but is much less effective in
preventing nasopharyngeal colonization. Most anti-
bodies, similar to those directed against secreted PT/
FHA or distal FIM, do not effectively target and kill
the bacteria. This model would also explain why loss
of PRN might enable partial evasion of aP-induced
immunity, and is also consistent with human surveys
that showed that 3-component aP® vaccines containing
PT, FHA, and PRN were more efficacious than 2-com-
ponent vaccines lacking PRN (37,38).

Persistence of PRN Antibodies

Despite the shortcomings of aP® vaccines in generating
a strong memory response, and the resulting waning
immunity of these vaccines against disease (39,40), aP
vaccines induce robust IgG titers against most of its
component antigens. However, this strong humoral
response, although protecting against symptoms of
pertussis, does not prevent the pathogen from colo-
nizing the upper respiratory tract or from transmit-
ting between hosts (3). Furthermore, although initial-
ly induced at high levels, circulating antibodies decay
relatively rapidly across all age groups (4,40-43).
Studies evaluating dynamic levels of specific antibod-
ies across time have consistently shown differential
rates of decay for the various antigen-specific anti-
bodies, with PT antibody titers decaying more rapid-
ly than antibodies to FHA and PRN (Figure 2). Simi-
larly, FIM2/3 have been reported to poorly stimulate
generation of protective antibodies postinfection and
postvaccinations (4,43), although these data conflict
with those of other reports that show higher levels
of FIM antibodies, even at 10 years postvaccination.

C

opsonize the bacterial surface, and binds FcRs on phagocytes to activate phagocytosis. PRN labels indicate strains specifically lacking
PRN. Bp, Bordetella pertussis; CR1, complement receptor type 1; FcR, fragment crystallizable region; FHA, filamentous hemagglutinin;

MAC, membrane attack complex; PRN, pertactin; PT, pertussis toxin.
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Figure 2. Differential decay of antibodies against acellular
pertussis vaccine antigens and their effective capacity for
protection. Antibodies against PRN and FHA remain at relatively
higher titers for a longer period. However, PT-specific antibodies
decrease to low titers rapidly. A consistently low level of
antibodies against FIM is induced. Solid lines indicate antibodies
that have high protective capacity, and dotted lines indicate
antibodies that had low protective capacity. Only PRN antibodies
are highly protective and persist at high titers for years. FHA,
filamentous hemagglutinin, FIM, fimbriae; PT, pertussis toxin;
PRN, pertactin.

However, the higher antibody titers observed in these
reports are also noted to decrease sharply and are
likely to reach unprotective levels over a relatively
short time. This rapid waning immunity against PT
and FIM would be expected to narrow the window of
selective pressure against these antigens.

In contrast to antibodies against PT, antibodies
against PRN and FHA are relatively more persistent
(Figure 2) (38,44,45), suggesting that there is a longer
period after vaccination when there are effective ti-
ters of antibodies against FHA and PRN. This find-
ing would be expected to result in strong pressure
against PRN and FHA. However, in a search for sero-
logic correlates of immunity to pertussis, Le et al. (4)
noted that FHA provides relatively little contribution
to protection but PRN had a higher protective role.

These observations have recently been validated
in studies by Lesne et al., who used human serum
bactericidal assays to determine that antibodies to
PRN, but no other aP component, are bactericidal in
in vitro complement killing assays (46). These find-
ings somewhat conflict with those of previous studies
and testing methods, which often prioritize PT IgG as
an indicator for protection against pertussis (4,45,47).
However, the short period during which levels of
neutralizing antibodies against PT remain elevated,
in contrast to bactericidal antibodies against PRN,
suggests that PRN antibodies might be a more appro-
priate measure for pertussis immunity.

The short period during which antibodies to
PT remain at elevated levels indicates that there is
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a longer period when antibodies to PRN remain at
high levels, but levels of antibodies to PT have de-
creased. Le et al. also noted that a much larger pro-
portion of enrolled patients tested before aP vacci-
nation already had high titers of antibodies to PRN,
and many had antibodies to PT (4). Therefore, in ad-
dition to its surface localization and strong opsoniz-
ing potential, the persistence of the PRN antibodies
is likely to contribute to prolonged selection against
this antigen in particular.

Discussion
The rapid reemergence of pertussis noted in the early
2000s brought much initial speculation. Factors such
as human migration, increased sensitivity of testing,
increased volumes of testing, and reporting through
heightened surveillance have been proposed to con-
tribute to the observed resurgence (1-3). However,
the collective experience in countries switching from
wP vaccines to aP vaccines strongly suggests that
these safer, but less effective, vaccines have contribut-
ed to the resurgence of pertussis. In addition, the way
multiple PRN-deficient strains have swept across
countries that use aP vaccines presents a strong case
in favor of vaccine-driven selection against PRN (6-
12). What has remained unclear is what will be the
consequences of these changes. Will PRN-deficient
strains continue to evolve, loosing other vaccine anti-
gens until they escape vaccine effects completely? Or
will the loss of these factors result in strains attenuat-
ed in virulence such that they become more like com-
mensals than pathogens? Or is PRN really the only
antigen that can be lost without serious fitness costs?
The 3 aspects of PRN we have highlighted for se-
lective loss of PRN (i.e., its functional redundancy, the
relatively longer functional persistence of antibodies
against it, and its close location to the surface mem-
brane for productive complement fixation) are not an
exhaustive list of all possibilities and are not mutu-
ally exclusive. Sufficient sustained selective pressure
against any particular antigen is likely to lead to its
loss or change. Efforts to improve the current vaccine
should be informed by a careful consideration of the
lessons learned from this instance. If PRN is being lost
because it is the only surface antigen, then should we
replace it with 1 or more new surface antigens? If it
is lost because its function is at least partly redundant
then should we select some molecule(s) that is less
likely to be redundant? In designing new vaccines, it
would be prudent to carefully consider the issues that
appear to be enabling potential vaccine escape mu-
tants, such as PRN-deficient strains, to rapidly expand
and rise to prominence.
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SYNOPSIS

Epidemic levels of Rocky Mountain spotted fever (RMSF)
have persisted in Mexicali, Mexico, since the initial out-
break was first reported in December 2008. We com-
pared clinical and epidemiologic data of cases in Mexi-
cali during 2009-2019 between patients with an 1gG
titer reactive with Rickettsia rickettsii bacteria by indirect
immunofluorescence antibody (IFA) assay and those
who demonstrated DNA of R. rickettsii in a whole blood
sample when tested by PCR. We identified 4,290 patients
with clinical and epidemiologic features compatible with
RMSF; of these, 9.74% tested positive by IFA and 8.41%
by PCR. Overall, 140 patients died (11-year case-fatality
rate 17.97%). Substantial differences in the frequency of
commonly recognized clinical characteristics of RMSF
were identified between PCR-positive and |IFA-positive
cases. The Mexicali epidemic is unique in its size and
urban centralization. Cases confirmed by PCR most ac-
curately reflect the clinical profile of RMSF.

Rocky Mountain spotted fever (RMSF), a severe
and potentially deadly tickborne disease caused
by Rickettsia rickettsii bacteria, occurs throughout
the Americas. The classic epidemiology of RMSF is
characterized by isolated and sporadic cases of dis-
ease that occur predominantly in rural or suburban
settings (1). Occasionally, regional endemic foci of
infection are described, which can persist for years,
or sometimes decades (2). During the early 2000s,
investigators identified multiple outbreaks of RMSF
among several small communities in Arizona in the
United States and in Sonora, Mexico (3-6). A feature
common to each of these outbreaks has been the
presence of large populations of stray and free-rang-
ing dogs heavily infested with ticks. In these set-
tings, canine populations can sustain and perpetuate
massive numbers of brown dog ticks (Rhipicephalus
sanguineus sensu lato), which serve as efficient vec-
tors of R. rickettsii bacteria.

In December 2008, cases of RMSF were first
recognized among residents of a neighborhood in
Mexicali, the capital city of Baja California, Mexico
(7,8). During the next few years, cases were identi-
fied in adjacent and distant neighborhoods. In con-
trast to almost all previously described outbreaks of
RMSF, this epidemic emerged within a large metro-
politan center, continues in the present day, and has
affected hundreds of persons throughout the city.
Cases of RMSF are now also reported beyond the
city limits from several small communities in the
Mexicali Valley (9,10).

The ongoing epidemic of RMSF in Mexicali re-
sembles past and present outbreaks in Arizona and
northern Mexico. Cases of disease occur primarily in
impoverished neighborhoods, where the presence of
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large populations of stray dogs infested with infected
brown dog ticks greatly increase the human risk for
exposure to the pathogen (10-13). Efforts to document
the scope and magnitude of RMSF in Mexicali have
been hampered by limited access to sensitive and spe-
cific diagnostic techniques, the relatively nonspecific
clinical findings observed during the early stages of
illness, and incomplete awareness among many resi-
dents and local health care providers of the regional
risk and scope of the epidemic (10). To more accurate-
ly characterize the epidemiology of RMSF in Mexicali,
we compiled and analyzed data available for all cases
with serologic or molecular evidence of infection that
were reported to the Secretariat of Health of Baja Cali-
fornia (ISESALUD) during 2009-2019.

Methods

Setting

Mexicali is located at the Mexico-United States bor-
der, adjacent to the California town of Calexico. Ac-
cording to the National Institute of Statistics and Ge-
ography in Mexico, this large urban center extends
across 114 km? and has a population of ~700,000
persons. The Mexicali Valley, comprising 13,700
km?, extends southeast of the city and is inhabited
by ~250,000 persons. Most city residents receive their
medical care at hospitals and clinics operated by the
Mexican Institute of Social Security (60%), ISESALUD
(21%), and the Institute for Social Security and Ser-
vices for State Workers (13%) (14).

Collection of Data

We analyzed clinical and epidemiologic data for all
cases of RMSF reported to ISESALUD in the Mexi-
cali metropolitan area and the Mexicali Valley dur-
ing 2009-2019 by abstracting data retrospectively
from the standardized case report used by the Mexi-
cali General Hospital and Ministry of Health clinics
across the city (15) and all major hospitals in the area.
Case definitions are established nationwide by the
Directorate General of Epidemiology (DGE) (15,16).
A probable case is defined as fever (>38.5°C) and >2
of the following signs or symptoms: headache, my-
algia, rash, purpura, meningeal signs, alterations in
cerebrospinal fluid, hemorrhage, liver enzyme ab-
normality, hematologic alterations, hyponatremia,
leukocytosis, leukopenia, elevated levels of lactate
dehydrogenase, or shock. Cases also require >1 of the
following epidemiologic criteria during the 2 weeks
preceding illness onset: history of tick bite or direct
contact with a tick-infested dog, ticks identified in
or around the patient’s household, or travel to or
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residence in a neighborhood where cases of RMSF
had been recently identified. Confirmed cases include
those in patients with a serum IgG titer >64 to R. rick-
ettsii antigens, determined by an indirect immuno-
fluorescence antibody (IFA) assay on serum samples,
and those for whom PCR evaluation of a whole blood
specimen demonstrates DNA of a spotted fever group
Rickettsia (SFGR). For this investigation, we compared
frequencies of clinical and epidemiologic characteris-
tics identified for those patients with a positive PCR
result with those identified by a positive IFA result.

Laboratory Testing

During 2009, serum specimens were serially diluted
beginning at 1:80; for all subsequent years, 1:64 was
used as the first dilution. Antibody titers were ex-
pressed as the reciprocal of the last reactive dilution,
and titers >64 were considered positive. Molecular
analyses were performed by using a Rickettsia genus-
specific real-time assay targeting a 74-bp segment of
the citrate synthase gene and primers CS-F and CS-R
and probe CS-P, as previously described (17). Sam-
ples with cycle threshold values <38 were considered
positive on the basis of the cutoff for this assay estab-
lished by the Mexico Secretariat of Health, Institute of
Epidemiological Diagnosis and Reference.

Mapping and Statistical Analyses

We transformed physical addresses of PCR-positive
case-patients into geographic coordinates by using an
automated algorithm developed by Mexico’s Nation-
al Institute of Statistics and Geography. We created
maps using Epi Info 7 (Centers for Disease Control
and Prevention, https://www.cdc.gov/epiinfo). We
described categorical variables as counts and pro-
portions and continuous variables by using mean,
median, and range. We used the t-test for compari-
sons of means and Fisher exact test for comparisons
of proportions. Because of the large number of cases,
we assumed that continuous data followed a normal
distribution according to the central limit theorem.
We did not report missing data. We used Stata 14
(StataCorp, https://www.stata.com) to perform all
statistical analyses. This study was approved by the
Institutional Review Board of Tijuana General Hospi-
tal (approval no. HGT-2017-000058).

Results

During 2009-2019, a total of 4,290 persons in metro-
politan Mexicali and the Mexicali Valley had illnesses
meeting the DGE case definition for probable cases
of RMSF (Figure 1). Of those, a diagnostic assay was
performed on 2,532 patients, and a positive result
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from either assay was recorded for 921 (36.37%). We
excluded 142: those for whom only an IgM titer was
available (n = 102) and those for whom an IFA result
was reported as positive but without a reported anti-
body titer (n = 40). Of the total probable cases identi-
fied by the surveillance case definition, 779 (18.15%)
met DGE criteria for a confirmed case, 418 (53.66%)
with a positive test result by IFA and 361 (46.34%) by
PCR (Table 1). For 341 confirmed cases, only PCR was
performed, for 417 only IFA, and for 21 both tests. Of
those tested by PCR and IFA, 20 had positive results
with both assays, and 1 was negative by PCR but pos-
itive by IFA.

The median time from illness onset until the col-
lection of whole blood for PCR and serum for IFA
was 5 days (interquartile range [IQR] 3-8 days). The
geometric mean titers of IFA-positive cases were 175
during 2009-2011, 231 during 2012-2015, and 156
during 2016-2019. Approximately two thirds (64.2%)
of positive serum samples were collected during the
first week of illness.

Nearly half (378, 48.52%) of all positive case-
patients resided in the city of Mexicali. The remain-
ing case-patients originated from several neighbor-
hoods adjacent to but beyond the city limits (243
[31.19%]), the region of Puebla (57 [7.32%]), and from
the Mexicali Valley (101 [12.97%]). The cumulative
11-year average incidence rate of RMSF during this
period, including PCR- and IFA-confirmed cases, was
7.22/100,000 population/year (1.76-29.16/100,000
population/year) (Figure 2).

Among all confirmed case-patients, the mean
age was 23.89 years (SD 17.65, IQR 9-36 years),
which did not differ significantly between those
whose cases were confirmed by IFA or PCR. Most
patients (440 [56.48%]) were female. Cases occurred
during each month of the year but were more fre-
quent during the summer months (Figure 3). A dis-
proportionately higher number of IFA-confirmed
cases were identified during February and March;
nonetheless, 156 (37.32%) of all IFA-positive cases
were reported during early 2009, shortly after the
outbreak was first recognized and before wide-
spread access to confirmatory PCR assays. A total of
410 case-patients were hospitalized, 271 (66.1%) of
whom were confirmed by PCR only, 123 (30%) by
IFA only, and 16 (3.9%) by both assays. The mean
length of stay of hospitalized case-patients was 8.89
days (median 5 days, IQR 1-11 days), a mean of 9.23
days for PCR-confirmed patients and 7.33 days for
IFA-confirmed patients (p = 0.20).

Overall, 140 patients died (11-year case-fatality
rate 17.97%): 125 (89.28 %) whose illness was diagnosed
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Probable cases
meeting DGE case
definition for RMSF,
n=4,290

Figure 1. Flowchart used to
determine case status of patients
in whom Rocky Mountain
spotted fever was diagnosed,
Mexicali, Mexico, 2009-2019.
DGE, Directorate General of
Epidemiology; IFA, indirect
immunofluorescence

antibody assay; RMSF, Rocky

Blood or serum
unavailable for

diagnostic Mountain spotted fever.
laboratory assay,
n=1,758
Diagnostic assay
performed,
n=2,532
Blood or serum
negative by
diagnostic assay,
n=1,611
Blood or serum
positive by
diagnostic assay,
n=921
Case excluded
on the basis of
insufficent or
missing diagnostic
assay result,
n=142
Laboratory—
confirmed cases,
n=779
PCR-positive, IFA-positive, PCR- and IFA-positive,
n =341 n=418 n=20

by PCR only, 11 (7.86%) by IFA only, and 4 (2.86%)
by both assays. Approximately one quarter of deaths
occurred among children <15 years of age (Table 2).
The case-fatality rate was 36.66% for PCR-positive
and 2.63% for IFA-positive patients (p<0.001). PCR-
confirmed case-patients were significantly more likely
to be admitted to a hospital (p<0.001) and die from
their infections than were case-patients confirmed by
IFA (Table 3).
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Among patients with laboratory-confirmed
cases, the predominant signs and symptoms were
fever (100%), headache (86.43%), myalgia (61.66%),
arthralgia (53.10%), nausea (48.22%), abdominal pain
(45.45%), and rash (43.27%). However, statistically
significant differences were identified in the frequen-
cies of several of these features, and many other clini-
cal findings, when comparing PCR-positive versus
IFA-positive patients (Table 3).
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Table 1. Frequency of laboratory-confirmed cases of Rocky Mountain spotted fever by assay, Mexicali, Mexico, 2009—-2019*

No. (%)
Period PCR-positive IFA-positive PCR- and IFA-positive Total no. cases
2009-2011 73 (20.74) 275 (78.13) 4(1.14) 352
2012-2015 172 (56.95) 114 (37.75) 16 (5.30) 302
2016-2019 96 (76.80) 29 (23.20) 0(0) 125
Total 341 (43.77) 418 (53.66) 20 (2.57) 779

*IFA, indirect immunofluorescence antibody assay.

Geospatial analysis of PCR-confirmed cases dur-
ing the periods 2009-2011, 2012-2015, and 2016-2019
revealed marked expansion of recognized cases across
Mexicali. During the first 3 years of the outbreak, cas-
es were concentrated predominantly in the western
part of the city from where the index case originated
in 2008. During 2012-2015, cases were subsequently
identified in the southern portion of the city (Figure
4, panel A) and the region of Puebla in southeastern
Mexicali. The Mexicali Valley also experienced pro-
gressively more cases during 2016-2019 (Figure 4,
panel B). Cases have been identified in almost every
neighborhood of Mexicali over the course of the epi-
demic, often repeatedly in the same areas over time.

Discussion

The epidemiology of RMSF in Mexicali shares many
features of epidemic RMSF identified previously
among communities in other regions of southwestern
North America (3-6,13). During the 1940s, investiga-
tors in Mexico were the first to identify and charac-
terize the ecologic, epidemiologic, and social deter-
minants of outbreaks of RMSF that emerged among
small and impoverished communities of Sinaloa,
Sonora, Durango, and Coahuila. These highly lethal
outbreaks, ignited by unchecked canine populations
that supported massive peridomestic infestations by
brown dog ticks, resulted in high attack rates among
women and children and ended in death for most

infected patients (13,18,19). Contemporary out-
breaks in Sonora and Coahuila also involve pre-
dominantly economically vulnerable populations
and are particularly devastating among children, for
whom mortality rates range from 30% to 57% (13,20~
22). The Mexicali epidemic is similarly represented
by a large number of pediatric patients and a nearly
37% case-fatality rate among PCR-positive cases.
The year-round occurrence of the disease, with no-
table peaks during the summer and fall months, also
reflects the previously described seasonal pattern of
RMSF in northern Mexico.

The Mexicali epidemic is unique from all previ-
ously described outbreaks of RMSF in terms of its
magnitude, urban concentration, and widespread
persistence. The timing and origin of the introduc-
tory event that precipitated this multiyear outbreak
remains unknown. However, the circumstances that
propelled its expansion and eventual perpetuation
across the city, including high-density, low-income
neighborhoods with large numbers of free-roaming
and stray dogs and abundant brown dog tick popu-
lations, exist within many other metropolitan areas
across Mexico and Latin America. In this context,
similar urban outbreaks could plausibly originate
elsewhere after local introduction of R. rickettsii. As
we note, during 2009-2019, surveillance activities by
ISESALUD identified 779 patients with laboratory-
supported diagnoses of RMSF in Mexicali and the
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Figure 3. Seasonal distribution
of PCR- and IFA-positive
cases of Rocky Mountain
spotted fever, Mexicali, Mexico,
2009-2019.1FA, indirect
immunofluorescence

antibody assay.

Nov Dec

Mexicali Valley. By comparison, the largest modern
outbreak of RMSF in the United States, involving 466
confirmed and probable cases during 2003-2019, has
affected predominantly rural tribal communities in
Arizona  (https:/ /www.azdhs.gov/preparedness/
epidemiology-disease-control/index.php#data-stats-
past-years). Urban foci of RMSF are described only
rarely and sporadically in the United States and other
countries of Latin America and are characteristically
limited in size and duration (23-26), so the longevity,
remarkably high prevalence, and multifocal distribu-
tion of RMSF in a large metropolitan center poses un-
precedented public health challenges.

This study is also noteworthy for the large
number of PCR-positive cases available for analy-
sis. Various studies indicate that the clinical sen-
sitivities of molecular assays are low early in the
illness, but increase as the disease progresses and
the patient becomes severely ill (27,28). PCR-pos-
itive patients are more likely to have severe mani-
festations, which could bias comparisons between
groups confirmed by molecular and serologic
methods. In addition, the molecular assay used to

confirm cases of RMSF in Mexicali is specific only
for the genus Rickettsia (17); because other patho-
genic Rickettsia species, including R. massiliae, R.
parkeri, and R. typhi, are endemic to northern Mexi-
co (29-33), some PCR-positive patients identified in
this series might have represented cases of rickett-
sial diseases other than RMSF. However, the over-
all severity of illnesses, coupled with extensive and
consistent epidemiologic and environmental evi-
dence implicating brown dog ticks as the principal
vector perpetuating this outbreak (§-10,12), sug-
gest strongly that most, if not all, PCR-confirmed
cases were indeed infections caused by R. rickettsii.

Although IFA methods are used widely for epide-
miologic evaluations of RMSF, the use of a single IgG
titer can reflect past exposure to an SFGR at an un-
determined time and can inaccurately reflect surveil-
lance estimates that define the magnitude and clinical
characteristics of RMSF (29). Because IgG titers are
reflective of the host immune response to R. rickettsii,
these titers are not expected to be elevated in the first
several days of illness, when most patients seek medi-
cal attention. In fact, *50% of patients with RMSF lack

Table 2. Age distribution of patients with PCR- and IFA-positive cases of fatal Rocky Mountain spotted fever, Mexicali, Mexico,

2009-2019*

No. (%)
Age group, ¥y PCR-positive IFA-positive PCR- and IFA-positive Total
<15 25 (20) 6 (54.55) 1(25) 32 (22.86)
16-24 25 (20) 0 0 25 (17.86)
25-44 43 (34.40) 3(27.27) 2 (50) 48 (34.29)
45-64 28 (22.40) 2(18.18) 1(25) 31(22.14)
>65 4 (3.20) 0 0 4 (2.86)
Total 129 (100) 11 (100) 4 (100) 140 (100)

*IFA, indirect immunofluorescence antibody assay.
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Table 3. Demographic and clinical characteristics of patients with PCR- and IFA-positive cases of Rocky Mountain spotted fever,

Mexicali, Mexico, 2009-2019*

Characteristic Total PCR-positive IFA-positive p value

No. patients 759 341 418

Sex
F 433 (57.05) 170 (49.85) 263 (62.92) <0.001
M 326 (42.95) 171 (50.15) 155 (37.08)

Age, y (mean + SD) 23.94 (+ 17.67) 24.38 (+ 18.89) 23.59 (+ 16.62) 0.540

Hospitalized 394 (51.91) 271 (79.47) 123 (29.43) <0.001

Died 136 (17.92) 125 (36.66) 11 (2.63) <0.001

Signs and symptoms
Fever 759 (100) 341 (100) 418 (100) 0.999
Headache 656 (86.43) 288 (84.46) 368 (88.04) 0.166
Myalgia 468 (61.66) 229 (67.16) 239 (57.18) 0.005
Arthralgia 403 (53.10) 197 (57.77) 206 (49.28) 0.023
Retro orbital pain 82 (10.80) 26 (7.04) 58 (13.88) 0.003
Rash 328 (43.27) 181 (53.24) 147 (35.17) <0.001
Pruritis 139 (18.31) 56 (16.42) 83 (19.86) 0.258
Vomiting 322 (42.42) 188 (55.13) 134 (32.06) <0.001
Nausea 366 (48.22) 206 (60.41) 160 (38.28) <0.001
Chills 274 (36.10) 127 (37.24) 147 (35.17) 0.595
Photophobia 78 (10.28) 29 (8.50) 49 (11.72) 0.152
Abdominal pain 345 (45.45) 191 (56.01) 154 (36.84) <0.001
Diarrhea 188 (24.77) 112 (32.84) 76 (18.18) <0.001
Conjunctivitis 110 (14.49) 40 (11.73) 70 (16.75) 0.062
Nasal congestion 109 (14.36) 34 (9.97) 75 (17.94) 0.002
Cough 189 (24.93) 72 (21.18) 117 (27.99) 0.035
Pharyngitis 156 (20.58) 69 (20.23) 87 (20.86) 0.857
Rhinitis 106 (13.97) 34 (9.97) 72 (17.22) 0.004
Hepatomegaly 68 (8.96) 44 (12.90) 24 (5.74) 0.001
Splenomegaly 31 (4.08) 21 (6.16) 10 (2.39) 0.010
Adenomegaly 17 (2.24) 7 (2.05) 10 (2.39) 0.810
Jaundice 40 (5.27) 26 (7.62) 14 (3.35) 0.013
Hemorrhage 87 (11.46) 60 (17.60) 27 (6.46) <0.001
Seizures 32 (4.22) 30 (8.80) 2(0.48) <0.001

*Values are no. (%) except as indicated. We excluded from these analyses 20 patients who were positive by both assays.

a diagnostically relevant IFA titer (i.e.,, >64) during
the first week of illness (34). In addition, >50% of all
deaths attributed to R. rickettsii occur within 7-9 days
after illness, which explains the large percentage of
persons who die from RMSF without serologic confir-
mation (35). In this investigation, approximately two
thirds of the IFA-confirmed case-patients for whom an
illness onset date was recorded had a titer at or above
the threshold value for a positive result during the
first week of illness. For these reasons, we compared
PCR-positive cases to those with only a positive IFA
result and identified substantial differences between
these groups. The clinical characteristics of PCR-
positive case-patients in Mexicali matched closely
with those described for well-characterized series
from Arizona, USA, and Coahuila and Sonora, Mexi-
co (3,22,36,37). In contrast, case-patients with a single
IgG titer were less likely to demonstrate many of the
classical characteristics of RMSF, including rash, my-
algia, abdominal pain, nausea, and vomiting. In addi-
tion, the frequencies of hospitalization, jaundice, hem-
orrhages, seizures, and death were each less common
for IFA-positive case-patients. These findings indicate
that some or many cases defined by a single positive
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antibody titer do not accurately reflect the clinical
profile of RMSF in Mexico, and that subsequent case
definitions for RMSF should require confirmation by
molecular methods specific for R. rickettsii, or a >4-
fold rise in IgG titers between paired serum samples.

Because IgG titers reactive with R. rickettsii can
persist in some persons for >1 year after resolution of
the acute infection, some, or perhaps many, of the IFA-
positive cases could represent patients exposed to or in-
fected remotely with an SFGR who sought treatment for
other febrile, rash-associated diseases endemic to north-
ern Mexico, including dengue, Zika virus infection,
or leptospirosis (13). Furthermore, we excluded from
our analyses ~1,600 probable case-patients for whom
laboratory tests were negative; nonetheless, some, or
perhaps many, of these probable cases reflected actual
cases of RMSF, particularly those in patients tested early
in the course of disease and for whom PCR or IFA meth-
ods were unable to detect rickettsial DNA or antibodies
reactive with R. rickettsii. Collectively, these situations
could skew frequencies of clinical characteristics and
case-fatality rates, pose limitations to the tabulation of
actual cases, and preclude accurate assessment of the in-
cidence of RMSF in Mexicali during the period of study.

1573



SYNOPSIS

/ 2% I Iy PSR
R e
,:,L.E'%‘[Lg,,\sl!_g'll.l

=N
N

# Positive cases, 20162019
Positive cases, 2012-2015
© Positive cases, 2009-2011

Persons/km?
= 0.0-3.9
£3.9-84
8.4-15.6
=m 15.6-33.4

* Positive cases, 2016-2019
Positive cases, 2012-2015
© Positive cases, 2009-2011

Persons/km?

Figure 4. Geographic distribution of all PCR-positive cases of Rocky Mountain spotted fever in Mexicali (A) and the Mexicali Valley (B),
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During 2009-2019, several hundred foci of RMSF
emerged and recurred within multiple neighbor-
hoods across the city of Mexicali, suggesting a transi-
tion from epidemic to hyperendemic disease. Similar-
ly concerning is the more recent recognition of RMSF
among smaller rural communities of the Mexicali
Valley. The longevity and multifocal distribution of
RMSF in Mexicali underscore many of the complex
challenges faced by public health authorities in this
expansive urban setting. Achieving a level of ac-
ceptable risk will require coordinated and sustained
control and prevention strategies that diminish sub-
stantially the numbers of R. rickettsii-infected Rh.
sanguineus s.l. ticks and free-roaming and stray dogs
across a densely populated region covering >100 km?.
Because brown dog ticks are predominantly endo-
philic and spend ~95% of their life hidden in struc-
tural cracks and crevices of human habitations and
surrounding structures, this species can be notorious-
ly difficult to control. Surreptitious infestations and
high fecundity rates can result in explosive increases
in Rh. sanguineus s.1. tick populations. Acaricides that
contain pyrethoids, including permethrin and cyper-
methrin, are commonly used in these peridomestic
settings because of their relative safety to nontarget
species; nonetheless, resistance to these compounds
has been identified recently among some brown dog
tick populations in Mexico (38).

The ecology of RMSF in Mexicali, as in other regions
of the southwestern North America with hyperendem-
ic or epidemic levels of disease, is linked inextricably
to an overabundance of tick-infested free-ranging and
stray dogs in affected communities (3,4,10-13,19,39).
Results of a citywide canine serosurvey conducted in
Mexicali in 2017 identified antibodies reactive to R. rick-
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ettsii in 65% of 213 owned dogs, and 55% of all exam-
ined animals were infested with brown dog ticks (10).
Levels of tick infestation and exposure to R. rickettsii
are likely even greater among stray dogs (30,39). Move-
ment of free-ranging, tick-infested canines within and
among neighborhoods could contribute to multifocal
recurrences of RMSF identified in Mexicali during the
11-year study period. Community-based interventions
that provide and apply long-acting, acaracide-impreg-
nated collars to large numbers of dogs can bring about
rapid and substantial declines in canine and environ-
mental tick populations and cases of RMSF among
community inhabitants (10,40). Nonetheless, the dis-
tribution of stray dogs in cities correlates closely with
high-density, low-income areas, and sustained inter-
ventions are prohibitively expensive for most affected
neighborhoods (40). In this context, funding from state,
national, or international agencies is needed to estab-
lish and maintain collaring activities, animal control,
and spay and neuter programs that reduce the amplifi-
cation of brown dog ticks and R. rickettsii.

In conclusion, intensified clinical and public edu-
cation on the regional ecology of RMSF in Mexicali,
and the necessity for rapid diagnosis and appropri-
ate treatment, are of paramount importance as the
outbreak in this location continues. The emergence
and perpetuation of RMSF in Mexicali and in sev-
eral other states of northern Mexico are not isolated
or anomalous outbreaks but rather should be consid-
ered harbingers of national or even international con-
cern (41). The enormous human and economic costs
associated with epidemic RMSF will undoubtedly
continue without adoption and use of well-supported
and carefully integrated efforts that directly address
this public health emergency.
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RESEARCH

Yellow fever (YF) vaccine can cause neurologic compli-
cations. We examined YF vaccine—associated neurologic
disease reported from 3 tertiary referral centers in Sao
Paulo, Brazil, during 2017—2018 and compared the perfor-
mance of criteria established by the Yellow Fever Vaccine
Working Group/Centers for Disease Control and Preven-
tion and the Brighton Collaboration. Among 50 patients
who met inclusion criteria, 32 had meningoencephalitis (14
with reactive YF IgM in cerebrospinal fluid), 2 died, and 1
may have transmitted infection to an infant through breast
milk. Of 7 cases of autoimmune neurologic disease after
YF vaccination, 2 were acute disseminated encephalo-
myelitis, 2 myelitis, and 3 Guillain-Barré syndrome. Neu-
rologic disease can follow fractional vaccine doses, and
novel potential vaccine-associated syndromes include
autoimmune encephalitis, opsoclonus-myoclonus-ataxia
syndrome, optic neuritis, and ataxia. Although the Brighton
Collaboration criteria lack direct vaccine causal assess-
ment, they are more inclusive than the Centers for Disease
Control and Prevention criteria.

Yellow fever (YF) is an acute febrile illness
caused by a mosquito-borne arbovirus of the
family Flaviviridae. The disease is endemic to the
tropical forests of South America and Africa, pe-
riodically causing outbreaks and epidemics. The
clinical manifestations of YF range from asymp-
tomatic to severe with jaundice and hemorrhage
(1). The primary preventive strategy is vaccination.
The 3 substrains of the 17D vaccine virus currently
used for vaccine production (17DD, 17D-204, and
17D-213) have similar safety and immunogenic-
ity profiles (1,2). The main YF vaccine available in
Brazil is 17DD, which is produced by Bio-Manguin-
hos-Fiocruz (https://www.bio.fiocruz.br). YF vac-
cine-associated neurologic disease (YEL-AND) is
a rare but potentially severe adverse event follow-
ing immunization (AEFI). The incidence of YEL-
AND varies between studies; in the United States
and Brazil, the estimated range is 0.2-0.94 cases/
100,000 doses (3-6).

In 2002, the Centers for Disease Control and
Prevention (CDC) formed the Yellow Fever Vaccine
Safety Working Group, a panel of vaccine safety ex-
perts, which proposed a surveillance case definition
for YEL-AND. The clinical manifestations included
in YEL-AND are meningoencephalitis (neurotropic
disease), Guillain-Barré syndrome (GBS), and acute
disseminated encephalomyelitis (ADEM) (7).

In 2004, the Brighton Collaboration (BC) was
commissioned as a vaccine safety research network
to develop standardized case definitions for AEFI
(8). The first BC case definition of aseptic meningitis
was issued in 2007 (9). Subsequent BC criteria were
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established for encephalitis, ADEM (10), and myeli-
tis (10), all distinct from aseptic meningitis (9) and
each other.

There are fundamental differences between the
BC and CDC case definitions. The CDC criteria re-
quire that acute brain lesions or dysfunction be evi-
denced by electroencephalography (EEG) or magnetic
resonance imaging (MRI) and exclude causality when
the vaccine-symptom interval exceeds 30 days. These
criteria render them poorly suited to diagnose YEL-
AND in resource-limited settings or during massive
vaccination campaigns. The BC criteria encompass
a broader range of neurologic syndromes, including
aseptic meningitis and myelitis. However, in contrast
to the CDC criteria, they lack specific criteria to deter-
mine vaccine causality (YF virus IgM in cerebrospinal
fluid [CSF]). Both criteria focus on major neurologic
syndromes and overlook the rare and atypical ones.
Although recent publications used the newer BC cri-
teria (6), CDC case definitions are still used routinely
by the Brazil Ministry of Health, as seen in the Epi-
demiologic Surveillance of Post-Vaccination Adverse
Events manual (11).

During 2017 and 2018, YF virus transmission in-
creased in the southeastern region of Brazil (states
of Rio de Janeiro, Espirito Santo, and those parts of
Sao Paulo where the vaccination schedule did not in-
clude YF vaccine). In response to this outbreak, the
National Immunization Program launched a massive
vaccination campaign in the Sao Paulo metropolitan
area. During 2017-2018, a total of 6 million full doses
(0.5 mL) and 4 million fractional doses (0.1 mL) of
17DD were administered throughout the Sao Paulo
metropolitan area (E. Gatti Fernandes, unpub. data).
We describe suspected YEL-AND cases from tertiary
centers in the city of Sdo Paulo during the 2017-2018
vaccination campaign, identify differences between
the CDC and BC classification criteria, and describe
novel atypical syndromes.

Methods

Our retrospective study included cases from 3
tertiary referral hospitals in the city of Sao Paulo
(Hospital das Clinicas da Faculdade de Medicina
da USP, Instituto de Infectologia Emilio Ribas, and
Santa Casa de Misericérdia de Sao Paulo). We in-
cluded patients who had been vaccinated during
the campaign and for whom a case of suspected
YEL-AND was reported to the National Post-Vac-
cination Adverse Events Surveillance System; for
patients with nonnotified cases, we included those
whose attending physician recognized the case as
potential YEL-AND. All cases were included in the
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initial analysis, regardless of vaccine-symptom in-
terval. We reviewed the YF vaccination information
(first or booster dose, full or fractional dose, alone
or in combination with other vaccines); clinical,
epidemiologic, and laboratory data from electronic
charts; laboratory databases; and (when available)
a structured AEFI notification form.

We first classified and analyzed all cases accord-
ing to the BC criteria for the diagnosis of aseptic
meningitis (9), encephalitis, myelitis, ADEM (10),
and GBS (12) (Appendix 1, https://wwwnc.cdc.
gov/EID/article/27/6/20-4170-Appl.pdf). We ex-
cluded from final analysis patients with alternative
diagnoses or insufficient information. Neurologic
autoimmune diseases were not excluded when the
YF vaccine was biologically plausible as a trigger.
When these atypical clinical syndromes were identi-
fied, we assessed causality by using a tool proposed
by the World Health Organization (13). To com-
pare the performance of the different classification
criteria, we also classified cases according to the
Brazil Ministry of Health manual (11), (Appendix
2, https://wwwnc.cdc.gov/EID/article/27/6/20-
4170-App2.pdf), using the same exclusion criteria as
the BC criteria. Difficult diagnoses were decided at
consensus meetings.

All analyses were performed by using R statistics
software version 3.6.3 (https:/ /www.r-project.org). Sig-
nificance was set at p<0.05 for all statistical comparisons.

Neurologic Disease after Yellow Fever Vaccination

Results

We identified 50 suspected YEL-AND cases at the 3
tertiary care facilities. Of these, we excluded 8 (16%)
cases, 3 because of insufficient information and 5
because of alternative diagnoses (1 each of GBS and
Zika virus-reactive IgM in CSF, neurosurgery-asso-
ciated bacterial meningitis, multiple sclerosis preced-
ing vaccination and postvaccination demyelination,
mononucleosis-like syndrome with acute toxoplas-
mosis, and meningoencephalitis with a positive rapid
test result for dengue virus [DENV]).

The final analysis included 42 patients 1-89 years
of age; most were male (62%) and White (74%). The
median time between vaccination and symptom onset
was 15 days (interquartile range [IQR] 5.5-20.0). Cases
were associated with the first dose of the YF vaccine for
28 patients and with booster doses for 2 patients; this
information was missing for 12 patients. A total of 9
patients received fractional doses and 30 received full
doses; this information was missing for 3 patients. For
all patients, the YF vaccine was given alone. All patients
underwent CSF examination. YF virus IgM immuno-
reactivity in CSF was performed for 30 patients; reac-
tivity was detected for 15. Reverse transcription PCR
for YF virus was performed on CSF for 28 patients; all
results were negative. Testing for DENV IgM was also
performed on CSF of 28 patients; all results were nega-
tive (Tables 1, 2; Appendix 3, https:/ /wwwnc.cdc.gov/
EID/article/27/6/20-4170-App3.xlsx).

Table 1. Diagnostic certainty, clinical, epidemiologic, and immunologic investigations for 42 patients with suspected yellow fever
vaccine—associated neurologic disease, according to Brighton Collaboration classification criteria, Sdo Paulo, Brazil, 2017-2018*

Aseptic Guillain-Barré
meningitis, Encephalitis, syndrome, Myelitis, ADEM, Unclassifiedt

Characteristic n=24 n=38 n=3% n=2% n=2% n=3%
Age, y, median (IQR) [range] 36 (23.75-46.75) 40 (30.25-58.25) 59 (43-73) 33 [25-41] 37[22-52] 28 [25-50]
Sex, no (%)

F 7 (29) 5(62) 1(33) 2 (100) 1(50) 0

M 17 (71) 3 (38) 2 (67) 0 1(50) 3 (100)
Vaccine—symptom interval, d, 17 (7.75-20.00) 7 (3.50-17.25) 16 [14-31] 11.5[0-23] 10 [5-15] 13 [3-29]
median (IQR) [range]
No. fullffractional/unknown doses 18/4/2 5/3/0 3/0/0 1/1/0 1/1/0 2/0/1
YF virus IgM in CSF, reactive/total 10/17 4/7 0/2 0/1 1/2 0/1
tested
YF virus in CSF detected by PCR, 0/17 0/6 0/2 0/1 0/1 0/1
detected/total tested
BC level of diagnostic certainty, no. cases

Level 1 17 0 1 0 2 NA

Level 2 7 8 2 2 0 NA
Brazil MoH/CDC classification, no. Level 1 NRL: 21; Level 1 NRL: 2; Level 2 PNS: Level 1 Probable Level 1 NRL: 3
cases level 2 NRT: 1; level 2 NRT: 3; 1; probable NRL: 2 CNS: 2

definite NRT: 1;  definite NRT: 2; PNS:2

suspected NRT:
1 1

suspected NRT:

*ADEM, acute disseminated encephalomyelitis; BC, Brighton Collaboration; CDC, Centers for Disease Control and Prevention); CNS, autoimmune
neurologic disease with central nervous system involvement; CSF, cerebrospinal fluid; IQR, interquartile range; NA, not applicable; NRL, neurologic
disease; NRT, neurotropic disease; MoH, Ministry of Health; PNS, autoimmune neurologic disease with peripheral nervous system involvement; YF,

yellow fever.

tincludes 1 case of ataxia, 1 of opsoclonus-myoclonus-ataxia, 1 case of optic neuritis.

FIn groups with <5 cases, range is substituted for IQR.
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Table 2. Laboratory, neurophysiologic, and imaging characteristics for 42 patients with suspect YEL-AND, according to classification
with the Brighton Collaboration criteria, Sdo Paulo, Brazil, 2017-2018*

Aseptic Guillain-Barré
meningitis, Encephalitis, syndrome, Myelitis, Unclassified,T n
Variable n=24 n=8 n=23% n=2%f ADEM, n= 2% =33
CSF parameters§
Leukocytes >5, no. (%) 24 (100) 7 (87.5) 1(33) 0 1 (50) 1(33)
Leukocytes, total/mm?®,  76.50 (53-207.5) 30 (13-70) 1[0-32] 1[0-2] 4.5[2-7] 2[1-12]
median (IQR) [range]
Lymphocytes, median 73 (65.5-88.0) 85 (71-93) 51.5[3-71] 75 [75-75] 79,5 [79-80] 80 [73-92]
(IQR) [range]
Neutrophils, median 10 (3.5-25.0) 3(0.5-6.0) 23.5[13-34] 16 [16-16] 19.5 [19-20] 2[1-3]
(IQR) [range]
Erythrocytes, 2(1-12) 5.5 (1-640.50) 302 [249-355] 26 [1-52] 985.5 [131— 0[0-3]
total/mm?3, median 1,840]
(IQR) [range]
Total protein, mg/dL, 53.5 (48-71.5) 60 (47.5-67) 53 [31-66] 27.5[23—- 61 [41-81] 46 [26-51]
median (IQR) [range] 32]
Total glucose, mg/dL, 60 (52.5-64.5) 66 (54.5-92.5) 60.5 [50-71] 72 [66-78] 62.5 [54-71]
median (IQR) [range]
MRI findings, no. cases Leptomeningeal Leptomeningeal Facial nerve Longitudinal ~ White matter Bilateral
enhancement, 1; enhancement, 1; enhancement, 1; ly extensive  abnormalities optic nerve
unremarkable, 3 unremarkable, 5 unremarkable, 1  myelitis,1; and extensive  abnormalities, 1;
partial myelitis, 1; unremarkable, 1
myelitis, 1 brainstem and
cerebellar
peduncles
abnormalities, 1
EEG/EMG findings, EEG: EEG: EMG: AMAN, 1 ND ND ND

no. cases

disorganized
background, 2;

disorganized
background, 6

unremarkable, 2

*ADEM, acute disseminated encephalomyelitis; AMAN, axonal motor polyneuropathy; CSF, cerebrospinal fluid; EEG, electroencephalography; EMG,

electromyography; IQR, interquartile range; ND, not done; YF, yellow fever.

tincludes 1 case of ataxia, 1 of opsoclonus-myoclonus-ataxia, and 1 of optic neuritis.

FIn groups with <5 cases, range was substituted for IQR.
§All patients underwent lumbar puncture and CSF analysis.

Aseptic Meningitis

Twenty-four cases were classified as aseptic meningitis
(diagnostic certainty level 1 or level 2). These patients had
headaches (100%) and fever (92%), which developed a
median of 17 days (IQR 7.75-20.0 days) after vaccination.
CSF analysis showed a median of 76.5 leukocytes/mm?.
YF virus IgM reactivity in CSF confirmed a vaccine-relat-
ed disease for 10 patients. Attributing the disease to the
YF vaccine was not possible for 14 other patients (nonre-
active or unknown YF virus IgM), although for all 24 pa-
tients, a structured assessment with a tool proposed by
the World Health Organization (13) suggested a causal
association with vaccination. For IgM-reactive and IgM-
nonreactive patients, no differences in CSF cell count or
time from vaccination to symptom onset were noted.
Except for 1 patient who died, the course of disease for
these patients was uncomplicated, and they were dis-
charged a median of 2.5 days after hospital admission
(IQR 1.00-5.25 days). One case involved potential trans-
mission through breast-feeding (atypical case).

Encephalitis
Eight patients had encephalitis. Compared with those

with aseptic meningitis, these patients had more seizures
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(50% vs. 0; p = 0.002), more psychosis (37.5% vs. 0; p =
0.011), and longer hospital stays (median 17.5 [IQR 12.00-
35.25] vs. 2.5 [IQR 1.00-5.25) days; p = 0.002). One patient
died, 4 displayed YF virus IgM reactivity in CSF, and 3
had autoimmune encephalitis.

Autoimmune Disease: ADEM, Myelitis, and GBS
We identified 2 ADEM cases. For 1 patient, parapare-
sis and somnolence developed 15 days after YF vac-
cine, and MRI revealed diffuse demyelinating lesions
in the brain and cervical spinal cord. This patient was
the only one outside of the meningitis and encephali-
tis groups with CSF positive for YF virus IgM. For the
other patient, ataxia developed 5 days after vaccina-
tion, and MRI showed T2-weighted and FLAIR signal
abnormalities in the dorsal pons and middle cerebel-
lar peduncles. That patient was not tested for YF virus
antibodies or RNA.

Two patients experienced spastic quadriparesis,
20 hours and 23 days after vaccination. MRI analy-
sis revealed partial myelitis in the cervical cord (first
patient) and longitudinally extensive cervicothorac-
ic myelitis (second patient). Three patients experi-
enced flaccid quadriparesis (14, 16, and 31 days after
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vaccination) consistent with GBS. One patient un-
derwent a nerve conduction study, which revealed
axonal motor polyneuropathy.

Atypical Cases

We found several cases of neurologic syndromes that
are typically autoimmune or occur after infection
but that are not traditionally associated with YF vac-
cination. The encephalitis group included 3 patients
with autoimmune encephalitis and antibodies against
neural targets. The first patient, a 42-year-old woman,
experienced headache and fever 1 day after the first
(fractioned) dose of the 17-DD vaccine, followed by
psychosis and status epilepticus. She had altered EEG
findings and inflammatory CSF; YF virus IgM in CSF
was nonreactive. Antineurexin3 IgG was detected in
serum and CSF. The second patient, a 14-year-old
girl, experienced headache, depression, psychosis,
seizures, and EEG slowing 21 days after receiving her
first (full) dose of the 17-DD vaccine. A bloody CSF
sample (1,142 erythrocytes/ mm®) was reactive for YF
virus IgM 3 months after symptom onset, although
PCR for YF virus in CSF was negative. That result
could be a false positive. The third patient, a 39-year-
old woman, experienced fever, vertigo, and psychiat-
ric symptoms 23 days after YF vaccination (full dose,
first ever). She was evaluated by a neurologist 45 days
after symptom onset. Examination showed opsoclo-
nus-myoclonus-ataxia and encephalopathy, EEG re-
vealed background slowing, and CSF (slightly bloody
from a traumatic lumbar puncture) showed 5 leuko-
cytes/mm?®. Immunologic tests for YF virus were not
performed in serum or CSF. N-methyl-D-aspartate
receptor (NMDA-1) IgG was identified in serum and
CSF of the second and third patients. These 3 cases
are described in greater detail elsewhere (14). All 3
cases met the BC encephalitis case definition and the
CDC criteria for level 2 neurotropic disease. Howev-
er, because the CDC criteria require no evidence of
other diagnoses, they were not further classified as
suspected or probable YEL-AND.

Three patients exhibited autoimmune syndromes
that are unclassifiable per both CDC and BC criteria.
The first patient was a 25-year-old man in whom cer-
ebellar ataxia, opsoclonus, and generalized myoclo-
nus, consistent with opsoclonus-myoclonus-ataxia
syndrome, developed 29 days after vaccination. MRI
and EEG findings were unremarkable, and he recov-
ered over a few months with immunotherapy. He
was not investigated for YF virus-specific antibodies
or nucleic acid. Information on vaccine (dosing, first,
or booster dose) was missing. The second patient was
a 50-year-old man in whom dysarthria, imbalance,
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and mild somnolence developed 13 days after he had
received a first (full) dose of the 17-DD vaccine. Phys-
ical examination showed global cerebellar ataxia.
Neuroimaging and CSF analysis were unremarkable,
and the patient improved spontaneously over a few
days. PCR and assays to detect YF virus IgM in CSF
were not performed. The third patient was a 28-year-
old man who reported frontal headache associated
with eye movement, followed within 2 weeks by bi-
lateral vision impairment. At admission, he had low
visual acuity in the left eye, and MRI showed exten-
sive signal abnormalities in both optic nerves, which
was consistent with optic neuritis. CSF was inflam-
matory but negative for YF virus IgM or by PCR for
YF virus. He recovered with immune therapy.

A fourth case occurred after the mother of a
1-year-old boy received her first dose of the YF vac-
cine (no information on dosing) but continued to
breast-feed her child. Seven days after the mother’s
vaccination, the infant exhibited nasal discharge,
headache, fever, anorexia, and malaise. Examination
indicated that he was alert and active but dehydrated.
Computed tomography (CT) of the brain showed no
abnormalities, and CSF analysis indicated 230 leu-
kocytes/mm?®, 12 erythrocytes/mm?, and 35 mg/dL
protein. YF virus IgM and PCRs were not performed
for infant or mother. The infant was discharged 9
days after admission.

Fatal Cases
Two patients died. Aseptic meningitis developed in 1
and encephalitis in the other.

A 52-year-old woman with a history of underly-
ing unruptured giant intracranial aneurisms expe-
rienced retro-orbital headache, fever, nausea, and
vomiting 9 days after receiving a full dose of the
YF vaccine. Examination showed nuchal rigidity
but was otherwise unremarkable. Brain CT showed
giant intracranial aneurysms without bleeding.
A lumbar puncture revealed xanthochromic CSF
with 3,080 leukocytes/mm?® (68 % neutrophils, 15%
lymphocytes), 2 erythrocytes/mm? and 163 mg/
dL protein. The woman was admitted to the inten-
sive care unit (ICU), where she received treatment
for presumed bacterial meningitis. CSF analysis
was reactive for YF virus IgM, negative for YF vi-
rus by PCR, and negative for DENV IgM. On hos-
pitalization day 14, seizures, left hemiplegia, and
coma developed. A second CT showed focal brain
edema and a malignant right middle cerebral ar-
tery stroke. She died 3 months later. Although the
timing of symptoms, fever, the initially benign pre-
sentation, and reactive CSF IgM initially indicated
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a case of neurotropic disease, the underlying intra-
cranial aneurysms, CSF xanthochromia, and cere-
bral infarction suggest subarachnoid hemorrhage
as a relevant differential diagnosis. The 2 condi-
tions may have occurred concurrently, and for this
patient, it would be difficult to determine whether
subarachnoid hemorrhage preceded or followed
neurotropic disease.

A 19-year-old woman experienced myalgia,
vomiting, and progressive headache that started 4
days after receiving a full dose of the 17DD vaccine
alone. Mild confusion progressed steadily over the
next 12 days. On postvaccination day 16, bilateral
convulsive seizures developed; the woman was ad-
mitted to the ICU and was comatose at the time of
arrival. Brain CT findings were unremarkable. Initial
blood chemistry revealed elevated alanine (276U /L)
and aspartate (246 U/L) aminotransferase levels
(suggesting viscerotropic disease), but results were
otherwise unremarkable. A lumbar puncture sample
contained 19 leukocytes/mm?® and 154 mg/dL pro-
tein and was negative for YF virus IgM and nucleic

acid. Over the next 14 days, sepsis, renal insufficiency,
and disseminated intravascular coagulation devel-
oped, and the patient died. Autopsy detected cen-
trilobular necrosis and periportal inflammation of
the liver and revealed mild perivascular edema and
congestion of brain sections. RNA extracted from
formalin-fixed paraffin-embedded tissues was posi-
tive for YF virus in the lungs and heart but negative
in the brain, spleen, and kidney. Because of the low
quality of RNA, it was not possible to differentiate
between wild type and vaccine strains. This patient
experienced multiorgan failure later than usual for
viscerotropic disease.

Comparison of BC and CDC (and Brak | Ministry

of Health) Classifications

The BC (Figure 1) and CDC (Figure 2) criteria differed
in several respects (Figure 3). Of 8 patients in the
encephalitis group, 3 were classified as having sus-
pected or definite neurotropic disease according to
the CDC criteria. Two cases of encephalitis could not
be considered neurotropic disease because EEG and

Suspect YEL-AND,
n=50

Alternative diagnoses, n=5

Excluded, n=8

Insufficient data,n =3

v

Remaining cases, n =42

Aseptic meningitis, n = 24
CSF-YF-lgM + n=10

Encephalitis, n =8
CSF-YF-lgM+n=4

y y

v i

ADEM, n=2

| Myelitis, n = 2
CSF-YFV-IgM+, n =1

n=3

Guillain-Barré syndrome,

Unclassified, n=3
Opsoclonus-myoclonus-ataxia, n =1

Figure 1. Classification of cases of yellow fever vaccine—associated

Ataxia, n=1
Optic neuritis, n=1

neurologic disease with Brighton Collaboration criteria, Sdo Paulo,

Brazil, 2017-2018. CSF YF IgM, yellow fever virus IgM in cerebrospinal fluid; YEL-AND, yellow fever vaccine-associated neurologic

disease; YF, yellow fever; +, positive.
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50 cases suspected YEL-AND

Alternative diagnoses, n =5

Insufficient data, n=3
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Remaining cases, n =42
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Figure 2. Classification

of cases of yellow fever
vaccine—associated
neurologic disease with
Centers for Disease Control
and Prevention criteria,
Sao Paulo, Brazil, 2017—-
2018. YEL-AAD-PNS,
autoimmune disease with
peripheral nervous system
involvement; YEL-AAD-
CNS, autoimmune disease
with central nervous
system involvement;
YEL-AND, yellow fever

Excluded, n=8

«Definite neurotropic, n =3
*Suspected neurotropic, n=2
*Unclassified, n=4

Level 2 neurotropic disease, n=9

vaccine-associated
neurologic disease.

"| *Probable YEL-AAD-PNS, n =2
*Unclassified, n=1

Level 2 autoimmune disease: peripheral nervous system, n=3

] Level 2 probable YEL-AAD-CNS, n =2 |

Y

Remaining cases: unclassifiable level 1 neurologic disease, n =28 |

MRIwerenot performed, and for 3novel autoimmune
encephalitis cases, it was not possible to ascertain
causality. The CDC criteria were particularly less
inclusive of aseptic meningitis. Of the 24 patients
with aseptic meningitis, only 2 were classified as
having suspected or definite neurotropic disease
(1 patient with meningeal enhancement on MRI, 1
with disorganized backgrounds on EEGs); 21 fell
into the level 1 neurologic disease group (including
1 patient whose vaccine-symptom interval was 34
days), either for the absence of a typical MRI (unre-
markable, 2 cases; not performed, 19 cases) or EEG
findings (unremarkable, 2 cases; not performed, 19
cases). One case was classified as level 2 neurotropic
disease but not further classified as suspected or def-
inite neurotropic disease for a 38-day vaccine-symp-
tom interval.

The CDC and BC criteria generally agreed on the
classification of ADEM and GBS cases; only 1 GBS
case was disregarded as YEL-AND by the CDC cri-
teria because of symptom onset 31 days after vacci-
nation. As expected, myelitis and unclassified cases
were also missed by the CDC criteria.
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Discussion

Publications on AEFI with YF vaccine are limited
mainly to case reports and small case series with vary-
ing case definitions. Most published cases do not meet
the CDC or BC criteria (15). Some retrospective studies
used different diagnostic criteria to evaluate incidence
of YEL-AND during mass vaccination campaigns
(16) or long periods of observation in specific regions
(3,4,6,17). McMahon et al. described 15 cases that had
been notified to the Vaccine Adverse Event Reporting
System (https://vaers.hhs.gov) in a 15-year period;
the criteria used differed slightly from the current CDC
criteria: patients with level 1 neurologic disease were
classified as having encephalitis, depending on the
timing of symptoms or detection of YF IgM in CSF, re-
gardless of MRI or EEG findings (3). A group in France
used the same criteria but highlighted the differences
between encephalitis and meningitis in their report of 4
patients with YEL-AND (17). In an active surveillance
study during vaccination campaigns in Africa, Breu-
gelmans et al. evaluated 164 suspected cases of severe
AEF], of which only 6 were considered YEL-AND ac-
cording to the BC case definitions. YF virus IgM in CSF
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BC myelitis, n =2

[

CDC definite
neurotropic, n=3

CDC suspected neurotropic, n =2

*CDC level 2

BC meningoencephalitis,

neurotropic,n=4

YF-IgM+, n = 14

Other,n=3

BC meningoencephalitis,

CDC level 1, unclassified,
n=28

YF-IgM-, n = 18

Figure 3. Classification of cases of yellow fever vaccine—associated neurologic disease, Sdo Paulo, Brazil, 2017-2018. Excluded
cases, acute disseminated encephalomyelitis cases, and Guillain-Barré syndrome cases not shown. The area with n= 9 represents
the intersection between the group “BC meningoencephalitis, YF-IgM+ (reactive CSF-YF-IgM)” and “CDC level 1, unclassified.” The
area with n = 14 represents the intersection between the group “BC meningoencephalitis, YF-IgM- (nonconfirmed)” and “CDC level 1,
unclassified.” BC, Brighton Collaboration criteria; CDC, Centers for Disease Control and Prevention criteria; level 1 unclassified, level

1 neurologic disease not classifiable as level 2; level 2 neurotropic, level 2 neurotropic disease not further classified as suspected or
definite neurotropic disease; other, includes atypical yellow fever vaccine—associated neurologic disease (optic neuritis, n = 1; ataxia, n

= 1; opsoclonus-myoclonus-ataxia syndrome, n = 1); +, positive.

was assessed for only 2 patients, and results for both
were negative (16). In a series of cases reported to the
Vaccine Adverse Event Reporting System during
2007-2013, AEFI cases were classified as YEL-AND if
they met the BC case definitions. A total of 17 events
were included: 6 GBS, 6 aseptic meningitis, 2 encepha-
litis, 2 myelitis, and 1 ADEM (6). Detecting YF virus
RNA in CSF samples is exceedingly rare, which was
confirmed in our study.

Cross-reactivity with other flaviviruses was
ruled out with DENV immunology. DENV is the
main arbovirus in the state of Sdo Paulo; in 2018,
infection incidence was 43.4 cases/100,000 inhabit-
ants. The combined incidence of Zika and chikun-
gunya virus infections during the same period was
<3 cases/100,000 inhabitants (18). All 32 CSF sam-
ples tested for DENV IgM were negative, which
makes cross-reactivity with flaviviruses unlikely.
The patients were evaluated at tertiary referral cen-
ters, which enabled a detailed analysis of the clini-
cal characteristics of individual cases. This detailed
analysis may be associated with the large proportion
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of cases with a high or intermediate level of diagnos-
tic certainty according to the BC criteria. On the oth-
er hand, hospital-based retrospective studies may be
inappropriate for estimating the incidence of events
among vaccinees in the general population.
Comparing the case classifications obtained from
each criterion revealed major limitations for those from
CDC. The definition of neurotropic disease, which re-
quires evidence suggestive of encephalitis on EEG or
MRI scans, leads to many meningoencephalitis cases
not being properly classified as level 2 neurologic dis-
ease, especially for patients with aseptic meningitis. This
limitation is relevant for 2 reasons. First, many mass
vaccination campaigns take place in countries where
YF is endemic, notably low-income and lower-middle-
income countries, where access to diagnostic tests is lim-
ited. Second, aseptic meningitis may be more common
than encephalitis, as observed in our study and previ-
ously (6) and is typically devoid of parenchymal brain
abnormalities that would be evident on an EEG or MRI
scans. On the other hand, detection of pathogen-specific
IgM-class antibodies in CSF is widely recognized as
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indicative of CNS viral invasion and constitutes a rel-
evant indication of causality in the evaluation of sus-
pected YEL-AND. We were able to diagnose menin-
goencephalitis in more cases by using the BC criteria to
ascertain aseptic meningitis and encephalitis with reac-
tive IgM in CSF as evidence of causality (14 cases) than
by strictly applying the CDC criteria (3 cases). Increased
sensitivity of the BC criteria was also reported by Lind-
sey et al. Of the 17 cases classified as YEL-AND by using
BC-based criteria, only 13 were classified as such by us-
ing the CDC case definitions (6).

Another limitation of the CDC criteria is exclu-
sion of vaccination as the cause for patients with a
vaccine-symptom interval >30-days, which led to
exclusion of 3 cases in our study, including 1 patient
with reactive IgM in CSF in whom meningoencepha-
litis developed 38 days after vaccination. Similarly,
modifying the CDC criteria enabled Martins et al. to
include 2 patients with meningoencephalitis 39 and
36 days after vaccination (4).

Our study also expands the range of neurologic
complications attributable to YF vaccine. We found 1
case of aseptic meningitis in a breast-feeding infant,
which is very rare (only 3 cases with IgM in the CSF of
breast-feeding infants have been reported to date [19-
21]), and 3 cases of immune-mediated encephalitides
(3 neuronal surface antibody encephalitides and 1 case
of antibody-negative opsoclonus-myoclonus-ataxia),
which are not traditionally associated with the YF vac-
cine. However, anti-NMDA-r encephalitis is triggered
by infections (22), several other vaccines (23-27), and
the YF vaccine (28,29); as such, anti-NMDA-r encepha-
litis could represent a novel YEL-AND. Opsoclonus-
myoclonus-ataxia is considered a paraneoplastic or
parainfectious disease, which is associated with sever-
al infections (30-33), other vaccines (34-39), and 1 case
of YEL-AND described by Martins et al. (4).

Last, of the 39 patients with suspected YEL-
AND for which information on vaccine dosing was
available, 9 had received fractional doses and 30 had
received full doses. Although the proportion of cas-
es associated with fractional doses (1:3.3) is smaller
than the proportion of fractional doses in the Sao
Paulo region (1:1.5), this finding must be interpret-
ed with caution because the participating centers of
our study are tertiary referral centers with statewide
catchment areas. AEFI surveillance data from Cen-
ter for Epidemiologic Surveillance of the State of Sdo
Paulo did not show substantially different reporting
rates between the 2 doses of the vaccine (E. Gatti Fer-
nandes, unpub. data).

In conclusion, both full and fractional doses of the
YF vaccine can cause YEL-AND. Aseptic meningitis
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is a YEL-AND for which the CDC criteria are particu-
larly exclusive. In contrast to detecting YF virus IgM
in CSF, limited value for diagnosing meningoenceph-
alitis has been found for molecular testing, MRI, and
EEG. Future studies of YEL-AND should be based
on BC case definitions for case ascertainment and on
detection of YF virus IgM in CSF for determination
of causality for patients with aseptic meningitis and
encephalitis. Autoimmune encephalopathies should
be included as potential YEL-ANDs.
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From the Greek en’tér-o-si'ton (intestine), kiitos (ves-
sel, cell), and zo’on (animal), and the surname Bi-
eneus, in memory of the first infected patient whose
case was reported in Haiti during 1985. Enterocytozoon
bieneusi, a member of the wide-ranging phylum Micro-
sporidia, is the only species of this genus known to in-
fect humans. Microsporidia are unicellular intracellular
parasites closely related to fungi, although the nature
of the relationship is not clear.

E. bieneusi, a spore-forming, obligate intracellular
eukaryote, was discovered during the HIV/AIDS pan-
demic and is the main species responsible for intestinal
microsporidiosis, a lethal disease before widespread use
of antiretroviral therapies. More than 500 genotypes are
described, which are divided into different host-specific
or zoonotic groups. This pathogen is an emerging issue
in solid organ transplantation, especially in renal trans-
plant recipients.
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Macrolide-Resistant Mycoplasma
pneumoniae Infections
in Children, Ohio, USA

Mariana M. Lanata,* Huanyu Wang, Kathy Everhart, Melisa Moore-Clingenpeel, Octavio Ramilo, Amy Leber

Emergence of macrolide-resistant Mycoplasma pneu-
moniae (MRMp) challenges empiric macrolide therapy.
Our goal was to determine MRMp rates and define char-
acteristics of children infected with macrolide-sensitive
M. pneumoniae (MSMp) versus MRMp in Ohio, USA.
We cultured PCR-positive M. pneumoniae specimens
and sequenced M. pneumoniae—positive cultures to de-
tect macrolide resistance mutations. We reviewed medi-
cal records to compare characteristics of both groups.
We identified 14 (2.8%) MRMp and 485 (97.2%) MSMp
samples. Patients in these groups had similar demo-
graphics and clinical characteristics, but patients with
MRMp had longer hospitalizations, were more likely to
have received previous macrolides, and were more
likely to have switched to alternative antimicrobial drugs.
MRMp-infected patients also had ~5-fold greater odds of
pediatric intensive care unit admission. Rates of MRMp
infections in children in central Ohio are low, but clini-
cians should remain aware of the risk for severe illness
caused by these pathogens.

ycoplasma pneumoniae is a major pathogen that

accounts for up to 40% of the total number of
community-acquired pneumonias (CAPs) in children
and up to 19% of the pediatric CAPs that require
hospitalization (1,2), yet those numbers might not re-
flect its actual clinical impact because testing for M.
pneumoniae is not performed routinely. M. pneumoniae
infection has a wide range of manifestations, from
asymptomatic infection to severe pneumonia requir-
ing admission to the intensive care unit (3,4). Because
it lacks a cell wall, M. pneumoniae is not susceptible
to B-lactam antimicrobial drugs, which are first-line
therapy for CAP in children (5).

Macrolides are considered the antimicrobial
drugs of choice for the treatment of M. pneumoniae
infections in children (5); however, in the past few
decades, macrolide-resistant M. pneumoniae (MRMp)

Author affiliation: Nationwide Children’s Hospital, Columbus,
Ohio, USA
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has emerged. Rates of resistance are highest in Asia,
as high as 100%, and reported rates in the United
States vary from 3.5% to 13.2% (3,6-13). No published
data are available from Ohio, where we conducted
our study.

Macrolide resistance is conveyed by single base
mutations in the V region of 235 rRNA, which codes
for the binding site of macrolides in the M. pneumoni-
ae ribosome. The most common mutations include the
change of A to C/G/T atlocation A2063 or at location
A2064 (14,15). These are the 2 mutations associated
with macrolide resistance that have been reported in
the United States (3,6).

M. pneumoniae is a slow-growing, fastidious or-
ganism, making routine culture and phenotypic an-
timicrobial drug sensitivity testing impractical for
clinical use and limiting the use of these techniques
mainly to research purposes. Since molecular assays
were developed, diagnosis of M. pneumoniae infec-
tions has shifted from serology to molecular detec-
tion using PCR, resulting in improved sensitivity and
specificity. However, even with molecular detection,
most clinicians have no information regarding anti-
microbial sensitivity of M. pneumoniae. Therefore, as
in many other settings, we currently have no data on
local rates of MRMp, and most children diagnosed
with M. pneumoniae infection are treated initially
with macrolides. If clinical concerns for macrolide re-
sistance occur while children are receiving therapy,
clinicians sometimes choose to switch antimicrobial
therapy to another agent, although there are no estab-
lished clinical parameters or guidelines concerning
when to consider potential resistance to macrolide
antimicrobial drugs.

Studies, emerging mainly from Asia, have re-
ported increased disease severity in adults and chil-
dren infected with MRMp. More consistently, stud-
ies have demonstrated longer duration of fever in

!Current affiliation: Marshall University, Huntington,
West Virginia, USA.
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patients infected with MRMp and longer duration
of hospitalization. Other studies have reported more
frequent pulmonary complications and the need for
changing antimicrobial drug therapy (16-19). Chen
et al. recently published a meta-analysis further con-
solidating the evidence for longer duration of fever
and hospitalization in patients with MRMp, but no
differences were reported in clinical presentation,
laboratory results, or chest radiograph findings (20).
Data about MRMp infection in children in the United
States remain limited.

The primary objective of this study was to de-
termine the rate of MRMp infections in children in
central Ohio, USA. Our second objective was to ex-
amine the clinical characteristics, antimicrobial drug
treatment, and outcomes in this cohort; to identify
potential differences between patients infected with
macrolide-sensitive M. pneumoniae (MSMp) and those
infected with MRMp; and to determine whether in-
fection with MRMp was associated with worse clini-
cal outcomes than infection with MSMp.

Methods

Study Samples

We collected a retrospective convenience sample
from standard-of-care clinical samples with orders
for M. pneumoniae molecular testing performed ei-
ther using an in-house laboratory-developed PCR
for M. pneumoniae (21) or the PCR for M. pneumoniae
included as part of a multiplex PCR panel for respi-
ratory pathogens (BioFire FilmArray Respiratory
Panel version 1.7; BioFire, https://www.biofiredx.
com). We identified samples positive for M. pneu-
moniae and having adequate remnant volume for
further analysis using the laboratory database for
October 2015-January 2019. The samples consisted
of nasopharyngeal or throat swab specimens col-
lected in M4 transport media.

Mycoplasma Culture

We stored samples at 4°C pending PCR results. We
cultured the samples that tested positive for M. pneu-
moniae within 48 hours of collection in SP4 glucose
broth (Remel, http://www.remel.com) and incubat-
ed them at 35°C until isolates grew, or for a maximum
of 4 weeks for a negative culture, according to stan-
dard procedures (22). Culture positivity was identi-
fied by color change of the broth and later confirmed
by our laboratory-developed M. pneumoniae PCR in a
subset of patients. We discarded samples displaying
bacterial contamination (detected by cloudy or yel-
low color change).
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Sequencing for Macrolide Resistance Detection

We amplified domain V of the 235-rRNA (nt 1937-
2154; reference strain GenBank accession no. X68422)
(23) from all positive M. pneumoniae cultures, where
both point mutations that convey macrolide resis-
tance described in the United States are located. We
performed Sanger sequencing on the PCR products
and compared the sequences with the correspond-
ing region of the wild-type reference strain (ATCC
15322). We sent 2 de-identified samples to a reference
laboratory (Mycoplasma Laboratory, University of
Alabama at Birmingham, Birmingham, AL, USA) for
phenotypic sensitivity testing to assess the effect of a
novel mutation (A2065A).

Clinical and Treatment Characteristics

We reviewed electronic medical records from all pa-
tients with sequenced samples. We collected demo-
graphic characteristics, including age, gender, race,
patient location, any previous medical encounter
during illness, and vaccination status, for each pa-
tient. We also collected clinical data such as symp-
toms at the first medical encounter, including fever,
cough, rhinorrhea, rash, and central nervous system
manifestations. We recorded all diagnostic testing as-
sociated with the medical encounter, including chest
radiographs and laboratory testing (blood cultures,
complete blood counts, other viral testing) and medi-
cal interventions, mainly with regard to antimicro-
bial drug treatment. This study was approved by the
Nationwide Children’s Hospital Institutional Review
Board (IRB17-01280).

Statistical Analysis

We assessed group comparisons using y? or Fisher ex-
act tests for categorical variables and 2-sample t-tests
with Satterthwaite corrections for unequal group
variance where needed or Wilcoxon rank sum tests
for continuous variables. We used multivariable lo-
gistic regression to evaluate risk factors for binary
outcomes (hospital admission, pediatric intensive
care unit [PICU] admission, presence of fever, hypox-
emia), with a Firth correction for small sample size
when warranted. We used negative binomial regres-
sion to evaluate risk factors for continuous outcomes
(duration of hospitalization, duration of fever); results
have been exponentiated to reflect risk ratios. For all
multivariable models, when sample size allowed, we
ran separate models for the full cohort as well as for
the cohort with viral testing, because of the more lim-
ited number of patients who received viral testing;
results were similar for both cohorts. We ran sepa-
rate models for collinear covariates and presented
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the model with the best goodness of fit (based on the
Akaike Information Criterion). We based variable
selection for all multivariable models on backward
stepwise selection, with an entry criterion of p<0.15;
we retained resistance in all models regardless of sta-
tistical significance because it was the primary risk
factor. We used SAS 9.4 (https://www.sas.com) to
conduct all analyses.

Results

Detection of Macrolide Resistance Mutations
by Sequencing
During October 2015-January 2019, a total of 744
samples identified as M. pneumoniae-positive by PCR
were cultured for isolation of M. pneumoniae. Among
these, 553 (74.3%) yielded a positive M. pneumoniae
culture (Figure).

We performed sequencing on those 553 cul-
ture-positive samples and were successful with
499 (90.2%). The sequences of the V domain of the

Oct 2015-Jan 2

23rRNA from a total of 485 (97.2%) samples matched
that of the wild-type reference strain. We detected
mutations associated with macrolide resistance in
14 samples (2.8%); of those, 11 corresponded to the
A2063G and 3 to A2064G mutations (Figure). We also
identified 3 samples with a deletion on A2065, a locus
adjacent to the mutations described to convey macro-
lide resistance.

Phenotypic Susceptibility Testing

From the 3 samples with the A2065A mutation, we
were able to regrow only 2 from frozen aliquots and
sent them for phenotypic sensitivity testing. Erythro-
mycin, tetracycline, and levofloxacin were the antimi-
crobial drugs tested. The M. pneumoniae isolates from
both samples were sensitive to all 3 drugs according
to Clinical and Laboratory Standards Institute guide-
lines; therefore, this deletion was not found to con-
vey resistance to macrolides (24). For purpose of the
rest of the analysis, we included these samples in the
MSMp group.

Attempted to culture 744 M

pneumoniae PCR-positiv

e samples

+ 73 samples discarded for

concerns of contamination
+ 118 samples did not grow

yielded a positive culture

Sequencing was success

(90.

amples

3 samples had a deletion on
A2065A locus—these did not
convey macrolide resistance and
were analyzed as macrolide-
sensitive M. pneumoniae

ful in 499

485 (97.2%
refere

) samples matched wild-type

rain and were classified as

macrolide-sensitive M. pneumoniae

Clinical data

available for 332 (68.5%)
macrolide-sensiti

/1. pneumoniae samples

Mutations that convey macrolide
resistance detected in 14 samples (2.
+ 11 A2063G + 3 A2064G

a available for 12
macrolide-resistant M. pneumoniae samples

Figure. Flowchart for selection of Mycoplasma pneumoniae-positive respiratory samples for macrolide resistance testing and children
with available information for analysis of clinical variables in study of children infected with M. pneumoniae, Ohio, USA, 2015-2019.

1590

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 6, June 2021



Demographic, Clinical, and Treatment Data
Clinical data were available for 344 (68.9%) of the
sequenced samples, including 12/14 (86%) of the
MRMp isolates and 332/485 (68.5%) of the MSMp
isolates. Both groups of patients had similar demo-
graphics, including the presence of concurrent condi-
tions, previous medical encounters, and vaccination
status (Table 1). Of the concurrent conditions, asthma
was present in 50% of patients. No differences were
found in the clinical characteristics at the time of pre-
sentation to medical care between both groups, with
the exception of maximum temperature among pa-
tients who had fever; those in the MRMp group had
a lower maximum temperature. Central nervous sys-
tem manifestations appeared to be more common in
the MRMp group; however, this finding was not sta-
tistically significant.

Among patients for whom chest radiographs
were obtained (12 in the MRMp group and 264 in the

Macrolide-Resistant M. pneumoniae in Children

MSMp group), most of their radiographs were abnor-
mal (100% of MRMp and 95% of MSMp) (Table 2). Of
the 344 patients with clinical data, 91 received their
diagnoses by multiplex PCR panel alone, 168 by in-
house M. pneumoniae PCR alone, and 85 with both.
Therefore, viral testing was available in the subset of
176 patients in the cohort tested using the multiplex
panel: 10 (83%) patients with MRMp and 166 (50%)
patients with MSMp. Viruses identified included rhi-
novirus/enterovirus, adenovirus, respiratory syncy-
tial virus, coronavirus, influenza B, and parainfluenza
types 2 and 3. Although co-detection of viruses was
more common in the MSMp group, this difference
was not statistically significant. No bacterial co-infec-
tions were detected (Table 2).

Macrolide resistance was not significantly associ-
ated with duration of fever in univariate (relative risk
[RR]0.99,95% CI10.66-1.46) or multivariable (adjusted
RR [aRR] 0.93, 95% CI 0.66-1.30) analysis. However,

Table 1. Patient demographics and clinical characteristics of children infected with macrolide-sensitive and macrolide-resistant strains

of Mycoplasma pneumoniae, Ohio, USA, 2015-2019*

Characteristic MRMp, n =12 MSMp, n = 332 p value
Sex 0.9046

M 7 (55) 175 (53)

F 5 (45) 157 (47)
Year 0.6508

2015 4 (33) 146 (44)

2016 1(8) 51 (15)

2017 2(17) 52 (16)

2018 5 (42) 73 (22)

2019 0 10 (3)
Age, y, mean (SD) 9.13 (3.74) 8.73 (4.62) 0.7683
Previous visits

Any previous visits 8 (67) 188 (57) 0.4901

No. previous visits, median (IQR) 1.5 (1-2) 1(1-2) 0.3491
Underlying conditions 6 (50) 139 (42) 0.5752
Chronic immunosuppression 1(8) 5(2) 0.1392
Up to date in vaccines 12 (100) 316 (97) >0.9999
Inpatient 6 (50) 130 (39) 0.551

Median duration of hospitalization, d (IQR) 8 (6—10) 2 (1.5-3) 0.0132
PICU 3 (25) 21 (6) 0.0433

Median duration of PICU stay, d (IQR) 2(1-8) 2 (1.5-5) 0.8596
Hypoxemia 3 (25) 73 (23) >0.9999

Median duration of O, support, d (IQR) 4 (1-8.5) 1(0.5-2) 0.1302

Mechanical ventilation 1(33) 6 (8) 0.2487
Median duration of symptoms, d (IQR) 7 (6.5-13) 7 (5-10) 0.3324
Fever 11 (92) 271 (81) 0.7024

Median duration of fever, d (IQR) 4 (2-7) 4 (2-7) 0.984

Median maximum temperature, °C (IQR) 38.4 (38.1-39.4) 39.1 (38.4-39.7) 0.0415
Fatigue 5 (42) 91 (27) 0.3298
Decreased appetite/oral food intake 4 (33) 125 (38) >0.9999
Decreased urine output 0 22 (7) >0.9999
Cough 12 (100) 320 (96) >0.9999
Shortness of breath/respiratory distress 5(42) 91 (27) 0.3268
Sore throat 0 67 (20) 0.1332
CNS manifestation 2(17) 10 (3) 0.0607
Nausea/vomiting 1(8) 55 (17) 0.6987
Diarrhea 1(8) 30 (9) >0.9999
Rash 0 25 (7.5) >0.9999

*Values are no. (%) except as indicated. Bold type indicates statistical significance. CNS, central nervous system; IQR, interquartile range; MRMp,
macrolide-resistant Mycoplasma pneumoniae; MSMp, macrolide-sensitive Mycoplasma pneumoniae; PICU, pediatric intensive care unit.
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Table 2. Respiratory examination, chest radiograph findings, and results of viral testing in children infected with Mycoplasma

pneumoniae, Ohio, USA, 2015-2019*

Test MRMp, n =12 MSMp, n = 332 p value
Respiratory examination
Abnormal 9 (75) 214 (64) 0.5513
Crackles 3(25) 96 (45) 0.7344
Rales 1(11) 25 (12) >0.9999
Rhonchi 1(11) 23 (11) >0.999
Decreased breath sounds 5 (56) 104 (49) 0.7441
Wheezing 1(11) 51 (24) 0.6888
Chest radiograph findings n=12 n=261 >0.9999
Abnormal 12 (100) 243 (93.1)
Focal consolidation 3 (25) 170 (65.1)
Multifocal consolidation 4 (33) 41 (15.7)
Peribronchial thickening 2(17) 45 (17.2)
Atelectasis 0 8 (3.1)
Pleural effusion 1(11) 39 (14.9)
Viral testing done by multiplex PCR 10 (83.3) 166 (50) 0.4086
M. pneumoniae alone 9 (90) 118 (71)
M. pneumoniae + 1 virus 1(10) 37 (22)
M. pneumoniae + >2 viruses 0 11.(7)

*Values are no. (%) except as indicated. MRMp, macrolide-resistant Mycoplasma pneumoniae; MSMp, macrolide-sensitive Mycoplasma pneumoniae.

older age (aRR 1.02 [95% CI 1.0-1.03]) per 1 year in-
crease in age), previous medical visit (aRR =1.71, 95%
CI 1.44-2.04), and previous antimicrobial drug treat-
ment (aRR 1.21, 95% CI 1.03-1.42) were significantly
associated with longer duration of fever.

When we evaluated outcomes related to disease
severity, MRMp infection was not a risk factor for
hospitalization. In multivariable analyses, younger
age, presence of concurrent conditions, previous
medical encounters, presence of abnormal respira-
tory examination, and preceding therapy with a non-
macrolide antimicrobial drug were significantly asso-
ciated with increased odds for hospitalization (Table
3). Among the subset of patients who had viral testing
performed, positive viral co-detection was associated
with significantly lower odds of hospitalization. We
also examined for variables associated with dura-
tion of hospitalization and found that, in univariate
analysis, patients infected with MRMp strains had
significantly longer duration of hospitalization than
those infected with MSMp (Table 4); no other study
variables were significantly associated with duration
of hospitalization.

A total of 24 (7% of the cohort, 17.6% of hospital-
izations) patients required PICU admission, the major-
ity (n =21, 87.5%) because of escalated respiratory sup-
port; 5 required invasive ventilation, 1 a Venturi mask,
and 13 bilevel positive airway pressure. Two patients
were admitted because of concerns of severe sepsis,
and 1 because of altered mental status. Macrolide resis-
tance was significantly associated with PICU admission
(univariate odds ratio [OR] 5.34, 95% CI 1.39-20.55), as
was the presence of concurrent conditions, any previ-
ous medical visits, abnormal respiratory exam, and
previous therapy with a nonmacrolide antimicrobial
drug (Table 5). Although too few patients were ad-
mitted to the PICU to enable us to perform a compre-
hensive multivariable analysis, we found that macro-
lide resistance remained significantly associated with
odds of PICU admission after adjusting one at a time
for the presence of concurrent conditions, any previ-
ous medical visits, abnormal respiratory examination,
and previous therapy with a nonmacrolide antimicro-
bial drug (adjusted OR [aOR] for macrolide resistance
4.9-5.1; Table 6). Presence of macrolide resistance was
not associated with increased risk for hypoxemia when

Table 3. Risk factors for hospital admission in children infected with Mycoplasma pneumoniae, Ohio, USA, 2015-2019*

Univariate analysis

Multivariable analysis

Risk factor OR (95% CI) p value aOR (95% ClI) p value
Female sex 0.99 (0.64-1.53) 0.9599
Age, y 0.96 (0.92-1.01) 0.1125 0.928 (0.877-0.982) 0.0096
Underlying condition 3.47 (2.21-5.46) <0.0001 4.234 (2.506-7.155) <0.0001
Any previous visit 3.6 (2.24-5.78) <0.0001 2.094 (1.131-3.877) 0.0188
Macrolide resistance 1.55 (0.49-4.92) 0.4547 1.171 (0.324-4.231) 0.8094
Abnormal respiratory examination 4.31 (2.55-7.26) <0.0001 4.063 (2.291-7.204) <0.0001
Previous treatment with antimicrobial drugs 3.03 (1.9-4.83) <0.0001 2.606 (1.377-4.934) 0.0033
Previous nonmacrolide antimicrobial drugs 2.85 (1.78-4.56) <0.0001
Positive viral test 0.24 (0.08-0.68) 0.0071
MRMp and positive viral test 0.23 (0.04-1.44) 0.1166

*Bold type indicates statistical significance. aOR, adjusted OR; MRMp: macrolide-resistant Mycoplasma pneumoniae; OR, odds ratio.
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Table 4. Risk factors for longer duration of hospitalization in children hospitalized with Mycoplasma pneumoniae infection, Ohio, USA,

2015-2019*
Univariate analysis Multivariable analysis
Risk factor RR (95% ClI) p value aRR (95% ClI) p value
Female sex 0.85 (0.63-1.15) 0.2852
Age,y 0.98 (0.95-1.01) 0.2213
Underlying condition 1.25 (0.92-1.71) 0.1592
Any previous visit 0.83 (0.58-1.16) 0.2734
Macrolide resistance 2.91 (1.56-5.44) 0.0008 2.04 (0.97-4.32) 0.061
Abnormal respiratory examination 1.14 (0.77-1.7) 0.5103
Previous treatment with antimicrobial drugs 0.94 (0.69-1.27) 0.6882
Previous nonmacrolide antimicrobial drugs 0.97 (0.71-1.31) 0.8204
Positive viral test 0.96 (0.69-1.34) 0.8122
MRMp and positive viral test 1.67 (0.51-5.44) 0.3946

*Bold type indicates statistical significance. aRR, adjusted RR; MRMp, macrolide-resistant Mycoplasma pneumoniae; RR, relative risk.

adjusted for other factors. Only the presence of concur-
rent conditions (aOR 3.45; p<0.0001) and any previous
medical visits (aOR 2.35; p = 0.0151) were significant
risks for hypoxemia and oxygen requirement (Table 7).

Antimicrobial Drug Treatment

The number of patients with previous antimicrobial
drug prescriptions was similar in both groups (41.7%
MRMp, 31.9% MSMp; p = 0.53), with a median du-
ration of 3 days (interquartile range [IQR] 2.5-5.7)
for MRMp and 4 days (IQR 2-6) for MSMp (p>0.99).
Most (96%) of these were antimicrobial drugs not ex-
pected to treat M. pneumoniae infection. Median time
of prescription was on day 5 of illness (IQR 3-9).
Three (25%) patients with MRMp versus 7 (2.1%) with
MSMp received therapy with azithromycin before the
medical encounter (p = 0.0017). Despite the clinician’s
lack of knowledge about presence of macrolide re-
sistance, a larger proportion of patients with MRMp
infection (25%) than patients with MSMp infection
(4.5%) were treated with levofloxacin as the definitive
therapy instead of a macrolide (p = 0.0267) (Table 8).

Discussion

Macrolide-resistant M. pneumoniae infections are be-
coming more relevant as pathogen-specific testing is
increasing and reports of resistance to macrolides are

becoming more widespread throughout the world.
Resistance rates vary, but the highest reported resis-
tance rates are from countries in Asia, as high as 100%
(3,12). Lower rates have been reported in Europe and
South America; few data are available from the Unit-
ed States (3,13). In today’s globalized world, spread
of resistant organisms is common and thus a major
concern. Unlike for other bacteria, no cumulative data
such as antibiograms are routinely available to help
guide empiric therapy for M. pneumoniae. Because
of Mycoplasma’s unique slow growth characteristics
and lack of availability of phenotypic susceptibil-
ity testing, antimicrobial drug treatment is routine-
ly initiated without any knowledge of macrolide
resistance rates.

The ready availability of specific molecular testing
for M. pneumoniae at Nationwide Children’s Hospital,
enabled us to generate a large convenience sample of
patients infected with M. pneumoniae for this study.
Our data demonstrated a low rate of MRMp of 2.8%.
Although this rate of resistance is lower than those pre-
viously described in other studies (6-10), the difference
is likely related to differences in study design. In our
study, because of the widespread and routine use of
testing for M. pneumoniae infections in our institution
and affiliated urgent care centers, we were able to in-
clude a larger sample size of nonselected patients. The

Table 5. Risk factors for pediatric intensive care unit admission in children infected with Mycoplasma pneumoniae, Ohio, USA,

2015-2019*
Univariate analysis

Risk factor OR (95% CI) p value
Female sex 1.13 (0.5-2.55) 0.7754
Age,y 0.98 (0.9-1.08) 0.7206
Underlying condition 4.32 (1.72-10.88) 0.0019
Any previous visit 3.73 (1.31-10.62) 0.0138
Macrolide resistance 5.34 (1.39-20.55) 0.015
Abnormal respiratory examination 5.34 (1.41-20.21) 0.0137
Previous treatment with antimicrobial drugs 3.17 (1.38-7.27) 0.0066
Previous nonmacrolide antimicrobial drugs 2.81(1.23-6.42) 0.014
Positive viral test 0.79 (0.31-2.01) 0.6127
MRMp and positive viral test 2.11 (0.27-16.71) 0.4805

*Bold type indicates statistical significance. MRMp, macrolide-resistant Mycoplasma pneumoniae; OR, odds ratio.
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Table 6. Multivariable models for assessing adjusted risk factors for pediatric intensive care unit admission in children infected with

Mycoplasma pneumoniae, Ohio, USA, 2015-2019*

Model aOR (95% ClI) p value
Model 1
Macrolide resistance 5.111 (1.248-20.926) 0.0233
Underlying conditions 4.238 (1.68-10.694) 0.002
Model 2
Macrolide resistance 4.964 (1.247-19.762) 0.023
Any previous visits 3.625 (1.273-10.323) 0.0159
Model 3
Macrolide resistance 4.895 (1.227-19.532) 0.0245
Abnormal respiratory exam 5.164 (1.37-19.461) 0.0153
Model 4
Macrolide resistance 4.969 (1.241-19.906) 0.0235
Any previous antimicrobial drugs 3.076 (1.332—7.101) 0.0085
Model 5
Macrolide resistance 4.911 (1.237-19.499) 0.0237
Any previous nonmacrolide antimicrobial drugs 2.717 (1.184-6.234) 0.0183

*Bold type indicates statistical significance. aOR, adjusted odds ratio.

resistance mutations detected in our population are
similar to others reported worldwide and confirmed
that the A2063G mutation was the most commonly
found (8,10,16,25,26). Although it is a novel mutation,
a deletion on A2065A was detected in 3 isolates, but it
did not confer phenotypic resistance to macrolides.
Although children infected with M. pneumoniae
can have a mild course of disease, some develop
severe disease, requiring hospitalization (1,3,7).
The presence of mutations associated with macro-
lide resistance did not affect the need for hospital-
ization in our study. In the study cohort, 50% of
patients infected with MRMp were managed as
outpatients. Our findings confirm those of others
in different countries (7,18,27,28) and a recent sur-
veillance study in the United States (10), providing
further evidence that children infected with MRMp
and MSMp in the United States demonstrated no
significant differences in clinical presentation. This
finding was also supported in the recent meta-
analysis by Chen et al. (20). Taken together, these
data point to the challenges that clinicians face
when treating patients infected with M. pneumoni-
ae. Because there is no practical way to identify pa-
tients infected with MRMp on the basis of clinical

findings, most, if not all, are empirically treated
with macrolides and some, albeit a small number,
receive ineffective treatment.

Our data indicate that among hospitalized pa-
tients infected with MRMp, infections may remain
unidentified for days and their conditions may wors-
en while they receive suboptimal therapy, which
likely explains the difference in duration of hospi-
talizations between both groups. Whereas patients
infected with MSMp were hospitalized for a median
of 2 days, those infected with MRMp had a median
of 8 days of hospitalization. These data confirmed
similar findings previously described in other coun-
tries (16,27,29) but differ from what was found by
Waites et al. in a recent surveillance study, in which
they did not find any differences in clinical severity
between groups (10).

Previous studies have described longer duration
of fever in patients infected with MRMp, as well as
longer time to defervesce while receiving macrolide
therapy, with subsequent quick defervescence when
switched to effective therapy (16-18,20,25,29,30). In
our pediatric cohort, we found no difference in du-
ration of fever at the first medical encounter. In addi-
tion, we found that patients infected with MRMp had

Table 7. Risk factors for hypoxemia in children infected with Mycoplasma pneumoniae, Ohio, USA, 2015-2019*

Univariate analysis

Multivariable analysis

Characteristic OR (95% CI) p value aOR (95% CI) p value
Female sex 1.117 (0.68-1.85) 0.6645

Age, y 0.964 (0.91-1.02) 0.194

Underlying conditions 3.279 (1.94-5.54) <0.0001 3.46 (2-5.98) <0.0001
Any previous visit 3.202 (1.8-5.69) <0.0001 1.77 (0.94-3.33) 0.0796
Macrolide resistance 1.236 (0.34-4.54) 0.75 0.91 (0.22-3.72) 0.8965
Abnormal respiratory examination 25.288 (6.98-91.64) <0.0001

Previous treatment with antimicrobial drugs 2.43 (1.45-4.07) 0.0007 2.35(1.18-4.68) 0.0151
Previous nonmacrolide antimicrobial drugs 2.129 (1.27-3.58) 0.0043

Positive viral test 0.902 (0.46-1.79) 0.7683

MRMp and viral positive 0.957 (0.16-5.81) 0.9618

*Bold type indicates statistical significance. aOR, adjusted odds ratio; MRMp: macrolide-resistant Mycoplasma pneumoniae; OR, odds ratio.
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Table 8. Antimicrobial drug treatment for children infected with Mycoplasma pneumoniae, Ohio, USA, 2015-2019*

Characteristic MRMp, n =12 MSMp, n = 332 p value
Patients with previous antimicrobial drug treatment, no. (%) 5(42) 106 (32) 0.5339
Nonmacrolide 5(42) 102 (31) 0.5262
Macrolide 3 (25) 7(2.1) 0.0017
Definitive treatment during medical encounter, no. (%)
Azithromycin 9 (75) 317 (95.5) 0.0197
Levofloxacin 3 (25) 15 (4.5) 0.0267

*Bold type indicates statistical significance. MRMp, macrolide-resistant Mycoplasma pneumoniae; MSMp, macrolide-sensitive Mycoplasma pneumoniae.

lower maximum temperatures, which differs from
2 studies from China that described higher fevers
in pediatric patients infected with MRMp (30,31).
Because of the retrospective design of our study,
we were not able to compare the duration of fever
while patients were receiving therapy because most
hospitalized patients with MSMp were discharged
while still febrile, and a large portion of our cohort
was managed as outpatients. Despite this limitation,
we documented that patients infected with MRMp
were still symptomatic and seeking medical atten-
tion while already being treated with macrolides at
higher rates when compared with patients infected
with MSMp. Likewise, we observed that patients
with MRMp infection were more likely to be treated
with levofloxacin as an alternative/second-line ther-
apy, which agrees with other reports (10,17,18,29).
It is crucial to note that several studies mentioned
that eventually these patients with MRMp became
afebrile, even if they were still receiving macrolide
therapy; however, their duration of illness and sub-
sequent hospitalization were longer (32). Also, we
documented that 196 (57%) patients in our cohort
had >1 previous medical visit, and 111 (25.6%) re-
ceived prescriptions for antimicrobial drugs during
their visit. Most of those antimicrobial drugs (96%)
did not target mycoplasma infections. None of those
patients were tested for M. pneumoniae infection dur-
ing this initial encounter, thus contributing to the
lack of targeted therapy.

Emerging literature, mainly from Asia, reports that,
in addition to longer duration of hospitalization, more
severe disease and more complications have been ob-
served in MRMp infected patients. Those studies de-
scribed more common pleural effusions, worse lung
infiltrates, extrapulmonary complications, increased
oxygen requirement, and increased need for ICU ad-
mission (16,33,34). These findings, however, were not
documented in our study, nor in the meta-analysis by
Chen et al. (20). Even so, in our cohort we observed that
patients with MRMp had 4- to 5-fold greater odds for
PICU admission, after adjusting for other factors.

The use of a respiratory panel PCR in 176 (51%)
patients in the cohort provided additional infor-
mation for evaluating the interactions between

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

M. pneumoniae and viral infections; previous studies
on MRMp infections have not analyzed these inter-
actions. The univariate analysis showed that among
patients with MRMp infections, viral co-detection
was more frequent in those who were not hospital-
ized. At this point we have no clear explanation for
this finding.

Our study’s first limitations are that it was per-
formed at a single center and was retrospective.
The resistance rates we found were based only on
patients who sought medical care, which could lead
to a potential bias in our MRMp rate, because not
all patients with M. pneumoniae infection may need
medical attention. From the laboratory perspective,
54 (9.8%) samples that were culture positive were
unable to be sequenced. We did not confirm all cul-
tures by M. pneumoniae PCR, so it is possible that the
culture result was falsely positive. In addition, cul-
ture positivity was determined by a color change in
the culture medium. Therefore, the presence of any
microbial growth could cause color change and be
misinterpreted and falsely called M. pneumoniae pos-
itive, which could be the reason that they failed se-
quencing. Furthermore, because of the study design,
in which we started with the M. pneumoniae-positive
samples available in the laboratory, no clinical data
were available in #50% of the samples analyzed. De-
spite these limitations, we included clinical informa-
tion from 344 children infected with M. pneumoniae,
which represents one of the largest contemporary
pediatric cohorts published in the United States. Fi-
nally, we did not attempt to genotype our isolates of
M. pneumoniae. Others have reported some associa-
tion between emerging p1 gene types and increased
macrolide resistance (35).

Our study was not designed to address the indi-
cations for testing for M. pneumoniae in children with
CAP, whether detection of M. pneumoniae in the upper
respiratory tract indicates active infection, or whether
antimicrobial drug therapy offers a clear benefit to
all patients with M. pneumoniae infections. Despite
the limitations of the retrospective design, our study
showed that lack of specific testing for M. pneumoniae
frequently led to empiric therapy with noneffective
antimicrobial drugs and that children hospitalized
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with MRMp infections had a more prolonged clini-
cal course until they were switched to appropriate
therapy, suggesting that antimicrobial drug therapy
did modify the course of the disease. Large, prospec-
tive, multicenter studies are needed to address these
key questions to optimize the management of these
frequent infections among the pediatric population.

In summary, the rate of MRMp infections in pe-
diatric patients in central Ohio is low (2.8%). Despite
this low rate, children hospitalized with MRMp infec-
tions had worse clinical outcomes, defined by longer
duration of hospitalization and higher odds of PICU
admission, than those with infected with MSMp. Al-
though prevalence is low, clinicians should be aware
of the possibility of MRMp infection, particularly in
patients who do not show clinical improvement while
on macrolide therapy.
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Relatively few coronavirus disease cases and deaths have
been reported from sub-Saharan Africa, although the ex-
tent of its spread remains unclear. During August 10—Sep-
tember 11, 2020, we recruited 2,214 participants for a rep-
resentative household-based cross-sectional serosurvey
in Juba, South Sudan. We found 22.3% of participants had
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) receptor binding domain IgG titers above prepan-
demic levels. After accounting for waning antibody levels,
age, and sex, we estimated that 38.3% (95% credible in-
terval 31.8%—46.5%) of the population had been infected
with SARS-CoV-2. At this rate, for each PCR—confirmed
SARS-CoV-2 infection reported by the Ministry of Health,
103 (95% credible interval 86—126) infections would have
been unreported, meaning SARS-CoV-2 has likely spread
extensively within Juba. We also found differences in
background reactivity in Juba compared with Boston, Mas-
sachusetts, USA, where the immunoassay was validated.
Our findings underscore the need to validate serologic
tests in sub-Saharan Africa populations.
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lobally, >100 million cases and >2.6 million

deaths had been attributed to coronavirus dis-
ease (COVID-19) as of March 14, 2021 (1). Most cases
have been reported in Europe and the Americas. In
Africa, >2.9 million cases and ~75,000 deaths have
been reported (1). Reasons for the lower reported in-
cidence and death associated with COVID-19 in Afri-
ca during the first 6-8 months of the pandemic are un-
clear but may include differences in age distribution,
immune history, climate, early mitigation measures,
and epidemiologic connectivity between geographic
regions (2,3). However, our understanding of the true
spread of severe acute respiratory virus coronavirus
2 (SARS-CoV-2) has been obscured by limited testing
capabilities, underreported deaths, and undetected
mild or asymptomatic infections (4). Population-
based serological surveys, hundreds of which have
been conducted worldwide, can help shed light on
the extent of this underestimation of SARS-CoV-2
infections (5,6). As of March 18, 2021, only 16 stud-
ies published or available in preprint had been con-
ducted in sub-Saharan Africa (7-16; H. Majiya et al.,
unpub. data, https://doi.org/10.1101/2020.08.04.
20168112; B.N. Alemu et al., unpub. data, https://
doi.org/10.1101/2020.10.13.337287; O. Ige et al., un-
pub. data, https://doi.org/10.1101/2020.11.24.20231
324; IM.O. Adetifa et al., unpub. data, https://doi.
org/10.1101/2021.02.09.21251404; R. Lucindeet al,,
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unpub. data, https://doi.org/10.1101/2021.02.05.212
50735; E.W. Kagucia et al., unpub. data, https://doi.
org/10.1101/2021.02.12.21251294; M.]. Peluso et al.,
unpub. data, https://doi.org/10.1101/2021.03.03.212
51639). Only 3 of those reports (from Nigeria, Ethio-
pia, and Zambia) were population-based representa-
tive studies. No serosurveys had been conducted in
South Sudan.

South Sudan confirmed its first COVID-19 case in
the capital, Juba, on April 4, 2020 (17), and saw its first
wave of reported cases during May-July 2020 (Fig-
ure 1). By August 31, 2020, a total of 1,873 virologi-
cally confirmed SARS-CoV-2 infections (=47/10,000
residents) had been reported from 18,156 reverse
transcription PCR (RT-PCR) tests conducted in Juba.
RT-PCR testing in South Sudan, including Juba, has
remained limited because of scarce reagents, few test-
ing sites, limited willingness to be tested, and logistic
challenges. Thus, as in much of sub-Saharan Africa,
the true extent of SARS-CoV-2 spread in the popula-
tion remains unknown.

Understanding SARS-CoV-2 spread is particular-
ly important for guiding COVID-19 mitigation efforts
in light of South Sudan’s complex humanitarian and
public health context. South Sudan has experienced
years of conflict, leading to 1.61 million internally dis-
placed persons (IDP). Severe food insecurity affects
more than half the population: 6 million people, in-
cluding 1.3 million malnourished children (18,19). In
Juba, 28.7% of households indicated that they were
unable to access health care services when needed
in the first 6 months of the pandemic; this number
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SARS-CoV-2 IgG in Juba, South Sudan

increased to 43.2% among residents in the lowest
wealth quintile (20). These underlying vulnerabilities
may increase risk of SARS-CoV-2 spread and may
themselves be compounded by direct and indirect ef-
fects of the epidemic.

To estimate the seroprevalence of SARS-CoV-2
antibodies and associated risk factors in Juba, we
conducted a representative household-based cross-
sectional serosurvey. Here we present the results
of this serosurvey and discuss the implications for
SARS-CoV-2 surveillance in South Sudan, as well as
more broadly for serologic studies conducted in Af-
rica and worldwide.

Methods

Study Design and Participants
We conducted a cross-sectional serosurvey in resi-
dential neighborhoods of the city of Juba and Juba
County according to protocols from the World
Health Organization’s Unity Studies (5). We deter-
mined urban demarcation based on residentially de-
veloped areas, local administrative boundaries, and
existing transportation networks within the North-
ern Bari, Munuki, Juba, Kator, Rejaf, and Gondokoro
payams (subcounty administrative divisions). Resi-
dents of Juba IDP camps I and IlI, former United Na-
tions Mission in the Republic of South Sudan (UN-
MISS) civilian protection sites, were not included in
the sampling frame.

The survey employed 2-stage cluster sampling.
We used enumeration areas (EAs) as clusters and

Figure 1. Number of weekly
SARS-CoV-2 tests and
infections reported in Juba,
South Sudan, May 3—October
30, 2020. The survey of
seroprevalence of SARS-
CoV-2 IgG was conducted
August 10-September 11. First
coronavirus disease case in
South Sudan was identified on
April 2 and confirmed on April 4,
2020 (23). SARS-CoV-2, severe
acute respiratory syndrome
coronavirus 2.
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selected them using probability proportional to size
sampling. We calculated probabilities based on the
number of structures in the EA found by satellite im-
agery; we removed nonresidential areas that were
mapped by field teams during a preliminary assess-
ment. Within each sampled EA, we randomly selected
11 residential structures as households to recruit into
the study. The target sample size was 2,750 (50 clus-
ters of 55 respondents each), but 11.1% of the origi-
nal 550 households declined to participate. The main
reasons reported were stigma, fear of testing positive,
fear that the health worker taking the sample would
infect the participant, and concern about samples be-
ing taken abroad for analysis. Alternate households
were randomly sampled using the same procedure
as for the original households. Three initially selected
EAs, inhabited by families of military personnel, were
inaccessible and therefore we replaced them by ran-
domly sampling new EAs from the same stratum.

We defined a household as a group of persons
who slept under the same roof most nights and
shared a cooking pot. Regardless of current or past
COVID-19 illness, all household members were eli-
gible for inclusion if they or their guardian provided
written consent to participate and they were >1 year
of age and had lived in the area >1 week before the
survey. For households with >10 persons, only first-
degree relatives of the head of household were eligi-
ble for study inclusion. If multiple households lived
in 1 shelter, we blindly drew from labeled papers to
randomly select 1 household for inclusion.

We interviewed eligible participants to collect in-
formation about sociodemographic characteristics, his-
tory of respiratory symptoms, SARS-CoV-2 tests, expo-
sure risks in the previous 2 weeks, and all household
deaths. We collected dried blood samples by drawing
blood by lancet from a finger, heel, or toe, and apply-
ing a few drops onto Whatman 903 (https:/ /www.cy-
tivalifesciences.com) or Ahlstrom grade 226 filter pa-
per (https:/ /www.ahlstrom-munksjo.com). The blood
was allowed to thoroughly saturate the paper and air
dry overnight at ambient temperature. We stored these
dried blood spot (DBS) samples in low gas-permeable
plastic bags with desiccant added to reduce humidity
and transported the samples at ambient temperature
to Massachusetts General Hospital (Boston, MA, USA)
according to IATA protocol, where they were stored at
4°C until tested. The South Sudan Ministry of Health
Ethics Review Board approved the study protocol.

Laboratory Analysis

DBS were eluted and tested for the presence of SARS-
CoV-2 IgG targeting the receptor-binding domain

1600

(RBD) of the spike protein of SARS-CoV-2 using a
quantitative ELISA previously developed and vali-
dated at Massachusetts General Hospital (21). The
assay quantifies RBD-specific antibody concentra-
tions using IgG-specific RBD monoclonal antibod-
ies; the full protocols used for eluting DBS samples
for the ELISA have been described (22). Validation
of this test was originally based on PCR-positive in-
fections and prepandemic samples from Boston. To
determine an appropriate positivity threshold and
assess assay specificity, we measured background
antibody reactivity using 104 DBS samples collected
in Juba in 2015 (23). We then selected a seropositivity
threshold (0.32 pg/mL) that corresponded to 100%
specificity in these prepandemic samples from Juba
(i.e., their highest value; Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/27/6/21-0568-App1.
pdf) and 99.7% in the prepandemic samples collected
from Boston.

Statistical Analysis
To estimate test sensitivity, we used data from a co-
hort of case-patients in Boston with mild and severe
confirmed SARS-COV-2 infections whose antibody
concentrations had been characterized at multiple
time points after symptom onset (21) and supple-
mented these with recent data collected by DBS sam-
ples from nonhospitalized PCR-positive patients in
Boston (Appendix Figure 2). On the basis of the trends
in positive RT-PCR results in Juba, we assumed that
most serosurvey participants, if previously infected,
would have been exposed to SARS-CoV-2 at least 30
days before the survey (Figure 1) and restricted the
positive-control data to observations >30 days after
symptom onset during the follow-up period (Appen-
dix Figure 2). Because infections with mild disease
may lead to lower levels of detectable antibodies (M.].
Peluso et al., unpub. data, https://doi.org/10.1101/2
021.03.03.21251639), we created synthetic cohorts of
positive survey participants so that 80% of the sample
had mild infections (defined as not needing hospital-
ization) and 20% had severe cases (defined as hospi-
talized, but excluding those that died), a proportion
consistent with previous analyses (24,25) and the
predominantly young population in Juba (26). From
1,000 resampled participants from positive control
cohorts, we estimated an average test sensitivity of
65.5%. To evaluate the impact of our assumptions, we
also performed sensitivity analyses testing a range of
percentages for assumed mild cases (60%-100%) in
the positive control dataset.

To estimate the seroprevalence (proportion of
the population previously infected), we followed a
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previously published Bayesian approach (27) using a
regression model that accounted for age and sex of the
study population integrated with a binomial model
of the sensitivity and specificity of the ELISA. We se-
lected a random sample from the 1,000 synthetic posi-
tive control datasets in each iteration of the model. This
approach allowed us to adjust the estimates for test
performance while propagating uncertainty around
test performance in the adjusted estimates. We did not
adjust the estimates for clustering within households
because of challenges the field team faced in applying
the strict household definition described above. We
implemented the models in the Stan probabilistic pro-
gramming language (https://mc-stan.org) (28) using
the rstan package in R (https:/ / cran.r-project.org). We
poststratified our modeled results, accounting for the
age distribution of urban populations in South Sudan
(26) to generate population-representative seropreva-
lence estimates. Unless otherwise indicated, we re-
ported estimates as the mean of the posterior samples
and 95% credible intervals (Crl) as the 2.5th and 97.5th
percentiles of this distribution.

In addition, we used the posterior draws for
each regression coefficient to calculate by age and
sex the relative risk of participants being seroposi-
tive. We used a log-binomial regression model to es-
timate the relative risk of being seropositive among
nonworking adults compared with working adults,
children, and students. We estimated implied in-
fections by multiplying our estimated seropreva-
lence percentage by 510,000, Juba’s estimated 2020
population size (29). We then estimated the ratio
of reported to unreported infections by subtracting
PCR-confirmed SARS-CoV-2 infections from total
implied infections in Juba as of August 31, 2020, al-
lowing for a roughly 2-week delay between infection
and a seropositive result (21), and divided this esti-
mate of unreported infections by the number of RT-
PCR-confirmed SARS-CoV-2 infections. The analy-
sis code we used is available online (https:/ / github.
com/HopkinsIDD/juba-sars-cov-2-serosurvey),
and additional methods are provided (Appendix).

Results

We recruited a total of 2,214 participants 1-84 years
of age from 435 households and provided DBS sam-
ples taken during August 10-September 11, 2020.
We had complete interview and demographic data
for 1,840 (83.2%) but were missing interview data for
374 because of data collection device failures or data
entry issues. Of the 1,840 participants, 62.4% were
female and 73.5% were 10-49 years of age (Table 1).
Both figures were slightly higher than for those same

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 27, No. 6, June 2021
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measures from a previous population-representative
malaria indicator survey conducted in South Sudan
in 2017 (26). During April 1-September 11, 2020, a to-
tal of 23 deaths (10 male, 13 female) were reported
for residents 1-78 years of age within 18 households.
None of these deaths were associated with confirmed
COVID-19, but 5 patients were reported to have had
acute respiratory illness.

We found that 22.3% (494/2214) of samples col-
lected during the survey were above the test positiv-
ity threshold, which we selected to have 100% speci-
ficity against prepandemic samples from Juba. After
adjusting for test sensitivity, we estimated that sero-
prevalence was 38.3% (95% Crl 31.8%-46.5%) in Au-
gust 2020. This estimate was based on samples from

Table 1. Characteristics of participants with interview data
available (n = 1,840) from survey of seroprevalence of SARS-
CoV-2 IgG in Juba, South Sudan*

Characteristic No. (%)
Sex
F 1,149 (62.4)
M 691 (37.6)
Age,y
1-4 68 (3.7)
5-9 224 (12.2)
10-19 448 (24.3)
20-29 459 (24.9)
30-39 307 (16.7)
40-49 139 (7.6)
50-64 120 (6.5)
>65 75 (4.1)
Payam
Northern Bari 788 (42.8)
Juba 141 (7.7)
Muniki 397 (21.6)
Kator 229 (12.4)
Rejaf 135 (7.3)
Gondokoro 150 (8.2)
Occupation
None 408 (22.2)
Child 386 (21.0)
Student 388 (21.1)
Market merchant 89 (4.8)
Healthcare worker 12 (0.7)
Taxi driver 16 (0.9)
Farmer 164 (8.9)
Working with animals 10 (0.5)
Civil servant 120 (6.5)
Health laboratory worker 2(0.1)
Teacher 20 (1.1)
Traditional healer 1(0.1)
Religious leader 8 (0.4)
Other 216 (11.7)
Reported test for SARS-CoV-2
No 1816 (98.7)
Yes 22 (1.2)
Unknown 2(0.1)
Reported SARS-CoV-2 test results
Negative 15 (0.8)
Positive 5(0.3)
Unknown 2(0.1)

*SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

1601



RESEARCH

participants with matched interview data available.
Seroprevalence in the full dataset was nearly indis-
tinguishable from that in the age- and sex-matched
dataset (Appendix Table 3), so we used the latter for
all subsequent analyses. These results implied that,
for each RT-PCR-confirmed SARS-CoV-2 infection
tested by the end of August, 103 (95% Crl 86-126)
SARS-CoV-2 infections were unreported.

We found no difference in the risk of seroposi-
tivity by sex (Table 2). Seroprevalence was highest
at 44.9% (95% Crl 36.3%- 56.0%) among participants
10-19 years of age, a 36% higher risk of being sero-
positive than among participants 20-29 years of age
(RR 1.36, 95% Crl 1.11-1.66) (Table 2). However, un-
certainty intervals around seroprevalence estimates
by age group were large. In addition, nonworking
adults had 35% lower risk (RR 0.65, 95% confidence
interval 0.50-0.82) of being seropositive compared to
working adults, children, and students. Of the sero-
positive participants, only 5% reported having had a
respiratory illness after April 1, 2020 (Appendix Ta-
bles 1, 2). We found no notable relationships between
seropositivity and other potential SARS-CoV-2 risk
factors (Appendix Table 1).

We examined potential sources of uncertainty in
our estimates. We found higher background levels of
antibody reactivity to the SARS-CoV-2 spike protein
RBD in prepandemic samples from Juba compared to
prepandemic samples from Boston (Appendix Figure
3) (21). Since serological measurements from PCR-
confirmed cases in Juba were not available, we could
not examine whether there were also differences in
postinfection antibody dynamics between the popu-
lations. However, we were able to assess the impact
that different assumptions about test sensitivity had
on the results. If we assumed that 60% of infections in
the population were mild, we estimated 35.5% (95%
Crl 30.3%-41.4%) seroprevalence (Figure 2, panel A)

and that, for each reported case, 96 (95% Crl 82-112)
cases were unreported (Figure 2, panel B). In contrast,
if we assumed that 100% of infections were mild, we
estimated 45.9% (95% Crl 35.9%-61.0%) seropreva-
lence (Figure 2, panel A) and that, for each reported
case, 124 (95% Crl 97-165) were unreported (Figure 2,
panel B). Regardless of assumptions, these results in-
dicated that 98%-99% of infections through Septem-
ber 2020 had been unreported.

Discussion
In this study, we estimated that one third of residents
of Juba, South Sudan had been infected with SARS-
CoV-2 through September 2020. That proportion cor-
responds to 196,000 implied infections, >100 times
the number of PCR-confirmed SARS-COV-2 infec-
tions over the same time frame. These results reveal
that in Juba, similar to in other sub-Saharan Africa
populations, although the COVID-19 pandemic has
had less apparent health impact than in other parts of
the world, the virus has spread extensively.
Adjusting for imperfect immunoassay perfor-
mance is critical when estimating infection attack
rates from serosurveys. Postinfection antibody ki-
netics vary by infection severity, patient age, and
prior exposure, as can test performance. When we
tested prepandemic samples from Juba, we found
that background SARS-CoV-2 antibody reactiv-
ity was higher in Juba than in Boston, which was
consistent with findings from studies conducted in
other sites in sub-Saharan Africa (11,13,30,31). We
used these negative controls to estimate test speci-
ficity, but we lacked data on the post SARS-CoV-2
infection antibody kinetics and the proportion of
infections that were mild or asymptomatic in the
Juba population, which led to wide variation in
plausible estimates of seroprevalence, as shown in
our sensitivity analyses.

Table 2. Crude seropositivity, adjusted seroprevalence, and relative risk of seropositivity by age and sex from survey of

seroprevalence of SARS-CoV-2 IgG in Juba, South Sudan.*

Category No. No. (%) positive No. (%) negative Seroprevalence (95% Crl) Relative risk (95% Crl)
Overall 1,840 411 (22.3) 1,429 (77.7) 38.3 (31.8-46.5)
Age,y
1-4 68 20 (29.4) 48 (70.6) 43 (31.3-56.1) 1.30 (0.96-1.71)
5-9 224 52 (23.2) 172 (76.8) 39.3 (29.5-51.1) 1.19 (0.92-1.51)
10-19 448 124 (27.7) 324 (72.3) 44.9 (36.3-56) 1.36 (1.11-1.66)
20-29 459 89 (19.4) 370 (80.6) 33.3(25.6-42) Referent
30-39 307 52 (16.9) 255 (83.1) 30 (21.9-39.3) 0.91 (0.68-1.17)
4049 139 26 (18.7) 113 (81.3) 33.2 (22.8-45.6) 1.00 (0.71-1.35)
50-64 120 31(25.8) 89 (74.2) 42.8 (30.6-57.6) 1.29 (0.94-1.73)
65-84 75 17 (22.7) 58 (77.3) 38.8 (25.2-54.8) 1.17 (0.78-1.63)
Sex
F 1,149 260 (22.6) 889 (77.4) 33.3(25.6-42) Referent
M 691 151 (21.9) 540 (78.1) 31.7 (23.6-41.2) 0.95 (0.81-1.12)

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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Our findings have several implications for SARS-
CoV-2 control in South Sudan. At least one third of
the population in Juba has been exposed to the virus,
and this proportion undoubtedly has increased since
the survey was completed in September 2020. The
low proportion of seropositive patients reporting re-
spiratory symptoms suggests that the overwhelming
majority of these infections were mild or asymptom-
atic. These estimates will help public health decision
makers in South Sudan weigh the costs and benefits
of devoting limited resources to COVID-19 mitiga-
tion at the cost of other crucial health programs.

One question we were unable to address was
whether transmission occurred predominantly
within households. However, crowded living con-
ditions among Juba’s urban population, including
31.3% of households living in 1- or 2-room shelters
and 19.5% of households having >4 members sleep-
ing in the same room, support this hypothesis (20).
Another unanswered question is the extent to which
SARS-CoV-2 spread and mitigation measures have
exacerbated underlying vulnerabilities, including

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 27, No. 6, June 2021

food insecurity, livelihoods, and co-infections, such
as the current measles outbreak in South Sudan (32).
Follow-up studies would be required to understand
the larger impact of the epidemic in Juba as well as
in the rest of South Sudan and to better inform public
health policy.

These results also have implications for SARS-
CoV-2 serosurveillance more broadly. Most serosur-
veys conducted to date, if they adjust seroprevalence
estimates for test performance at all, use sensitivity
and specificity estimates provided by assay manu-
facturers, which may be overly optimistic and based
on a narrow range of samples (6). In many settings
it may not be feasible to collect control data from lo-
cal populations, but validating different immunoas-
says in populations in the same region of the world
where the assays are being used is critical for appro-
priate interpretation of study results. Moreover, our
findings support previous studies that have called
for including mild and asymptomatic SARS-CoV-2
infections in assay validation datasets (33). We and
others have shown that antibody titers from mild and

1603



RESEARCH

asymptomatic infections tend to be lower (34-39).
Thus, validation datasets comprised predominantly
of data from severe, hospitalized cases may lead to
overestimating assay sensitivity and gross underes-
timation of SARS-CoV-2 seroprevalence (33).

Overall, the SARS-CoV-2 seroprevalence esti-
mates reported in this study are comparable to es-
timates in Nigeria of 25%-45%, depending on the
population sampled (8,10; H. Majiya et al., unpub.
data,  https://doi.org/10.1101/2020.08.04.2016811
2). Similarly, seroprevalence was 40% in public sec-
tor patients in Cape Town, South Africa (14), 12.3%
among asymptomatic healthcare workers in Blantyre,
Malawi (12), and 25.1% among gold mine workers
in Cote d’Ivoire (15). In Addis Ababa, Ethiopia, se-
roprevalence among those reporting no close contact
with SARS-CoV-2 infected persons was 8.8% in April
2020 (B.N. Alemu et al., unpub. data, https://doi.
org/10.1101/2020.10.13.337287). Seroprevalence was
lower at 4.3% in blood donors in Kenya in June 2020
(7), increasing to 9.1% by September (L.M.O. Adetifa
et al., unpub. data, https://doi.org/10.1101/2021.02.
09.21251404), and was 10.6% in 6 districts in Zambia
in July 2020 (16). These lower estimates may be due
to differences in SARS-CoV-2 epidemiology, time
periods included, or subpopulations measured. Sero-
logic tests may themselves contribute to differences.
A study in Kinshasa, Democratic Republic of the
Congo, showed that seropositivity in health facility
staff was 8%-36% depending on the serological test
used (13). Nevertheless, findings from these studies
taken together indicate that SARS-CoV-2 has spread
widely in sub-Saharan Africa (2,3). This conclusion is
supported by a postmortem study in Lusaka, Zambia,
which found that among 372 deceased patients, 19.2%
were PCR-positive for SARS-CoV-2 (40).

One of the limitations of our study is that, as we
have described, our positive control datcame from a
cohort in Boston. Therefore, despite our efforts to cor-
rect for differences between the populations, we do
not know how accurate our sensitivity estimates are
for Juba or elsewhere in Africa. In addition, we used
a single ELISA that measured IgG targeting the RBD
of SARS-CoV-2's spike protein. Previous studies have
shown variation in sensitivity and specificity of anti-
body assays that target different antigens (13,41), sug-
gesting that testing for multiple antigens may provide
a better picture of seroprevalence than those targeting a
single antigen alone, particularly when validation data
are not available from the local population. Although
the study had a standard definition for households, the
study team faced challenges in following this strict def-
inition; as a result, we were unable to confidently esti-
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mate the degree to which SARS-CoV-2 infections clus-
tered within households, nor could we adjust for these
variations in the regression model. This difficulty also
prevented us from calculating mortality rates based on
reported household deaths. Finally, whereas this study
was representative of the residential neighborhoods of
Juba, the sample did not include an estimated >30,000
IDPs living in 2 camps in Juba (42). Nevertheless, 14.3%
of households participating in the study self-reported
as IDPs, either living in the host community or at an-
other IDP site.

Our study’s strengths include that it is one of few
population-based seroprevalence studies conducted
in and representative of the general population of a
city or other geographic region within sub-Saharan
Africa. Furthermore, we used specificity estimates
based on background antibody levels specific to the
local population, adjusted seroprevalence estimates
based on test results, and propagated uncertainty
around test performance into our final estimates.
Because the ELISA we used was quantitative, we re-
ported antibody distributions rather than seropositiv-
ity cutoffs alone (Appendix Figure 1). As a result, it
would be possible to adjust our estimates further if
more accurate sensitivity data become available for
this population.

In conclusion, we present evidence that SARS-
CoV-2 seroprevalence is much higher in Juba than
suggested by confirmed case data alone, which is con-
sistent with findings from other recent serosurveys in
sub-Saharan Africa. Future serosurveys in South Su-
dan will be helpful to confirm these findings and to
examine the effect that SARS-CoV-2 spread has had
on underlying vulnerabilities. Such seroprevalence
studies are needed to understand the impact of the
pandemic more broadly in Africa, as well as the ways
to most effectively mitigate its effects. For these ef-
forts to be most effective, however, they must be ac-
companied by efforts to validate serologic tests in
local populations.
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We determined the effect of HIV infection on deaths
among persons >18 months of age with culture-con-
firmed candidemia at 29 sentinel hospitals in South
Africa during 2012-2017. Of 1,040 case-patients with
documented HIV status and in-hospital survival data,
426 (41%) were HIV-seropositive. The in-hospital case-
fatality rate was 54% (228/426) for HIV-seropositive
participants and 37% (230/614) for HIV-seronegative
participants (crude odds ratio [OR] 1.92, 95% CI 1.50—
2.47; p<0.001). After adjusting for relevant confounders
(n =907), mortality rates were 1.89 (95% CI 1.38-2.60)
times higher among HIV-seropositive participants than
HIV-seronegative participants (p<0.001). Compared
with HIV-seronegative persons, the stratum-specific ad-
justed mortality OR was higher among HIV-seropositive
persons not managed in intensive care units (OR 2.27,
95% CI 1.47-3.52; p<0.001) than among persons who
were (OR 1.56, 95% CI 1.00-2.43; p = 0.05). Outcomes
among HIV-seropositive persons with candidemia might
be improved with intensive care.

Candida is a common cause of healthcare-associat-
ed bloodstream infections in South Africa; the es-
timated national incidence risk in 2016-2017 was 84
(95% CI 81-86) cases per 100,000 hospital admissions
(1). This rate is #10-fold higher than that reported in
the United States (2). The death rate among patients
with Candida bloodstream infections is high and as-
sociated with such factors as confirmed or presumed
gastrointestinal source of infection, lack of source
control, shorter time to positivity of blood cultures,
inappropriate or delayed empiric antifungal treat-
ment, lack of consultation with an infectious disease
physician, severe sepsis or septic shock, and severity
of underlying conditions (3-5). The crude mortality
rate associated with candidemia was 43% in South
Africa in 2016-2017 (1). In 2 small case series of HIV-
seropositive patients with candidemia (Spain, n =
37; Italy, n = 38), the crude mortality rate was =60%
(6,7). HIV infection may be a risk factor for death
among persons with culture-confirmed candidemia.
In a 2014 population-based surveillance study in
Spain, 16 (2%) of 752 patients with candidemia were
HIV-seropositive (8). Although HIV infection was
not associated with death on univariable analysis
(OR 0.51, 95% CI 0.07-3.93), the study was under-
powered. In contrast, in a United States cohort study
of 446 adults with candidemia, 22 (5%) were HIV-se-
ropositive, and HIV infection was associated with a
2-fold increased adjusted hazard of 30-day mortality
(hazard ratio 2.02, 95% CI 1.11-3.72) (9). This effect
of HIV infection on death rates may be mediated by
factors related to the host (e.g., neutropenia or neu-
trophil dysfunction in persons with advanced HIV
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disease) or the fungal pathogen (infection caused by
Candida species other than C. albicans or by >1 Candi-
da spp.) (6,7,10-12). Such an association has not been
described in a high HIV prevalence setting. By us-
ing data from a 6-year sentinel surveillance study at
hospitals in South Africa, we examined the effect of
HIV infection on the risk for 30-day mortality among
persons with candidemia.

Materials and Methods

Study Population

We included persons >18 months of age with an
episode of culture-confirmed candidemia identified
at 29 sentinel hospitals in South Africa during Janu-
ary 1, 2012-December 31, 2017. The HIV prevalence
among inpatients is high at these large urban tertiary-
academic or regional acute-care hospitals (e.g., 60%
at a Cape Town district hospital in 2012-2013) (13).
A case was defined as illness in a person in whom
Candida spp. was cultured from blood at a laboratory
providing diagnostic pathology services to a sentinel
hospital. An episode was defined as a 30-day period
from the date of the first positive Candida culture. Any
positive blood cultures after this period defined a re-
current episode and thus a new case. We excluded
children <18 months of age because we did not have
HIV PCR results to confirm an HIV diagnosis for a
sufficient number of persons.

Surveillance Methods

Cases were reported from public-sector and private-
sector pathology laboratories. In general, blood cul-
tures were collected if patients had clinical features of
sepsis, including tachycardia, tachypnea, increased or
subnormal temperature, a change in sensorium, hy-
potension, or prostration (14). Viable Candida isolates
were submitted to a reference laboratory for species-
level identification and antifungal susceptibility test-
ing, as previously described (1). Trained nurses or
pharmacists identified culture-confirmed cases in the
laboratory and interviewed prospectively enrolled
participants or their next of kin or reviewed medi-
cal charts or electronic laboratory records. Data were
collected through a standardized case report form.
The main explanatory variable was the participant’s
HIV infection status, which was determined during
the admission for candidemia. HIV status was self-
reported during participant interviews or abstracted
from the inpatient chart, a child’s outpatient immu-
nization card, or laboratory records. An in-hospital
outcome with a date of outcome was determined at
the end of admission to the acute-care hospital or if
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the participant was transferred to a step-down facil-
ity; this outcome was determined at the end of that
admission. Outcome was recorded as alive at 30 days
for prolonged admissions of >30 days after first posi-
tive blood culture. Underlying or immediate cause
of death was not recorded. Surveillance officers re-
corded whether a person had been admitted to the
intensive care unit (ICU) at any time during hospi-
talization, but the specific reason for and dates of
ICU admission or discharge were not captured. We
calculated a quick Pitt score, an abbreviated version
of the Pitt bacteremia score, as the sum of individual
scores for body temperature of <35°C (1 point), sys-
tolic blood pressure of <90 mm Hg (1 point), cardiac
arrest (1 point), mechanical ventilation (1 point ), and
altered mental status (1 point) on the day of candi-
demia diagnosis (15,16).

Data Analysis

We used participant identifiers to remove dupli-
cate records. We described the characteristics of the
study participants by using descriptive statistics.
To determine risk factors for death, we used classi-
cal Mantel-Haenszel methods to calculate crude case
fatality ratio, odds ratio (OR), and 95% CI for HIV
status and each of the potential confounders (Appen-
dix, https://wwwnc.cdc.gov/EID/article/27/5/21-
0128-Appl.pdf). We did not assume that individual
participant-level outcomes were statistically indepen-
dent in this sentinel surveillance study. We therefore
used a randome-effects logistic regression analysis to
explicitly model between-cluster variation at sentinel
sites and simultaneously adjust for participant-level
confounders (17) (Appendix). We treated the follow-
up period as a fixed 30-day period. We also explored
the dose-response effect of HIV on death rates. For
this analysis, participants’” HIV infection status was
recoded as an ordinal variable: HIV-seronegative,
HIV-seropositive without advanced immunosup-
pression (CD4 count >200 cells/pL), and HIV-sero-
positive with advanced immunosuppression (CD4
count <200 cells/uL). Before conducting the analysis,
we hypothesized that the effect of HIV infection on
death rates would differ among participants with
candidemia managed in an ICU and those who were
not admitted to an ICU; therefore, we considered
ICU admission as an effect modifier a priori. We in-
cluded participants with recorded dates of positive
Candida specimen collection and 30-day outcome in
a Kaplan-Meier survival analysis. For 67 participants
with an outcome date that coincided exactly with
the specimen collection date, we recoded their time-
to-outcome to 0.5 days. We explored the association
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between HIV status and ICU admission by classical
and multivariable random effects logistic regression
analyses as a post-hoc analysis to explore reasons for
the main results.

Ethics

For GERMS-SA surveillance, annual ethics approv-
als were sought and obtained from several university
ethics committees in South Africa. We also obtained
approval from the London School of Hygiene and
Tropical Medicine Research Ethics Committee.

Results

After deduplication, 8,668 cases were detected by
GERMS-SA surveillance during the 6-year period.
We excluded 3,643 cases diagnosed at non-sentinel
sites and 2,462 cases among infants and children <18
months of age. Of 2,563 cases diagnosed at sentinel
sites, a case report form had been completed for 1,846
(72%) (Figure 1). Of those, we retained 1,040 cases
with both HIV status and outcome data (56%). We
noted differences in age, sex, year of diagnosis, prov-
ince in which the diagnosis was made, and Candida
species among 717 sentinel-site cases with missing
case report forms, 806 cases with completed case re-
port forms but missing HIV status or outcome data,
and the 1,040 cases included in the final analysis (Ap-
pendix Table 1).

Description of 1,040 Participants Included in the Analysis
Of 1,040 participants, 542 (52%) were men and boys
(Table 1, https:/ /wwwnc.cdc.gov/EID/article/27/6/
21-0128-T1.htm). The median age of 1,037 participants
with recorded age was 37 years (interquartile range
[IQR] 23-52 years). Of 1,035 participants with avail-
able date of specimen collection, 288 (28%) had a posi-
tive Candida blood culture within 72 hours of hospital
admission. Overall, 50% (514/1,023) participants were
managed in the ICU during their hospitalization (data
on ICU admission were missing for 17 participants). At
the time of diagnosis, most (545/1,011, 54%) had a cen-
tral venous catheter (CVC) in situ, and 24 % (245/1,004)
were receiving total parenteral nutrition. Of 1,001
participants for whom data was available, 163 (16%)
received previous antifungal treatment. A quick Pitt
score was calculated for 652/1,040 participants: 319
(49%) had a 0 score, 184 (28%) had a 1 score, 126 (19%)
had a 2 score, 20 (3%) had a 3 score, and 3 (1%) had a
4 score (Appendix). Thus, 149/652 (23%) had a quick
Pitt score of >2. Of 946 case-patients in which Candida
species identification was performed at a diagnostic or
reference laboratory, 521 (55%) participants were in-
fected with a Candida species other than C. albicans and
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Cases of candidemia, 2012-2017,

N = 8,668

Excluded:

!

» Not from sentinel sites, n = 3,643
Persons <18 months of age, n = 2,462

Cases of candidemia at sentinel sites in persons =18 months of age,

n =2,563

l

Case report form completed,
n =1,846 (72%)

|

Y Y

Cases with missing HIV status (n = 740),
outcome (n = 10), or both (n = 56),

Cases with recorded HIV status and
outcome, n = 1,040 (56%)

Case report form not completed,
n =717 (28%)

n = 806 (44%)

Figure 1. Flowchart demonstrating selection of 1,040 cases of candidemia from a 6-year surveillance period for secondary data

analysis, South Africa, 2012-2017.

the remainder with C. albicans; 33 (3%) case-patients
had a mixed Candida infection. Of 1,010 cases, 700
(69%) received systemic antifungal treatment to treat
candidemia (participants might have received >1 anti-
fungal agent: fluconazole [n = 503], amphotericin B [n
= 265], echinocandin [n = 91], or voriconazole [n = 17]).
Of 764 cases with a known Candida species, available
antifungal susceptibility data, and applicable Clinical
and Laboratory Standards Institute breakpoints (18),
154 (20%) were infected with an antifungal-resistant
species. Of these 764, antifungal treatment was record-
ed for 419, and 9% (38/419) had received inappropri-
ate antifungal treatment. Of 488 cases with recorded
information, 361 (74%) had their CVC removed after
the candidemia diagnosis. In 4% of patients (45/1,040),
evidence of complications of candidemia (deep organ
involvement) was indicated in medical charts.

HIV Status and Outcome

Of the 1,040 case-patients, 426 (41%) were HIV-
seropositive; we noted several differences in those
patients compared with those who were HIV-se-
ronegative (Table 1, Appendix). Among 404 HIV-
seropositive persons with available data, 301 (75%)
were antiretroviral treatment-experienced. Among
267 participants in whom CD4 count was recorded
near the date of the candidemia diagnosis, the me-
dian CD4 count was 133 (IQR 42-309) cells/uL;
166/267 (63%) had a CD4 count <200 cells/pL. An

1610

additional 35 without a CD4 count had a recorded
World Health Organization (WHO) clinical stage of
HIV disease. Of these 35 case-patients, illness was
WHO stage 3 or 4 in 33 case-patients. Of 141 whose
records indicated a recently recorded viral load, 65
(46%) had a viral load of <400 RNA copies/mL. Of
the 426 HIV-seropositive persons, 153 (36%) had
clinical evidence of HIV-associated wasting. The
overall case fatality ratio was 458/1,040 (44%). The
case-fatality ratio among HIV-seronegative cases
was 37% (230/614) versus 54% (228/426) for HIV-
seropositive cases (p<0.001).

Risk Factors for 30-Day Mortality

The crude 30-day case fatality ratio among HIV-se-
ropositive participants was 1.92 (95% CI 1.50-2.47)
times higher than among HIV-seronegative partici-
pants (p<0.001) (Table 2, https://wwwnc.cdc.gov/
EID/article/27/6/21-0128-T2.htm). After adjusting
for sentinel hospital, age, sex, year of diagnosis, ICU
admission, receipt of systemic antifungal treatment,
and Candida species, the odds of 30-day mortal-
ity were still 1.89 (95% CI 1.38-2.60) times higher
among HIV-seropositive participants than among
HIV-seronegative participants (Table 3); evidence
was strong against the null hypothesis (p<0.001).
We noted relatively little confounding of the asso-
ciation between HIV status and 30-day mortality
by any available explanatory variable. In the final
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model, differences between hospitals accounted for
3% of the variability in deaths (intracluster correla-
tion coefficient = 0.03; p = 0.003). We found evidence
of interaction of HIV status and ICU admission.
The stratum-specific mortality OR was larger in the
group not managed in an ICU (OR 2.27, 95% CI11.47-
3.52; p<0.001) than those who were admitted to the
ICU (OR 1.56, 95% CI 1.00-2.43; p = 0.05), although
the 95% Cls overlapped (Table 4). In a dose-response
analysis, the adjusted odds of 30-day mortality was
1.90 times higher among HIV-seropositive persons
with a CD4 count >200 cells/pL (95% CI 1.13-3.20;
p = 0.02) and 2.18 times higher among persons with
a CD4 count <200 cells/pL (95% CI 1.39-3.42; p =
0.001) compared with 30-day mortality among HIV-
seronegative persons (Appendix Table 4).

Kaplan-Meier Survival Analysis

An outcome date was available for 1,023 partici-
pants. Overall, 44% (452/1,023) died within 30
days. The Kaplan-Meier survival curves diverged
for HIV-seropositive and HIV-seronegative per-
sons within 3 days of candidemia diagnosis and
then remained roughly parallel until day 30 (Fig-
ure 2). Evidence was strong against the hypothe-
sis that survival experience did not differ by HIV
status (p<0.001).

HIV Infection among Persons with Candidemia

Association of HIV Status and ICU Admission

Among 1,023 participants, a lower proportion
(175/422, 41%) of HIV-seropositive persons than
HIV-seronegative persons (339/601, 56%) were ad-
mitted to the ICU (crude OR 0.55, 95% CI 0.42-0.71;
p<0.001). After adjustment for sentinel site, age, sex,
and quick Pitt score category (n = 583) (Appendix
Table 5), HIV-seropositive participants were 60% less
likely to be admitted to the ICU than HIV-seronega-
tive participants (OR 0.40, 95% CI 0.25-0.64; p<0.001).
Among HIV-seropositive participants, a similar pro-
portion with and without advanced HIV disease were
admitted to the ICU (72/166 [43%] vs. 39/99 [39%];
p = 0.53). A similar proportion of HIV-seropositive
participants receiving and not receiving antiretrovi-
ral treatment were admitted to ICU (116/299 [39%]
vs. 50/101 [50%]; p = 0.06).

Discussion

In this surveillance study of hospitalized persons with
candidemia in South Africa, the prevalence of HIV in-
fection was 41% (95% CI 38%-44%). The 30-day mor-
tality rate was almost twice as high among HIV-sero-
positive persons as among HIV-seronegative persons
(OR 1.89, 95% CI 1.38-2.60; p<0.001), after adjusting
for relevant confounders. The effect of HIV infection
on death rates was estimated to be stronger among

Table 3. Random-effects multivariable logistic regression analysis of the effect of HIV on in-hospital death by sentinel site,
simultaneously adjusted for potential confounders, among 907 persons with candidemia, South Africa, 2012—2017*

Variable Summary aOR for death (95% CI) Wald p value
HIV status

Seronegative Referent

Seropositive 1.89 (1.38-2.60) <0.001
Age group, y

<18 Referent

18-44 2.55 (1.66-3.93) <0.001

45-64 3.48 (2.21-5.49) <0.001

>65 6.47 (3.61-11.61) <0.001
Sex

F Referent

M 1.27 (0.95-1.70) 0.11
Year

2012 Referent

2013 1.26 (0.72-2.19) 0.42

2014 1.34 (0.67-2.68) 0.40

2015 1.17 (0.58-2.33) 0.66

2016 1.08 (0.63-1.86) 0.77

2017 1.53 (0.90-2.61) 0.12
ICU admission

No Referent

Yes 1.70 (1.23-2.36) 0.001
Receipt of systemic antifungal treatment

No Referent

Yes 0.35 (0.25-0.48) <0.001
Candida species

C. albicans Referent

Other Candida spp. 0.66 (0.49-0.89) 0.006

*aOR, adjusted odds ratio; ICU, intensive care unit. Intra-cluster correlation coefficient = 0.03; likelihood ratio test for p = 0; p value = 0.003.
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Figure 2. Kaplan-Meier analysis for 1,023 participants with
candidemia during a 30-day period after the diagnosis of culture-
confirmed candidemia by HIV infection status (outcome date
missing for 17 participants), South Africa, 2012-2017. HIV = 0:
HIV-seronegative; HIV = 1: HIV-seropositive; p value for log-rank
test <0.001.

those not managed in an ICU than those who were,
though the 95% Cls overlapped. HIV-seropositive
persons also had a substantially lower risk for ICU
treatment during their admission than those who
were HIV-seronegative.

The overall crude mortality rate associated with
candidemia of 44% (95% CI 41%-47%) reported in
this study is higher than that reported in resource-
rich settings (19), possibly owing to differences in our
hospitalized cohort. The overall median age was low-
er, a large proportion were critically ill, and ampho-
tericin B deoxycholate and azoles were the mainstay
of treatment, whereas few patients received echino-
candins. In our large study, we found a crude mor-
tality rate among HIV-seropositive patients of 54%,
which is comparable to the 60% mortality rate report-
ed in 2 case series (6,7). Our main results are consis-
tent with a United States cohort study that found that
HIV infection was associated with a 2-fold increased
adjusted hazard of 30-day mortality (9). We believe
that this association between HIV and death among
persons with candidemia is biologically plausible.
First, the mechanism for an increased risk for death
among HIV-seropositive persons may operate at the

individual level. Despite a large proportion having
received previous antiretroviral treatment, the me-
dian CD4 count among hospitalized HIV-seroposi-
tive participants with candidemia in this study was
133 cells/puL, and almost two thirds had advanced
HIV disease (defined by the WHO as a CD4 count of
<200 cells/uL) (20). This finding is consistent with re-
ports of virologic failure and treatment interruption
among an increasing proportion of HIV-seropositive
patients at acute-care hospitals in South Africa (21).
Many persons with advanced HIV disease have neu-
tropenia or neutrophil defects (10,11). This innate im-
mune defect may be a consequence of abnormal pro-
genitor stem cell growth, a deficiency of granulocyte
colony-stimulating factor, bone marrow infiltration
by opportunistic infectious agents or malignant cells,
treatment with particular medicines, or autoimmune
phenomena (10). The alteration in the innate immune
response may then reduce the clearance of Candida
from the bloodstream, despite appropriate antifungal
treatment. People with advanced HIV disease might
also have been admitted primarily for management
of disseminated tuberculosis, cryptococcal disease, or
Pneumocystis pneumonia, which are associated with
high death rates (20). In addition, more than one third
of HIV-seropositive participants in this study were
recorded to have evidence of HIV-associated wasting.
Patients with a poorer nutritional state or loss of lean
body mass have worse outcomes (22).

Second, an increased risk for death may be a
consequence of differential treatment practices at the
sentinel hospitals for HIV-seronegative and HIV-se-
ropositive persons. We found that HIV-seropositive
persons were 60% less likely to have received inten-
sive care during their hospitalization. Several stud-
ies in Italy have documented the large proportion of
patients who are managed for candidemia in general
medical wards (23-25). In addition, the adjusted ef-
fect of HIV infection on 30-day mortality rates was
stronger among participants who were not managed
in an ICU during their hospital stay. This finding sug-
gests that intensive care and monitoring of patients

Table 4. Interaction between HIV and intensive care unit admission on in-hospital death among 907 persons with candidemia,

adjusted for potential confounders, South Africa, 2012-2017*

Variable

Stratum-specific aOR for death (95% CI) Wald test p valuet

Admitted to ICU

HIV-seronegative Referent

HIV-seropositive 1.56 (1.00-2.43) 0.05
Not admitted to ICU

HIV-seronegative Referent

HIV-seropositive 2.27 (1.47-3.52) <0.001

*aOR, adjusted odds ratio; ICU, intensive care unit.

tOverall likelihood ratio test for interaction p value = 0.22. Case-fatality ratio for those admitted to an ICU: HIV-seropositive (94/152; 62%), HIV-
seronegative (157/301; 52%) versus those not admitted to an ICU: HIV-seropositive (117/224; 52%), HIV-seronegative (76/230; 33%).
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with candidemia, including those who are HIV-sero-
positive, might reduce mortality rates. However, in a
resource-limited setting, the number of ICU beds is
restricted. The criteria for admission to a public-sector
ICU in South Africa includes an assessment of the se-
verity of the acute or underlying illness and whether
organ dysfunction can realistically be reversed. These
criteria apply equally to those with and without HIV
infection, according to a survey of critical care physi-
cians in South Africa, although no data exist on the
proportion of HIV-seropositive persons who were
eligible for ICU admission but were not referred or
were turned down (26,27). Among HIV-seropositive
participants in our study, similar proportions of per-
sons with advanced HIV disease who were receiving
antiretroviral treatment were or were not admitted to
ICU, suggesting that these factors were not the sole
criteria for admission.

We confirmed several well-described risk factors
for death among patients with candidemia, including
inappropriate or no antifungal treatment, ICU ad-
mission, increased age, and a quick Pitt score of >2
(28). Removal of a CVC following diagnosis of can-
didemia was protective against death. A limitation
of this study is that it was a secondary data analy-
sis and was not specifically designed or powered to
answer whether HIV infection was associated with
death among patients with candidemia. However,
the study was conducted in a high HIV prevalence
setting, our sample size was large, and we found
strong and consistent evidence against the null hy-
pothesis after adjustment for confounding. Selection
bias was a limitation because we excluded 60% of
cases diagnosed at sentinel hospitals for whom data
for the main exposure and outcome variables were
missing. We also found differences among those who
were included and excluded from the analysis. For
instance, we included a larger proportion of cases
among adults 18-44 years of age, cases caused by C.
albicans, and cases from outside Gauteng Province in
the analysis (Appendix). Data were also missing for
confounder variables, and we excluded several po-
tentially critical confounders from the main multi-
variable analysis. However, including these variables
in a smaller dataset for multivariable analysis did not
change the point estimate for the main exposure ef-
fect, although the 95% CI was wider (Appendix Table
3). In #20% of cases, HIV status was self-reported by
participant or next-of-kin interview if a clear record
of HIV status was not in the chart. If HIV-seropositive
persons underreported their actual infection status,
it might have weakened the association with death
demonstrated in this study. Because we were unable
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to adjust for unmeasured factors, such as the presence
or severity of diagnosed or undiagnosed underlying
conditions, residual confounding is also possible.
We conducted this study in an upper middle-income
country, and participants were recruited at urban
sentinel hospitals with ICU facilities; therefore, the
results might not apply to all hospital populations.
Cause of death was not recorded, and we were thus
unable to estimate the number of deaths directly at-
tributable to candidemia among either HIV-seropos-
itive or HIV-seronegative participants. We excluded
children <18 months of age from this analysis and
cannot comment on whether HIV exposure or infec-
tion is associated with death in this population.

A key strength of this study was that it was nested
within a large active surveillance system; laboratory
audits were conducted to ensure that all culture-con-
firmed cases were captured. The main outcome mea-
sure was in-hospital death, a clear endpoint that was
unlikely to have been misclassified. Given that most
persons with HIV infection live in sub-Saharan Africa
and the risk for healthcare-associated infections, in-
cluding those caused by antimicrobial-resistant fungi,
is becoming increasingly critical in this region (1,29-
31), our findings might have broader implications
than similar studies and are an essential addition to
the literature.

In conclusion, we found that the overall crude
mortality rate associated with candidemia was high,
and HIV-seropositive persons were at ~2-fold in-
creased adjusted risk for all-cause in-hospital death,
compared with their HIV-seronegative counterparts.
This effect on mortality rates was weakened among
those admitted to the ICU, though HIV-seropositive
persons were substantially less likely to have re-
ceived intensive care. We recommend a high index
of suspicion for candidemia among admitted HIV-
seropositive persons, regardless of the presence of
classical risk factors. We further recommend that
HIV-seropositive persons with suspected candi-
demia rapidly begin appropriate early antifungal
treatment, that they be investigated to identify an in-
fection source and control measures instituted, and
that they should be considered for intensive care and
monitoring to reduce deaths. Where feasible, consul-
tation with an infectious disease specialist would en-
able this level of care.
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In 2018, an upsurge in echovirus 30 (E30) infections was
reported in Europe. We conducted a large-scale epi-
demiologic and evolutionary study of 1,329 E30 strains
collected in 22 countries in Europe during 2016—2018.
Most E30 cases affected persons 0—4 years of age
(29%) and 25-34 years of age (27%). Sequences were
divided into 6 genetic clades (G1-G6). Most (53%) se-
quences belonged to G1, followed by G6 (23%), G2
(17%), G4 (4%), G3 (0.3%), and G5 (0.2%). Each clade
encompassed unique individual recombinant forms; G1
and G4 displayed >2 unique recombinant forms. Rapid
turnover of new clades and recombinant forms occurred
over time. Clades G1 and G6 dominated in 2018, sug-
gesting the E30 upsurge was caused by emergence of
2 distinct clades circulating in Europe. Investigation into
the mechanisms behind the rapid turnover of E30 is cru-
cial for clarifying the epidemiology and evolution of these
enterovirus infections.

Echovirus 30 (E30) is a common cause of viral men-
ingitis outbreaks and upsurges reported world-
wide (1-6). In 2018, E30 circulation was high, and
large-scale E30 meningitis-related upsurges were
reported in Denmark, Germany, the Netherlands,
Norway, and Sweden, compared with data collected
during 2015-2017 (2). E30 was detected in 14.5% of
all confirmed enterovirus cases (2). The virus affected
mainly children 0-4 years of age and adults 26-45
years of age, and 75% of cases had central nervous
system involvement (2).

E30 is classified into the Enterovirus B (EV-B) spe-
cies within the Picornaviridae family of human en-
teroviruses and is divided into 2 genogroups (GG),
I and 1II (7). Most currently circulating strains are
classified as GGII (7,8). The genome (positive-sense
single-stranded RNA) is 7.4 kb long and contains 5'
and 3' untranslated regions (UTRs) flanking a single
open reading frame (ORF), encoding 4 structural pro-
teins (viral protein [VP] 0, VP2, VP3, and VP1) and 7
nonstructural proteins (NSP; 24, 2B, 2C, 3A, 3B [also
known as VPg], 3C, and 3D polymerase [3Dpol]).

E30 outbreaks display a cyclic incidence pattern
of 3-5 years (1,7,9-13). Typically, outbreaks and up-
surges are associated with rapid spread of different,
relatively short-lived, strains defined by VP1 capsid
gene sequences (1,7,8,14-16). Novel E30 variants have
invariably undergone recombination with other EV-B
types before their emergence. Recombination results
in the generation of novel recombinant forms (RFs)
that are chimaeras of E30-derived structural genes
with NSP, 5" UTR sequences, or both, which are de-
rived from cocirculating E30 strains or other EV-B
types, such as E9 and E11 (10-12,14,17,18). The role
of VP1 sequence change, recombination, and other
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factors driving phenotypic changes in virus trans-
missibility or pathogenicity, and the contributions of
changes in population immunity, are crucial for clari-
fying the underlying causes of E30 outbreaks and up-
surges in cases (15,19-22).

We performed an in-depth analysis of the genetic
diversity of E30 strains detected during a large-scale
upsurge in cases in Europe during 2018. We collated
sequences obtained by participating laboratories in 22
countries and analyzed the epidemiologic and evolu-
tionary profiles in this molecular study.

Methods

Data Collection

An invitation to participate in this study was sent on
November 13, 2018, to co-authors of the E30-2018 study
(2) through the European Centre for Disease Preven-
tion and Control (ECDC) Epidemic Intelligence Infor-
mation System Vaccine-Preventable Diseases platform
(https:/ /www.ecdc.europa.eu/en/ publications-data/
epidemic-intelligence-information-system-epis), and to
members of the European Non-Polio Enterovirus Net-
work (ENPEN; https://www.escv.eu/enpen). We
requested pseudonymized data from 2016-2018 with
sample identifier, sampling date, specimen type, and
sequence in FASTA be sent to ECDC secure file trans-
fer protocol server by January 7, 2019. We also collected
optional data, such as patient age, clinical presentation,
whether they were hospitalized, and infection outcome.
We excluded submissions without virus sequence data
(Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/27/6/20-3096-App1.pdf).

Sequence Data Collection

We requested that the FASTA sequence data contain
the VP1 gene and collected 1,784 records (Appendix
Figure 1). Sequences were obtained from enterovirus-
positive samples by using 5' UTR PCR (23) and typed
within the VP1 gene by using Sanger sequencing
(2,24). We excluded sequences with indicators of poor
sequence quality, such as >2 ambiguous or undefined
bases, in-frame stop codons, identical to reference
E30 strains; sequences of the wrong type, such as
E3; or sequences shorter than 200 basepairs or span-
ning a non-VP1 region. In total, we had 1,407 study
sequences that comprised 2 nonoverlapping regions,
1,262 sequences from region 1 (nt positions 2543-
2902, according to the prototype E30 strain Bastianni,
GenBank accession no. AF311938) and 145 sequences
from region 2 (nt positions 2916-3428). Of these, 1,329
sequences were collected during 2016-2018 and 78
during 2010-2015. We used the 2010-2015 sequences
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for phylogenetic reconstruction but excluded these
from further data analysis (Appendix Figure 1).

For additional analysis of the 3D polymerase
(3Dpol) region, we randomly selected records from
each clade to ensure fair distribution of sequence
data. We asked participants to send either extracted
RNA in a QIAGEN (https://www.qiagen.com) spin
column at room temperature for next-generation se-
quencing (NGS) or to conduct 3Dpol sequencing of
the 549 nucleotides, as previously described (17).

Epidemiologic and Statistical Analyses

We descriptively analyzed clinical symptoms and age.
Patients were stratified into the following age groups:
<3 months, 3-23 months, 2-5 years, 6-15 years, 16-25
years, 26-45 years, 46-65 years, and >65 years. Crude
odds ratios with 95% CI were used to express magni-
tude of association between continuous or categorical
variables in multivariate logistic regression.

Next-Generation Sequencing
Stool suspensions and CSF samples were processed to
remove as much nonviral material as possible by us-
ing centrifugation, filtration, and endonuclease treat-
ment. RNA was extracted by using the MagNAPure
96 (Roche Diagnostics, https:/ /www.roche.com) au-
tomated extraction kit or QIAGEN filters and eluted
in 50 uL of elution buffer (Appendix).
Complementary DNA (cDNA) and double
stranded DNA (dsDNA) were generated and pu-
rified (Appendix). For tagmentation and library
preparation, the Nextera XT DNA Library Prepa-
ration Kit (Ilumina, https://www.illumina.com)
was used according to the manufacturer’s instruc-
tions. Runs were performed on the Nextseq (Ilumi-
na). Raw data were processed by using Jovian (D.
Schmitz et al., unpub. data, https://github.com/
DennisSchmitz/Jovian) (Appendix).

Nucleotide Sequences and Phylogenetic Analysis

We conducted VP1 phylogenetic reconstruction
with the 1,407 study sequences and 324 sequences
extracted from Genbank. We selected region 1 for
clade analysis because it is more commonly used for
enterovirus typing (24). We performed analysis of
region 2 sequences based on sequence clustering, in
which both region 1 and 2 were available, such as full-
length sequences or sequences spanning the entire
VP1 gene. Sequencing of the 540 nt 3Dpol gene, po-
sitions 5825-6364, also was provided for 12 samples
with region 1 sequences (Appendix Figure 1). Sanger
sequencing indicated that samples did not display
double infection and that VP1 and 3Dpol were from
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1 virus. Complete genomes (=7.3 kb) were generated
for 48 sequences by using NGS. To compare 3Dpol
groupings within EV species B, we downloaded all
sequences available from GenBank as of October 18,
2019, that were >70% complete between positions
5825-6364 with <6 ambiguous base positions and <6
undetermined bases and without stop codons. We
aligned the downloaded sequences with complete ge-
nomes or 3Dpol sequences from our study.

We aligned data by using sequence editor SSE
version 1.3 (http://www.virus-evolution.org). We
generated maximum-likelihood and neighbor-joining
trees for VP1 and 3Dpol regions by using MEGA ver-
sion 7 (https:/ /www.megasoftware.net) with the op-
timal model (general time reversible plus invariant
sites plus gamma distribution for rates over sites) and
100 bootstraps (25). We analyzed the species B dataset
with neighbor-joining and maximum composite like-
lihood distances.

Nextstrain VP1 Phylodynamic Analysis

The dataset used for Nextstrain phylodynamic
analysis comprised 1,285 sequences; 1,215 study se-
quences (region 1) and 70 complete VP1 sequences
extracted from GenBank (Appendix Figure 1). We
excluded sequences shorter than 250 bp, sequences
from samples collected before 1958, and sequences
deemed as outliers during phylogenetic reconstruc-
tion. We deemed these outliers recombinants with
possible recombination breakpoints within the se-
quence fragment used made phylogenetic recon-
struction impossible.

We aligned sequences by using MAFFT (26). We
inferred a phylogenetic tree by using IQ-TREE (27) and
generated time-resolved trees by using TreeTime (28)
by estimating the mutation rate. When available, we
attached to sequences data on country, sample type,
E30 clade, age groups, and clinical data, such as wheth-
er patients were hospitalized and their symptoms. We
provided the resulting Nextstrain build for viewing
(https:/ /nextstrain.org/community/enterovirus-
phylo/echo30-2019/vp1l).

Nextstrain VP1:3Dpol Tanglegram Phylodynamics

We used a dataset of 110 sequences to conduct 3Dpol
analysis, including 48 complete genome sequences
and 12 3Dpol sequences generated in this study and
50 sequences extracted from GenBank (Appendix Fig-
ure 1). We aligned 3Dpol sequences to the E30 refer-
ence sequence (GenBank accession no. MK238483)
and inferred phylogenetic and time-resolved trees
as we did for VP1, but we used a fixed clock rate
of 4 x 107 substitutions/site/year during the time-
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resolved tree reconstruction. We provided the resulting
Nextstrain tanglegram build for viewing (https://
nextstrain.org/community/enterovirus-phylo/echo30-
2019/3D:community/ enterovirus-phylo/echo30-2019/
vpl) and the codes for both VP1 and 3Dpol analyses
(https:/ / github.com/ enterovirus-phylo/echo30-2019).

Genbank and ENA Accession Numbers

We deposited VP1 and complete genome sequences in
GenBank under accessionnos. KC309427-37, KY986976-
7033, MK251835-6, MK372854-80, MK507733-7,
MK814991-6288, and MK895104-9 and 3Dpol sequenc-
es under accession nos. MN395293-303. We deposited
NGS fastq reads in European Nucleotide Archive data-
base under accession nos. SAM17101211-58.

Results

Molecular Epidemiology and Demographics

During 2016-2018, a total of 1,329 E30 records rep-
resenting 1,292 cases that fulfilled the study criteria
were submitted from 22 countries (Table 1; Appendix
Figure 1). During those 3 years, the total number of
E30 cases steadily increased (Table 1). The numbers
varied per country per year, and we noted a clear up-
surge in 2018 in several, but not all, countries (Table
1; Figure 1). Of the 1,329 records analyzed, 443 (33%)
were from the United Kingdom; the Netherlands sub-
mitted 198 (15%) and Spain 162 (12%) records. Other
countries submitted from 1 (<1%) to 117 (9%) records.
Specimen type was reported for 1,312 (98.7%) records.
Most (70%; 924/1,312) samples were cerebrospinal
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fluid specimens, but other specimen types included
269 (21%) from feces specimens, 102 (8%) from respi-
ratory, and 17 (1%) from blood. During the study pe-
riod, E30 records were submitted more frequently in
summer months; 18.4% (n = 244) were submitted in
June, 17.6% in July (n = 234), and 11.7% in August (n
=155) (Figure 2).

Age was available for 1,080 (83.6%) cases and
ranged from 0 to 73 years with a mean age of 18.7
years. Children <5 years of age (n = 360, 33.3%) and
adults 26-45 years of age (n = 409, 37.9%) were most
affected (Table 2). Infants <3 months of age also were
heavily affected (n = 223 cases, 20.6%) (Table 2).

Clinical information was available for 734 (56.8%)
E30 cases, of which 380 cases had unknown symp-
tomology. For most (28.7%, n = 211) cases, the re-
corded signs and symptoms suggested meningitis.
Symptoms of acute flaccid paralysis were reported in
1 case, encephalitis in 3 cases, and meningoenceph-
alitis in 8 cases. Fever, either as sole symptom or in
combination with other signs and symptoms, was
recorded in only 52 (7.1%) cases. Unfortunately, not
all records were filled in completely, and clinical data
were absent for some samples. Other signs and symp-
toms mentioned were gastrointestinal symptoms in
6 cases, respiratory symptoms in 6, rash in 2, other
neurologic symptoms in 4, or other unspecified in 53
cases; 8 cases had no symptoms. We created an in-
teractive representation of age and clinical features of
sequences from E30 cases, which we made available
on Nextstrain (https://nextstrain.org/community/
enterovirus-phylo/echo30-2019/vp1).

Table 1. Number of echovirus 30 records with curated viral protein 1 sequences by country, 2016—-2018*

Country 2016, n = 325 2017, n =493 2018, n =511 Total, n = 1,329
Austria 6(1.8) 3(0.6) 0 9(0.7)
Belgium 74 (22.8) 2(0.4) 15 (2.9) 91 (6.8)
Bulgaria 0 4 (0.8) 4 (0.8) 8 (0.6)
Czech Republic 21 (6.5) 2(0.4) 3(0.6) 26 (2.0)
Germany 11 (3.4) 4 (0.8) 12 (2.3) 27 (2.0)
Denmark 7(2.2) 73 (14.8) 37 (7.2) 117 (8.8)
Spain 86 (26.5) 37 (7.5) 39 (7.6) 162 (12.2)
Finland 1(0.3) 0 2(0.4) 3(0.2)
France 4(1.2) 2(0.4) 17 (3.3) 23 (1.7)
Greece 0 3(0.6) 8 (1.6) 11 (0.8)
Hungary 2(0.6) 0 0 2(0.2)
Ireland 13 (4.0) 46 (9.3) 23 (4.5) 82 (6.2)
Iceland 0 0 5(1.0) 5(0.4)
Italy 0 2(0.4) 2(0.2)
Lithuania 0 0 1(0.2) 1(0.1)
Luxembourg 0 4 (0.8) 4 (0.8) 8 (0.6)
Netherlands 33 (10.2) 23 (4.7) 142 (27.8) 198 (14.9)
Norway 4(1.2) 28 (5.7) 34 (6.7) 66 (5.0)
Sweden 0 36 (7.0) 36 (2.7)
Slovenia 1(0.3) 0 3(0.6) 4(0.3)
Ukraine 3(0.9) 2(0.4) 0 5(0.4)
United Kingdom 59 (18.2) 260 (52.7) 124 (24.3) 443 (33.3)
*All values expressed as no. (%).
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Figure 1. Geographic distribution of echovirus 30 (EV30) clades,
Europe, 2016-2018. Clades G1-G6 were detected among 1,329
EV30 cases from 22 countries. A) 2016; B) 2017; C) 2018.

Hospitalization status was available for only
17.6% (n = 228) of cases, only 5 of which had no hospi-
talization. The low fraction of hospitalization report-
ed limited further analysis. No deaths were reported.

E30 Phylodynamics

Among the 1,329 curated VP1 study sequences, 1,019
(76.7%) could be subdivided into 5 distinct clades,
G1-G5, that showed >5% sequence divergence from
one another (Figure 3, panel A). The mean divergence
between VP1 nucleotide sequences of G1-G5 was
12.4%-15.2%, which translated to 2.8%-3.9% amino
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acid sequence divergence. Most (704, 53%) sequences
belonged to G1, but 229 (17.2%) were in G2, 59 (4.4%)
in G4, 4 (0.3%) in G3, and 2 (0.2%) in G5. These se-
quences all were assigned to GGII, 1 of 2 previously
reported genogroups (7). The remaining 310 VP1 se-
quences formed a single clade, G6 (Figure 3), showing
20.6% mean nucleotide differences and 8.5% amino
acid differences from the VP1 sequences within G1-
G5 clades. G6 was sufficiently divergent from G1-G5
(GGII). The divergence falls within the nucleotide
divergence between GGI-GGII (19%-22%) (7), and
G6 can be considered a third genogroup, GGIIL
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Figure 2. Monthly distribution of echovirus 30 (EV30) clades G1-G6 detected among 1,329 sequences submitted from 22 countries in

Europe during 2016-2018.

The phylogeny showed a rapid turnover of E30
clades over the 3 years sampled, shifting from G2 dom-
inating in 2016 to G1 and G6 dominating in 2017 and
2018 (Figure 1). In 2016, 58.5% of strains were G2, and
this genotype was identified in 11/22 (50%) countries.
G2 was detected in only 8 countries in 2017 and only
4 countries in 2018. Similarly, G4 disappeared during
2016-2018. In 2016, both G1 and G6 were detected, G1
in 24.6% (n = 80) of virus strains in 10 countries and G6
in 6.5% (n = 21) of virus strains in 7 countries. Rates of
detection for G1 and G6 steadily increased in 2017; G1
was detected in 59.2% (n = 292) of virus strains in 12
countries and G6 in 26.4% (n = 130) of virus strains in
7 countries (Figure 1). During the 2018 upsurge, 64.6%
(330) of sequences reported in 17 countries belonged
to G1, and 33.9% (173) in 11 countries belonged to G6
(Figure 1). These data indicate the occurrence of >2 dis-
tinct viruses dominating the upsurge in 2018 (Figure 1).

We used Nextstrain to create an interactive phy-

lodynamic tree and map to explore relationships of
the E30 study VP1 sequences in G1-G6 (https:/ /next-
strain.org/community /enterovirus-phylo/echo30-
2019/vp1l) (Figure 3, panel B; Appendix Figure 2). We
deemed G5 sequences as outliers and did not include
these during phylogenetic reconstruction. Molecular
clock analysis of the VP1 region revealed an estimated
substitution rate of 5.12 x 107 substitutions/ per site/
per year, comparable to rates previously determined
for a range of enteroviruses.

Most E30 G1 viruses were detected among in-
fants <3 months of age (135/568, 24%) and in young
adults 26-45 years of age (227/568, 40%) (Table 2).
G2 (100/145, 68%) and G4 (29/59, 52%) were most
frequent among children 3 months-15 years of age.
G6 mainly was detected among children 3 months-15
years of age (100/308, 32.5%) and in adults 26-45
years of age (134/308, 43.5%). Only 2 cases of G3 and
1 of G5 were reported with age information (Table 2).

Table 2. Distribution of echovirus 30 cases in Europe by age group and clade*

Age range Total no.
Clade <3mo 3-23mo 25y 6-15y 16-25y 2645y 46-65y >65y (%) Mean age, y (95% CI) p value
G1 124 24 30 58 84 227 18 3 568 19.24 (17.94-20.54) Referent
(55.6) (54.5) (33.3) (43.6) (56.8) (55.9) (0.6) (37.5) (52.6)
G2 41 10 29 23 7 32 2 1 145 12.07 (9.55-14.58) <0.001
(18.4) (22.7) (31.2) (17.3) 4.7) (7.9) (6.7) (12.5) (13.4)
G3 0 0 0 0 0 2 0 0 2 35.5 (29.15-41.85) 0.142
(0.4) 0.2)
G4 9 0 4 17 11 13 2 0 56 16.82 (13.06-20.57) 0.269
(4.0) (4.3) (12.8) (7.4) (3.2) (6.7) (5.2)
G5 0 0 0 0 0 1 0 0 1 36.84 (NA) 0.260
(0.2) (0.1)
G6 49 10 30 35 43 134 8 4 308 21.11 (19.34-22.88) 0.090
(22.0) (22.7) (32.3) (26.3) (29.0) (33.0) (26.7)  (50.0) (28.5)
Total 223 44 93 133 145 449 30 8 1,080 18.73 (17.78-19.68) 0.001
*Values are no. (%) except where otherwise indicated. NA, not applicable.
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Figure 3. Phylodynamic analysis of region 1 in a curated study of echovirus 30 (E30) viral protein 1 (VP1) sequences from 22 countries
in Europe, 2010-2018. We constructed the bootstrapped maximum likelihood neighbor-joining trees using 47 full length sequences and
277 VP1 sequences extracted from GenBank. E30 groups 1-8 are labeled. A) Maximum likelihood trees constructed by using MEGA
version 7.0 (https://www.megasoftware.net). Prototype E30 strain Bastianni, (GenBank accession no. AF311938) was used

as a reference. Scale bar indicates nucleotide substitutions per site. B) Maximum likelihood trees constructed by using Nextstrain
(https://nextstrain.org) from which we dropped several problematic sequences, including group 5.

Amino Acid Diversity

Most E30 VP1 sequences within clades G1, G2, G4,
and G6 displayed specific amino acid substitutions.
G6 sequences predominantly displayed amino acid
changes at position 56 (Y-F), position 84 within the
BC loop (V-A), position 87 within the BC loop (E-D),
and position 145 (V/1) compared with G1, G2, and
G4. Most G1 and G6 sequences had a valine at posi-
tions 54 and 120 compared with the G2 and G4 se-
quences, which had an isoleucine. At position 122,
most G4 sequences contained a leucine, whereas G1,
G2, and G6 sequences contained a phenylalanine. In-
teractive data are available on Nextstrain (https://
nextstrain.org/community/enterovirus-phylo/
echo30-2019/vpl).

Recombination Analysis

We used 110 sequences containing both VP1 and
3Dpol region and complete genome sequences to ana-
lyze recombination events between VP1 and the 3' dis-
tal end of the E30 genome (Appendix Figure 1). The
E30 3Dpol sequences formed a series of separate clus-
ters interspersed with those of other species B types,
indicative of many within-species recombination
events during their diversification (Figure 4). We took
the entire published sequence dataset and used a
nucleotide sequence distance threshold of 8%, based
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on pairwise sequence comparisons, which divided
sequences into distinct groups (Appendix Figure 3),
comparable to those derived from a previous analy-
sis of E30 RFs (17). Accordingly, species B could be
divided into ~442 RFs, an indication of the frequency
and complexity of recombination events occurring
during the evolution of this species. We used Next-
strain to generate an interactive tanglegram of VP1
and 3Dpol RFs (https:/ /nextstrain.org/community/
enterovirus-phylo/echo30-2019/3D:community/en-
terovirus-phylo/echo30-2019/vp1) (Figure 5).

We found that 3Dpol sequences of G1-G6
formed 8 recombination groups, which were sep-
arated by other published E30 variants and by
other species B types (Figure 5). We noted that vi-
ruses within most VP1 clades were monophyletic
in 3Dpol, but that G1 and G4 each had undergone
further recombination (Figure 5, Appendix Figure
4), a split corresponding to the sublineages evident
in the VP1-based tree. The split was identified as
a time-related phenomenon, with G1 circulating in
2018 representing a different RF from G1 circulat-
ing during 2016 and 2017.

Discussion
A large upsurge of E30 infections was reported
in several countries in Europe during 2018 (2). We

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 6, June 2021



conducted a comprehensive molecular characteriza-
tion of E30 by using VP1, 3Dpol, and whole genome
sequences. Our molecular characterization enabled an
analysis of the recombination events occurring during
E30 diversification in Europe, which can be conducted
only when dealing with a single infection. Our study
used a large EV sequence dataset collected worldwide,
comprising 1,329 E30 sequences collected from 22
countries in Europe during 2016-2018 and was made
possible due to the large-scale collaboration between
countries through ENPEN and ECDC.

The data clearly demonstrate that analysis based
on phylogenetic clade assignment shows differential
dominance of many different clades. The upsurge
in 2018 was caused by appearance of several differ-
ent clades or genogroups of E30 viruses; G1 in GGII
(7) and G6 in a novel genogroup, GGIII, which we
propose in this study. Viruses from both clades had
been circulating for >2 years. In total, 6 clades were
identified during the study period and circulated in a
pattern of rapid turnover of newly emerging genetic
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lineages and RFs and their relatively rapid disap-
pearance over time, a pattern that is typical for other
enteroviruses (1,7,10,12,13,16-18,29). In this study,
G2 predominated in 2016 and 2017 in central Europe
and were subsequently replaced by the G1 and G6
in 2018 (Figures 1, 2). This genetic turnover and the
associated string of recombination events during lin-
eage diversification occurred within the 2- to 5-year
cyclical pattern of E30 incidence. As expected, each
VP1 group corresponded to a separate RF, but G1 un-
derwent a further recombination event as the virus
diversified from a common ancestor dated to around
2011 and G4 underwent a further recombination from
an ancestor around 2008. Of note, clade G1 showed a
time related split in which G1 sequences circulating
in 2018 emerged from those circulating in 2016-2017,
coinciding with a recombination generating a novel
RF. The absence of G3 and G5 sequences in the study
population might reflect a generally lower circula-
tion of these strains or perhaps a period of relative
quiescence during the survey period. Long-term

Figure 4. Neighbor-joining

tree of 3D polymerase (3Dpol)
sequences of echovirus 30 (E30)
study samples and sequences
from previously described E30
strains. The tree was constructed
from Jukes-Cantor corrected
nucleotide sequence distances
in MEGA version 7.0 (https://
www.megasoftware.net).
Colored circles represent clades
G1-G6 from this study; black
circles represent 581 previously
described E30 strains; and
unlabeled branches represent

all other species B types (n =
1,566) available in GenBank as
of October 18, 2019. Scale bar
indicates nucleotide substitutions
per site.
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Figure 5. Tanglegram of echovirus 30 (E30) phylogenetic virus protein 1 (VP1) (right) and 3D polymerase (3Dpol) (left) by year of
sample collection. We used 110 sequences and rendered the tanglegram by using Nextstrain (https://www.nextstrain.org). Clades G1—

G6 are labeled.

surveillance is essential to monitor for potential
emergence of these strains in future incidence cycles.

The cocirculation of different E30 clades dur-
ing the 2018 upsurge and in previous years argues
against the idea that the periodic emergence of E30
occurs through the evolution of more pathogenic or
transmissible forms of the virus. The cocirculation
of several different groups fits better with changes
in population susceptibility from birth cohort effects
and a breach of a critical immunity level that controls
E30 spread within the population (19). The high sus-
ceptibility is reflected by the high number of infected
infants, who would have no immunity, and adults
whom we hypothesize have no or waning immunity.
However, another possibility is that the appearance of
several, potentially convergent, amino acid substitu-
tions in VP1 among different E30 groups represented
a form of antigenic selection for escape from existing
population immunity. The clustering of sites under
selection in the BC loop associated with receptor in-
teractions is consistent with this possibility. Serologic
studies are required to explore this hypothesis.

As shown in the original description of the up-
surge (2), a high percentage of cases showed central
nervous system involvement, particularly for infants
0-3 months of age and adults 25-44 years of age,
consistent with previous observations (2,30-32). The
distribution of E30 clades varied among age groups;
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most infections in infants <3 months of age were
caused by G1 and symptomatology varied from fe-
ver to acute flaccid paralysis. However, analysis of
the clinical correlates was limited by incomplete re-
porting; only 30% of reported E30 infections included
history of symptoms, which hampered comparisons
of clinical presentation between different clades. An-
other limitation is the retrospective study design and
bias toward severe and hospitalized cases.

Using Nextstrain, we visualized the various cat-
egories of demographic and clinical data, clades, and
RFs. Unfortunately, G5 could not be inferred due to
possible recombination events within the fragment.
Complete reconstruction of E30 temporal events with
geographic spread was hampered by the inevitably
uneven sampling and testing in different years by the
different contributing countries.

This study underpins the strength of the ENPEN
consortium, which brings together virologists, public
health experts, infectious disease doctors, and scien-
tists across Europe to enable rapid detection and early
warning through standardized surveillance. Previ-
ous studies using Nextstrain with 2 EV-D68 datasets
have shown the value of combining demographic and
phylogenetic analysis, both as retrospective (33) and
real-time analysis (34). The E30 dataset and the 2 EV-
D68 datasets (33,34) available on Nextstrain represent
large nonpolio enterovirus datasets that support real-
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time tracking of viruses over time and across countries.
These data are of considerable value in infection con-
tainment and control of nonpolio enteroviruses.

Differences in surveillance systems, case defini-
tions, and sample selection between institutes and
countries make standardized data collection difficult,
particularly for denominator data. The differences in
data collection proved to be a limitation in our study,
and the extent of the circulation of the different strains
remains unknown. The emergence and disappearance
of viruses from different clades across the years sug-
gests that some form of predictive modeling might be
undertaken if data were standardized and provided in
real-time through networks such as ENPEN.

The mechanisms underlying the complex cyclic
pattern of E30 and other enteroviruses and the effects
of changing population immunity, antigenic changes,
virus diversification, pathogenicity, and recombina-
tion need further exploration. The emergence of dif-
ferent enterovirus types, and their associated period-
icities and population penetrance, might be driven
by multiple mechanisms (19), making outbreak and
upsurge prediction complex. However, continued
structured surveillance can clarify enterovirus circu-
lation and evolution and slowly aid in unraveling the
complex nature of enteroviruses.
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Twenty-Year Public Health Impact
of 7- and 13-Valent Pneumococcal
Conjugate Vaccines in US Children
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Pneumococcal conjugate vaccines (PCVs) have been
used in the United States since 2000. To assess the
cumulative 20-year effect of PCVs on invasive pneumo-
coccal disease (IPD) incidence among children <5 years
of age, we analyzed Active Bacterial Core Surveillance
data, conducted a literature review, and modeled ex-
pected and observed disease. We found that PCVs have
averted >282,000 cases of IPD, including =16,000 men-
ingitis, =172,000 bacteremia, and =55,000 bacteremic
pneumonia cases. In addition, vaccination has prevent-
ed 97 million healthcare visits for otitis media, 438,914—
706,345 hospitalizations for pneumonia, and 2,780 total
deaths. IPD cases declined 91%, from 15,707 in 1997
to 1,382 in 2019. Average annual visits for otitis media
declined 41%, from 78 visits/100 children before PCV
introduction to 46 visits/100 children after PCV13 in-
troduction. Annual pneumonia hospitalizations declined
66%—79%, from 110,000—175,000 in 1997 to 37,000 in
2019. These findings confirm the substantial benefits of
PCVs for preventing IPD in children.

Before 2000, children <2 years of age had the high-
est incidence of invasive pneumococcal diseases
(IPDs) such as bacteremia, meningitis, or other infec-
tion of a normally sterile site (1). Researchers estimat-
ed that, in the United States, annual IPD incidence was
165 cases /100,000 children <12 months of age and 203
cases/ 100,000 children 12-23 months of age (1). Until
the United States began a universal 7-valent pneu-
mococcal conjugate vaccine (PCV7) immunization
program for children in 2000, Streptococcus pneumoni-
ae was the leading cause of bacterial meningitis ().
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S. pneumoniae was also the most common bacterial
cause of community-acquired pneumonia and otitis
media (OM) in young children. Furthermore, in the
1990s, concerns emerged regarding the growing num-
ber of pneumococcal isolates with reduced suscepti-
bility to first- and second-line antimicrobial drugs (1).

PCV7 was the first pneumococcal conjugate vac-
cine (PCV) approved for use in children <2 years of
age in the United States. Pneumococcal polysaccha-
ride vaccines, which preceded PCVs, are not immu-
nogenic in children <2 years of age (1,2). PCV7 over-
came the challenge of poor immunogenicity among
infants and young children through conjugation tech-
nology; it was introduced into the US infant immuni-
zation schedule in 2000, providing direct protection
against several serotypes of invasive and noninvasive
pneumococcal disease (3,4). PCV7 protects against
the S. pneumoniae serotypes responsible for >80% of
IPD cases among children in North America (ie.,
serotypes 4, 6B, 9V, 14, 18C, 19F, and 23F) (1,4). In
2010, PCV13, a vaccine providing protection against
6 additional serotypes (i.e., serotypes 1, 3, 5, 6A, 19A,
and 7F), was approved in the United States, partially
because of increasing incidence of serotypes not cov-
ered by PCV7 (1,4).

Clinical trial data suggested that PCV7 would be
effective against IPD, OM, and according to a post-
hoc analysis, pneumonia (5). The efficacy of PCV7
(and later PCV13) against all forms of pneumococcal
disease was greater than expected, partly because of
indirect protection gained through herd immunity
(6-8). The United States was the first country to in-
troduce a PCV program for infants and, during the
transition to PCV13, recommended the largest catch-
up program for children <5 years of age who had
been vaccinated with PCV7 (9). After an initially slow
uptake limited by constrained supply, the United
States has achieved consistently high (>80%) 3-dose
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coverage since 2005 (10). It is one of a few countries
continuing to use the licensed 4-dose schedule (10). A
2020 review demonstrated that PCVs were the only
vaccines approved by the US Food and Drug Admin-
istration that had no postmarketing safety-related la-
bel modifications (11).

We quantified the decrease of IPD incidence asso-
ciated with 20 years of PCV use in the United States.
First, we conducted a literature review to inform a
decision analytic model. The model estimated the
20-year cumulative effects associated with the PCV
program on cases of IPD, OM, and hospitalizations
for pneumonia among children <5 years of age in the
United States.

Methods

The US Centers for Disease Control and Prevention
(CDC) began the Active Bacterial Core Surveillance
(ABCs) program to monitor invasive S. pneumoniae
infections in 1997 (12). Although this resource pro-
vides invaluable data for assessing IPD, it does not
include data on noninvasive syndromes. We con-
ducted a literature review to identify and synthesize
published data on all pneumococcal diseases during
the past 20 years. We used data from these publi-
cations to model the effects of PCVs on childhood
pneumococcal disease (13).

Literature Review

To estimate the amount of pneumococcal disease
averted in the United States, we conducted a system-
atic literature review in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses guidelines (14). After defining the research
questions, data sources, search strategies, and selection
criteria (Appendix Tables 1-5, https://wwwnc.cdc.
gov/EID/article/27/6/20-4238-Appl.pdf), we con-
ducted electronic searches of the PubMed and Embase
(https:/ /www.embase.com) databases and manual
searches of the gray literature, CDC website (https://
www.cdc.gov), and reference lists of 7 published liter-
ature reviews (15-21) (Appendix Figure 1). This study
describes only references used for input data or to vali-
date our findings.

Calculations and Outputs

We developed a model using Excel (Microsoft,
https:/ /www.microsoft.com) to calculate the na-
tional numbers of cases, healthcare visits, hospitaliza-
tions, and deaths caused by pneumococcal infection
among children <5 years of age during the 20 years
after PCV introduction. We used published incidenc-
es of each syndrome (i.e., meningitis, bacteremia,
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bacteremic pneumonia/empyema, sepsis, and other)
and relevant population data to calculate the number
of cases averted by vaccination. We conducted these
calculations for the pre-PCV (i.e.,, 1997-1999), PCV7
(i.e., 2000-2009), and PCV13 (i.e., 2010-2019) eras (Ap-
pendix Figure 2). Although we attributed decreasing
illness and deaths to the direct effects of PCVs, policy
changes or other interventions also might have con-
tributed to the reduction of disease.

We calculated average incidences for each of
the 3 described time periods. Because variance mea-
sures were unavailable, we performed all calcula-
tions as point estimates. We assumed that without
PCVs, disease incidence would have remained con-
stant. We calculated the estimated effect of PCV7
by comparing the difference in reported incidence
between the pre-PCV and PCV7 eras; likewise, we
considered the effect of PCV13 to be the difference
in incidence between the pre-PCV and PCV13 eras.
We estimated the incremental effect of including
the additional serotypes in PCV13 by comparing
incidence between the PCV7 and PCV13 eras. Be-
cause factors such as program rollout and uptake
delayed the achievement of population-level equi-
librium, we excluded the transition years 2000-2001
from the calculation of the effect of PCV7. Similarly,
we excluded 2010 from the calculation of the effect
of PCV13 (Tables 1, 2; Figures 1, 2). However, we
included these years in the analysis of the 20-year
aggregate effect of PCV use.

We calculated the number of expected IPD cases
without PCV7 as the average incidence during 1997-
1999 x population size in each year. We calculated the
expected IPD cases if PCV7 vaccination had continued
but PCV13 had not been introduced as the average
incidence during 2002-2009 x population size in each
year. We stratified each calculation by age.

In addition, we calculated total IPD cases averted
by PCVs as the difference between the cases expected
without vaccination and the cases observed during
2002-2019 (Table 1; Appendix Figure 2). We also cal-
culated the incremental effect of PCV13 versus PCV7
as the difference between cases expected if PCV7 use
had continued after 2010 and cases observed during
2011-2019.

To calculate the number of expected IPD deaths
without PCVs, we multiplied the observed case-fatal-
ity ratio from 1997-2000 (cumulative deaths divided
by the cumulative cases in that period) by the expected
number of cases from 2000-2019 (12). We considered
deaths averted by PCVs to be the difference between
expected deaths if PCVs had never been introduced
and the observed deaths in this period.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 6, June 2021



Case numbers and incidences were not avail-
able for OM and noninvasive pneumonia because
they are nonnotifiable diseases. As a result, we cal-
culated the expected ambulatory healthcare visit
rates for OM and hospitalization rates for pneu-
monia without PCVs using the same method as for
IPD cases averted.

Model Inputs

We conducted our calculations using population data
from the US Census Bureau (22) (Appendix Table 6).
We considered data on total IPD incidence, distri-

Impact of Pneumococcal Conjugate Vaccines

bution of vaccine serotypes, syndrome distribution,
healthcare visits for OM, and pneumonia incidence.

We obtained national estimates for IPD cases,
rates, and syndromes among children <1, 1-<2, and
2-4 years of age from ABCs reports (12) (Appendix
Table 7). Because data for 2018 and 2019 were not
available, we assumed these years to have the same
rates as 2017. We used these data to calculate the av-
erage incidence for each of the 2 pre-PCV13 eras (Ap-
pendix Table 8).

We also obtained national estimates for overall
annual incidence of IPD caused by PCV13 serotypes

Table 1. Invasive pneumococcal disease cases and deaths averted by pneumococcal conjugate vaccines, United States, 1997-2019*

No. observed, by age, y No. expected, by age, y No. averted
Year <1l 1 2-4 Overall <1l 1 24 Overall Annual Cumulative
No. cases
1997 5,360 6,712 3,635 15,707 5,360 6,712 3,635 15,707 NA NA
1998 6,220 7,630 4,286 18,136 6,220 7,630 4,286 18,136 NA NA
1999 6,176 7,772 3,837 17,785 6,176 7,772 3,837 17,785 NA NA
2000 5,699 6,139 3,469 15,306 6,053 7,428 3,883 17,364 2,057 2,057
2001 2,099 2,645 3,143 7,887 6,299 7,539 3,852 17,689 9,802 11,860
2002 1,521 1,261 1,813 4,596 6,202 7,830 3,866 17,899 13,304 25,164
2003 1,642 1,405 1,530 4,577 6,241 7,696 3,936 17,874 13,296 38,460
2004 1,485 1,253 1,454 4,192 6,301 7,730 3,983 18,013 13,821 52,281
2005 1,450 1,419 1,467 4,336 6,286 7,796 4,019 18,101 13,765 66,046
2006 1,366 1,458 1,395 4,219 6,344 7,767 4,019 18,130 13,911 79,956
2007 1,680 1,296 1,560 4,537 6,511 7,826 4,036 18,372 13,835 93,792
2008 1,517 1,284 1,420 4,221 6,487 8,018 4,057 18,562 14,341 108,133
2009 1,485 1,309 1,654 4,449 6,284 7,975 4,099 18,358 13,910 122,043
2010 1,352 1,051 1,611 4,014 6,204 7,726 4,144 18,074 14,060 136,103
2011 832 670 1,012 2,515 6,221 7,755 4,109 18,085 15,571 151,674
2012 616 541 712 1,870 6,163 7,777 4,068 18,009 16,139 167,813
2013 578 595 814 1,988 6,171 7,709 4,036 17,916 15,928 183,741
2014 629 407 754 1,790 6,208 7,721 4,033 17,963 16,173 199,914
2015 733 513 610 1,856 6,253 7,769 4,031 18,053 16,198 216,112
2016 526 212 167 906 6,208 7,828 4,032 18,068 17,163 233,275
2017 452 314 625 1,391 6,112 7,770 4,052 17,934 16,544 249,818
2018 446 309 627 1,382 6,040 7,651 4,061 17,752 16,370 266,188
2019 446 309 627 1,382 6,040 7,651 4,061 17,752 16,370 282,558
No. deaths
1997 151 34 17 202 151 34 17 202 NA NA
1998 78 47 NA 126 78 47 NA 126 NA NA
1999 29 45 60 134 29 45 60 134 NA NA
2000 130 113 57 301 138 137 64 340 39 39
2001 22 46 57 125 103 66 36 204 79 118
2002 31 NA 32 62 101 68 36 205 143 261
2003 42 21 21 85 102 67 37 206 121 382
2004 39 48 20 107 103 67 37 207 101 483
2005 38 9 38 85 103 68 37 208 123 605
2006 29 9 47 85 104 68 37 209 124 729
2007 37 9 9 56 106 68 37 212 156 885
2008 37 NA 18 55 106 70 38 214 158 1,043
2009 36 9 9 54 103 70 38 210 156 1,199
2010 10 9 9 28 101 67 38 207 179 1,378
2011 38 19 28 85 102 68 38 207 123 1,501
2012 9 9 NA 19 101 68 38 206 187 1,688
2013 9 9 38 57 101 67 37 205 149 1,837
2014 19 NA 9 28 101 67 37 206 178 2,014
2015 10 9 19 38 102 68 37 207 170 2,184
2016 18 4 12 35 101 68 37 207 172 2,356
2017 28 19 38 85 100 68 38 205 120 2,476
2018 16 7 28 51 99 67 38 203 152 2,628
2019 16 7 28 51 99 67 38 203 152 2,780

*Values are rounded to the nearest whole numbers. NA, not applicable.
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Table 2. Cases of invasive pneumococcal disease averted by PCV13, United States, 1997-2019*

No. observed

No. expected

Cumulative cases averted Difference in

PCV13 Non-PCV13 PCV13 Non-PCV13 PCV13 non-PCV13
Year All serotypes  serotypes All serotypes  serotypes All serotypes _serotype casest
1997 15,543 14,439 1,104 15,543 14,439 1,104 NA NA NA
1998 18,136 16,848 1,288 18,136 16,848 1,288 NA NA NA
1999 17,785 16,839 945 17,785 16,839 945 NA NA NA
2000 15,306 13,808 1,498 17,364 16,178 1,186 2,057 2,369 -312
2001 7,887 6,561 1,325 17,689 16,481 1,208 11,860 12,289 -429
2002 4,596 3,109 1,487 17,899 16,677 1,223 25,164 25,857 -693
2003 4,577 2,743 1,834 17,874 16,653 1,221 38,460 39,767 -1,307
2004 4,192 2,374 1,818 18,013 16,783 1,230 52,281 54,175 -1,894
2005 4,336 2,589 1,747 18,101 16,864 1,236 66,046 68,450 -2,405
2006 4,219 2,592 1,627 18,130 16,891 1,238 79,956 82,750 -2,793
2007 4,537 3,019 1,518 18,372 17,118 1,255 93,792 96,848 -3,057
2008 4,221 2,635 1,585 18,562 17,294 1,268 108,133 111,507 -3,374
2009 4,449 3,037 1,412 18,358 17,104 1,254 122,043 125,575 -3,532
2010 4,014 2,626 1,388 18,074 16,839 1,235 136,103 139,788 -3,685
2011 2,515 805 1,710 18,085 16,850 1,235 151,674 155,833 -4,160
2012 1,870 400 1,470 18,009 16,779 1,230 167,813 172,213 -4,400
2013 1,988 397 1,591 17,916 16,692 1,224 183,741 188,508 -4,766
2014 1,790 397 1,392 17,963 16,736 1,227 199,914 204,846 -4,932
2015 1,856 398 1,457 18,053 16,820 1,233 216,112 221,268 -5,156
2016 906 398 507 18,068 16,834 1,234 233,275 237,703 -4,429
2017 1,391 398 993 17,934 16,709 1,225 249,818 254,015 -4,197
2018 1,382 396 986 17,752 16,539 1,213 266,188 270,158 -3,970
2019 1,382 396 986 17,752 16,539 1,213 282,558 286,302 -3,744

*Values are rounded to the nearest whole numbers. NA, not applicable; PCV13, 13-valent pneumococcal conjugate vaccine.

tNegative values indicate greater number observed than would be expected.

among children <5 years of age during 1998-2016
(12) (Appendix Table 9). We assumed rates during
2017-2019 to be the same as 2016; we weighted these
rates by population distribution during those years.
We calculated pre-PCV era distribution of PCV13
and non-PCV13 serotypes as the average of 1997-
1999 distributions (Appendix Table 10). To ensure
serotype incidences were consistent with the ob-
served trends of all IPDs, we imputed PCV13 sero-
type incidence in 1997 using weighted proportions
(i.e., by population size in each age group) and per-
cent change (Appendix Table 9) during 1997-1998.
We calculated expected cases caused by PCV13 and
non-PCV13 serotypes by multiplying the average
pre-PCV era serotype distributions to the total ex-
pected number of annual IPD cases. Although the
measurement of all averted cases of IPD includes the
effects of vaccination and serotype replacement, the
measurement of cases averted by PCV13 indicates
only the reduction in vaccine type IPDs.

We obtained the proportions of meningitis, bacte-
remia, bacteremic pneumonia/empyema, sepsis, and
other infections among children <2 and 2-4 years of
age with IPD from additional unpublished data pro-
vided by CDC (12; R. Gierke, CDC, pers. comm., 2017
Nov 7) (Appendix Table 11). We assumed the distri-
butions in 1997-1999 to be the same as 2000.

We used the mean rate of ambulatory care vis-
its for OM in children <2, 2-<5, and <5 years of age
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overall provided by Zhou et al. (23; Appendix Table
12, Figure 3). Zhou et al. (23) described PCV eras us-
ing similar definitions: the pre-PCV period during
1997-1998, the PCV7 period during 2002-2009, and
the PCV13 period during 2011-2013 (Appendix Table
13). We assumed the rates in 2014-2019 to be the same
as 2013 (Appendix Table 12).

The data sources used various classifications
and definitions of pneumonia. The types of data
reported also varied widely, including measure-
ments such as ambulatory visits, hospitalizations,
index cases in inpatients, and estimates of cases of
community-acquired pneumonia. No single data
source covered the combined PCV7 and PCV13 peri-
ods, nor estimated the incidence of only noninvasive
pneumococcal pneumonia. Because hospitalization
data represent more severe cases with the largest
use of healthcare costs and resources and because
no consistent data for ambulatory/outpatient visits
for pneumonia during the entire study period were
available, we considered only hospitalized cases of
pneumonia in this analysis. We used data on hospi-
talization for pneumonia from multiple sources. We
obtained data for the pre-PCV relative to PCV7 eras
from Simonsen et al. (24), Foote et al. (25), and Gri-
jalva et al. (26), and for the PCV7 relative to PCV13
period from a 2005-2014 study (27) and Tong et al.
(28). In addition, we used estimates of the differ-
ence in hospitalization incidences during the PCV7

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 27, No. 6, June 2021



period from Grijalva et al. (23). We estimated the to-
tal number of hospitalizations averted by PCVs us-
ing the expected hospitalization data from all sourc-
es for 1997-2019 (Appendix Table 14).

Validation

During the literature review, we identified appro-
priate references against which to validate the con-
sistency of our findings. We did not identify other
sources of national multistate data for IPD compa-
rable to the ABCs dataset. Black et al. (30) reported
Kaiser Permanente data from northern California
about the effect of PCV7 on disease epidemiology
in children and adults, whereas Yildirim et al. (31)

A

No. cases No. cases

Healthcare visits

Impact of Pneumococcal Conjugate Vaccines

reported serotype-specific invasive capacity among
children in Massachusetts after PCV introduction
(Appendix Figure 4).

We used a large national claims database (32),
a commercial claims and encounters database (33),
and Ray et al. (34) to validate our OM estimates. We
wanted to validate our pneumonia estimates with
respect to different types of cases and definitions
used by various data sources; however, because of
constraints on data availability, we limited our vali-
dation to hospitalized cases of all-cause pneumonia.
Because of the variation in reporting of pneumonia
data, we did not identify any alternate sources for an
appropriate validation of our analysis.

Figure 1. Effects of PCVs on
invasive pneumococcal disease
(IPD) and otitis media among
children <5 years of age, United
States, 1997-2019 (8,12). A)
Cases of IPD. B) Cases of

IPD caused by 13-valent PCV
serotypes. C) Healthcare visits
for otitis media. The United
States approved 7-valent PCV
in 2000 and 13-valent PCV in
2010. Asterisk (*) indicates that
for data on healthcare visits for
otitis media, age range is 0-2
years. PCV, pneumococcal
conjugate vaccine.

0
1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019

Observed (with PCVs) Expected (without PCVs)
I Among <5 years old [ Among <5 years old
—— Among <lyearolds = -——-—- Among <1 year olds
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Figure 2. Effects of PCVs on
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Results

IPD

Among children <5 years of age, the annual number
of IPD cases decreased from ~16,000-18,000 during
1997-1999 to 1,382 in 2019 (Table 1; Figure 1, panel A).
We estimated that PCVs averted a cumulative 282,558
cases of IPD during this timeframe. Of those averted
cases, we estimated that 146,455 were prevented by
PCV13 during 2010-2019. Among children <5 years
of age, annual deaths caused by IPD decreased from
126-202 during 1997-1999 (Table 1) to 85 in 2019. We
estimated that PCVs prevented a total of 2,780 deaths
during this timeframe, including 1,402 deaths pre-
vented by PCV13 during 2010-2019.

The overall IPD incidences in the input ABCs
data were generally higher than in the sources used
for validation. However, the ABCs and the Kaiser
Permanente data (30) reflected similar overall trends
for the pre-PCV and PCV7 eras; the ABCs and data
from Yildrim et al. (31) reflected similar overall
trends for the PCV7 and PCV13 eras. The differences
were probably caused by variations in reporting and
patient groups between data sources; the ABCs data
are more nationally representative and therefore
more generalizable than the population described
by Black et al. (30).

We observed a decrease in IPD-related deaths af-
ter the introduction of PCV7; however, we could not

identify whether this trend existed during the pre-
PCV period because of limited data (Table 1). Pulido
et al. (35) described a declining IPD mortality rate
during 1990-2005, supporting the ABCs data and in-
dicating that deaths were already decreasing before
the introduction of PCVs. Reductions in smoking
rates and implementation of laws regarding smoking
in public places, shifts from inpatient to outpatient
care settings, improved treatments, and varying case
definitions might have also contributed to the declin-
ing trend.

We estimated that during 2000-2019, PCVs pre-
vented 172,778 cases of bacteremia; 55,532 cases of
bacteremic pneumonia and empyema; 16,660 cases
of meningitis; and 37,017 cases of other forms of IPD
(Figure 2). IPD cases caused by PCV13 serotypes de-
creased from 14,439 cases in 1997 to 396 in 2019 (Ta-
ble 2; Figure 1, panel B). During 2000-2019, PCVs are
estimated to have averted 286,302 IPD cases caused
by vaccine serotypes. During this period, IPD cases
caused by non-PCV13 serotypes increased slightly,
consistent with modest serotype replacement.

OM Healthcare Visits

The average rate of OM visits among children <5
years of age declined from 78/100 to 46/100 children
per year from the pre-PCV (1997-1998) to the PCV13
era (2011-2013). In other words, these visits declined
by 39%, from 15,000,483 in 1997 to 9,112,727 in 2019

Table 3. Estimated average incidence of otitis media cases and visits averted by PCVs, United States, 1997—-2019*

Measure 1997-1999 2000-2009 2010-2019 Cumulative
Average incidence of visits per 100 children 78 59 46 NA

Expected visitst NA 154,269,900 155,511,917 309,781,817
Estimated visits NA 119,429,938 93,025,190 212,455,128
Visits averted¥ NA 34,839,962 62,486,726 97,326,688

*Values are rounded to the nearest whole numbers. PCV7 was approved for use in the United States in 2000; PCV13 was approved for use in the United
States in 2010. NA, not applicable; PCV, pneumococcal conjugate vaccine; PCV7, 7-valent PCV; PCV13, 13-valent PCV.

TVisits expected if PCVs had not been introduced.
FCalculated by subtracting estimated visits from expected visits.
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Table 4. Estimated total hospitalized cases of pneumonia averted by PCVs, United States, 1997-2019*

Estimated hospitalizations

Observed, with vaccination

Expected without vaccination  Total hospitalizations averted

Time period Minimum Maximum Minimum Maximum Minimum Maximum
Pre-PCV era: 1997-1999 NA NA 339,474 525,675 NA NA
PCV7 era: 20002009t 959,543 1,336,673 597,479 1,822,591 222,611 490,043t
PCV13 era: 2010-2019§ 382,182 598,484 216,303

*PCV7 was approved for use in the United States in 2000; PCV13 was approved for use in the United States in 2010. NA, not applicable; PCV,
pneumococcal conjugate vaccine; PCV7, 7-valent PCV; PCV13, 13-valent PCV.

TAverted hospitalizations during PCV7 era are shown as the difference within the same study with minimum based on Simonson et. al. (24) and maximum
based on Grijalva et al (29) (Appendix Table 14, https;//wwwnc.cdc.gov/ElD/article/27/6/20-4238-App1.pdf).

fGrijalva et al (29) reported a change in hospitalization rate; as a result, no observed and expected values were generated.

§Values based on calculations using a single data point.

(Figure 1, panel C). We estimated that PCVs averted
a cumulative 97,326,688 OM-related healthcare visits
(Table 3).

The overall visit numbers in the input data (23)
were generally lower than in the sources used for
validation (32-34), but the overall trends for the pre-
PCV and PCV7 eras were comparable. The differ-
ences might have been caused by varying database
populations, because Zhou et al. (23) used national
data whereas Marom et al. (32) and Tong et al. (33)
mainly considered privately insured patients who
might have been more likely to seek care. Therefore,
the estimates from Zhou et al. (23) are probably more
representative on a national level.

Pneumonia Hospitalia tions

Annual pneumonia hospitalizations in children <5
years of age declined from 113,116-175,420 in 1997
to 37,882 in 2019. We estimated that PCVs averted a
cumulative 438,914-706,345 pneumonia hospitaliza-
tions, including 216,303 cases caused by PCV13 sero-
types, during the 20 years after PCV introduction in
the United States (Table 4).

Discussion

Vaccines, especially PCVs, are lifesaving and cost-
effective public health interventions. At the time
PCV7 was introduced in the United States, pneumo-
coccal disease caused high rates of death and dis-
ease among infants. Despite conservative findings
from the clinical trials (8), public health officials and
healthcare professionals were optimistic about the
potential of PCVs to prevent pneumococcal disease.
We conducted a literature review and modeling
analysis to quantify the effects of PCVs on pneumo-
coccal disease incidence among children <5 years of
age, a population at higher risk for IPD and therefore
the focus of IPD prevention efforts (36). Our analy-
sis demonstrated that PCVs have averted >282,000
cases of IPD and 2,780 associated deaths, with re-
ductions across various IPD syndromes. Since their
introduction in 2000, PCVs have averted >430,000
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pneumonia hospitalizations and >97,000,000 OM-
related healthcare visits.

We could not find data on all OM cases; our
analysis instead measured ambulatory care visits
using input data from Zhou et al. (23). However,
because not all children with OM receive treatment
through ambulatory care visits, our findings prob-
ably underestimate the true effects of PCVs on OM
incidence. The annual number of OM visits declined
from 78 visits/100 to 46 visits/100 children from the
pre-PCV era (1997-1999) to PCV13 era (2010-2019);
this 41% decline exceeds the original predictions
based on early clinical trial data (8). Vaccination is
probably the main direct contributor to this reduc-
tion; however, vaccination also might have had in-
direct effects such as changes in the disease defini-
tion or clinical coding of OM, as well as changes in
prescribing patterns of antimicrobial drugs, which
might affect healthcare use. Although not all cases
of OM prompt healthcare visits, even mild illnesses
might require family members to take time from
work to care for their children, further reducing pro-
ductivity and quality of life in ways not reflected by
this metric (37).

Because we could not find data on noninvasive
pneumonia, we combined multiple data sources to
compare pneumonia hospitalizations during the
study period. These data are probably underesti-
mates of the true effect of PCVs because most pneu-
monia cases among children <5 years of age do not
require hospitalization.

The overall findings are impressive but neverthe-
less conservative. We did not consider the direct bene-
fits of reduced sequelae among children >5 years of age
nor adults; we also did not consider indirect benefits
such as herd immunity, reduced use of antimicrobial
drugs and other healthcare resources, increased educa-
tional attainment, or improved parental productivity.
In addition, we did not analyze data on common but
less resource-intensive manifestations of S. pneumoniae
such as conjunctivitis (38,39). Finally, this analysis does
not reflect PCVs’ effects on antimicrobial resistance
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(17), although preventing infection through vaccina-
tion reduces the need for antimicrobial treatment (40).

In agreement with other studies (40,41), we
found that IPD cases caused by PCV13 serotypes
declined while the number of cases caused by non-
PCV13 serotypes slightly increased, reflecting mod-
est serotype replacement. PCVs have been used in
the United States longer than in any other country.
Because of the large quantity of available data, we
conducted a literature review to independently
identify appropriate references for model inputs
and validation. However, although the available
data were extensive, it was not comprehensive. As
a result, this research was limited by the lack of
a single data source for pneumonia and OM inci-
dences during the entire study period, prompting
us to impute values for years when no data were
available. In addition, because IPD is a notifiable
disease but OM and pneumonia are not, we can
only estimate PCVs’ true effects on OM and pneu-
monia incidence using alternative metrics such as
ambulatory care visits and hospitalizations. Fur-
thermore, healthcare providers do not usually dis-
tinguish the causative bacteria of pneumonia and
OM cases, which poses difficulties in analyzing se-
rotype distributions. Finally, we could not find al-
ternative national-level IPD data for the validation
analysis, prompting us to compare our results with
trends from smaller regions.

CDC and the Advisory Committee on Immuni-
zation Practices have recommended the use of PCVs
in a national infant immunization program since
2000 (1). Our model used available data to quantify
the effects of PCV7 and PCV13 on pneumococcal
disease burden among children in the United States.
Our results demonstrate the effectiveness of PCVs
in preventing illness and death among children <5
years of age.
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Precision Tracing of Household

Dengue Spread Using Inter- and

Intra-Host Viral Variation Data,
Kamphaeng Phet, Thailand

Irina Maljkovic Berry,! Melanie C. Melendrez,* Simon Pollett, Katherine Figueroa, Darunee Buddhari,
Chonticha Klungthong, Ananda Nisalak,? Michael Panciera, Butsaya Thaisomboonsuk, Tao Li,
Tyghe G. Vallard, Louis Macareo, In-Kyu Yoon, Stephen J. Thomas, Timothy Endy, Richard G. Jarman

Dengue control approaches are best informed by granu-
lar spatial epidemiology of these viruses, yet reconstruc-
tion of inter- and intra-household transmissions is lim-
ited when analyzing case count, serologic, or genomic
consensus sequence data. To determine viral spread
on a finer spatial scale, we extended phylogenomic
discrete trait analyses to reconstructions of house-to-
house transmissions within a prospective cluster study
in Kamphaeng Phet, Thailand. For additional resolution
and transmission confirmation, we mapped dengue in-
tra-host single nucleotide variants on the taxa of these
time-scaled phylogenies. This approach confirmed 19
household transmissions and revealed that dengue dis-
perses an average of 70 m per day between households
in these communities. We describe an evolutionary biol-
ogy framework for the resolution of dengue transmissions
that cannot be differentiated based on epidemiologic and
consensus genome data alone. This framework can be
used as a public health tool to inform control approaches
and enable precise tracing of dengue transmissions.

engue virus (DENV) causes an estimated 390

million infections each year, 96 million of which
manifest as clinical disease (1). Dengue is endemic in
>100 countries. An estimated 3.9 billion persons are
at risk for infection, of which 75% reside in the Asia-
Pacific region (2). DENV control approaches are best
informed by granular spatial epidemiology of these
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viruses, and investigators have long tried to under-
stand the landscape of DENV dynamics and spread.
Robust public health surveillance and rigorous aca-
demic research have enabled tracking of clinical
infections to understand changing demographics,
populations at risk, hyperendemicity, transmission,
disease severity, and virus dispersal patterns within
and across human populations (3-10). With the ad-
vent of sequencing technologies, single-gene and
whole-genome DENV analyses have complemented
case-based and serologic surveillance and enabled
further insights into DENV epidemic dynamics and
spread, disease severity, introductions and emer-
gence of novel variants, tracking of DENV transmis-
sions, and monitoring of viral diversity and evolution
(11-17). Investigations of DENV infection dynamics,
from the scales of countries and districts down to
the city, village, school, and house level, have been
performed to describe the patterns and predictors of
DENV spread (7,9,11-13,18-21). These studies have
enabled many novel insights into DENV transmis-
sion and contributed to improved prediction, pre-
vention, and control strategies. Such studies have
also emphasized a key limitation of DENV genomic
epidemiology: reconstructing transmission chains be-
tween households and within households is typically
not possible, even though resolving DENV spread at
such fine scales would offer major relevance to public
health response.

Consensus whole-genome sequences, which are
typically used in genomic studies of viral epidemics
and spread, typically have insufficient variability to
distinguish between infecting strains sampled within
2 weeks of each other, especially if closely sampled in
space (22). This limitation might lead to unresolved

These authors contributed equally to this article.
2Deceased.
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and low confidence phylogenetic tree topologies, un-
able to discern the exact relationships between closely
related taxa, and thus unable to provide confident in-
sights into the fine scale viral transmission patterns.
In the case of DENV, the use of consensus env-gene
or whole-genome data has been able to resolve fine-
scale clustering of cases within 200 m but has not been
able to determine discrete inter-household or within-
household transmissions (12).

DENYV, like other RNA viruses, exists within a
host as a population of distinct viral variants. Togeth-
er, these viral variants are usually assembled into a
single viral consensus genome, but separately, they
hold additional intra-host variant sequence informa-
tion that can provide further resolution. Transmis-
sion of within-host minor viral variants, existing at
low frequencies and therefore often not reflected in
the consensus genome, has been reported for sev-
eral different viral pathogens (23-27). An increasing
number of studies have used this additional genetic
information to confirm viral transmissions, and new
tools that use both intra- and inter-host genetic varia-
tion have been developed for inference of transmis-
sion chains and transmission directions (23,26,28,29).
We designed a study that explicitly measures the pat-
terns of DENV minor variant transmission in a natu-
ral epidemic setting, to resolve more spatially explicit
viral transmissions.

We investigated the level of transmission recon-
struction granularity that can be achieved for DENV
by analyzing 410 DENV whole genomes sampled
from human and vector specimens in Kamphaeng
Phet, Thailand, and sequenced by using next-gen-
eration sequencing techniques. A combination of
Bayesian analyses and intra-host single nucleotide
variant (iSNV) information, along with temporal
and spatial epidemiologic data, enabled fine-scale
reconstructions of transmission chains and house-
to-house spread, as well as genomic confirmation
of within-household transmission clusters. This ap-
proach could be used in public health to reconstruct
fine-scale DENV transmissions and support dengue
control and prevention efforts.

Methods

Ethics Statement

The samples used in this study were virus isolates,
which originated from samples collected in a study
described in Thomas et al. (30), per the protocols
approved by the institutional review boards (IRBs)
of the Thai Ministry of Public Health, Walter Reed
Army Institute of Research, and the State University
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of New York’s Upstate Medical University. The IRBs
of the University of California, Davis, University of
Rhode Island, and University at Buffalo established
relying agreements with the Walter Reed Army In-
stitute of Research IRB. All isolates were deidenti-
fied, and this study’s research team had no access to
identification codes.

Prospective Cluster Study and Data Collection

The prospective cluster study method has been de-
scribed previously (30). In brief, the study was con-
ducted in Kamphaeng Phet Province (Kamphaeng
Phet), Thailand. A blood sample was obtained from
patients admitted to Kamphaeng Phet Hospital with
a diagnosis of an acute dengue infection; if positive
for DENV by PCR, the virus was isolated with low
passage number in C6/36 cell culture or in Toxo-
rhynchites splendens mosquito followed by C6/36
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/27/6/20-4323-Appl.pdf). Patients who were
DENV PCR-positive were considered index case-
patients for a cluster investigation. The exact house
locations of index case-patients was mapped through
a geographic information system by using a global
positioning system unit. Homes within 100-200 m
radius around the index case-patient’s house were
screened for additional cases in persons with a history
of temperature >38°C within past 7 days, and a blood
sample was collected from those persons who agreed
to participate in the study. DENV reverse transcrip-
tion PCR, viral isolation, and IgM/IgG ELISA were
performed on all collected specimens.

Sequencing, Genome Assembly, and

Minor Variant Determination

We sequenced all DENV isolates to obtain whole
genomes during 2009-2012 by using the Roche 454
FLX system (Roche, https://www.roche.com), the
[Nlumina MiSeq next-generation sequencing system
(Ilumina, https:/ /www.illumina.com), and, for gap
filling, the Applied Biosystems 3130 Sanger sequenc-
ing platform (ThermoFisher Scientific, https://
www.thermofisher.com). We generated consensus
genomes by using the in-house developed ngs_map-
per reference mapping pipeline and manually cu-
rated to ensure consensus accuracy (31). We submit-
ted all consensus genomes to GenBank (accession
nos. MN448597-9006). In addition to consensus, we
screened all DENV serotype 1 (DENV-1) MiSeq-de-
rived assemblies that had a minimum 1,000x depth
of coverage throughout the genome for presence of
iSNVs. We excluded DENV serotype 2 (DENV-2)
genomes from iSNV analyses because some of the
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samples did not have enough coverage, mainly be-
cause of being sequenced by using Roche 454. iSNVs
were called if they were present at a conservative
frequency of >1% (minimum Phred of 30) called by
Lofreq, a base caller previously shown to confident-
ly call DENV iSNVs at this frequency (32,33). Addi-
tional manual iSNV curation removed variants pres-
ent because of primer induced error, certain types of
sequencing error, and strand bias higher than what
was observed in confident iSNVs from each genome.
In addition, we manually removed iSNVs that were
consistently present at either ends of the reads from
the analyses because these iSNVs have previously
been shown to be spurious (33).

Phylodynamic Analyses

We combined genomes for DENV serotypes 1-4
with GenBank references and aligned by using
MUSCLE 3.8 (34). We used jModeltest2 to determine
the best fit model of nucleotide substitution (35) and
constructed maximum-likelihood trees for whole-
genome sequence data from all 4 serotypes by us-
ing PhyML 3.0 with aLRT node support (36). Be-
cause discrete phylogeographic analyses to infer the
household-scale geographic histories of all sampled
viruses were computationally unfeasible, we sub-
selected datasets from DENV maximum-likelihood
trees that had most taxa sampled from households
in the same subdistrict and had sufficient temporal
structure (root-tip regression r>0.7) as determined
by Temp-Est (37). Using these criteria, we selected
2 DENV-1 sublineages and 3 DENV-2 sublineages to
infer the inter-household patterns of DENV spread
by using BEAST 1.8.4 (38). We excluded DENV se-
rotypes 3 and 4 (DENV-3 and DENV-4) from further
analyses because of the weak sublineage temporal
structure and limited clade sizes by individual sub-
districts of Kamphaeng Phet. For each sublineage
analysis, we geotagged time-stamped taxa by house-
hold as discrete traits. The final Markov Chain Mon-
te Carlo chains had lengths required for statistical
convergence, as indicated by effective sample size
values >200 for key evolutionary parameters (Ap-
pendix Table 2). We constructed and annotated max-
imum clade credibility (MCC) trees by using Tree-
Annotator. We manually inspected the MCC trees
to determine probable and possible inter-household
transmissions events. We defined probable inter-
household transmissions as origin household being
directly ancestral to the destination household and
both geographic states supported with a probability
>0.8 and plotted all iSNVs onto the resulting MCC
trees. We used this information for confirmation or
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detection of between-household spread and for de-
tection of within-household connections.

iSNV Distribution Statistical Analyses

We compared the frequency of infected case-patients
sharing iSNVs within a transmission cluster with the
frequency of samples sharing these iSNVs across the
sublineage by using x? test. We defined a transmis-
sion cluster as the smallest cluster of genomes in the
MCC tree containing all the genomes sharing the
same iSNVs. Thus, if shared iSNVs are distributed
across the tree in an unrelated manner, the transmis-
sion cluster they define will be large and will not dif-
fer significantly from the whole sublineage tree. A
significant difference from the sublineage tree would
thus indicate iSN'V clustering not expected by chance.
In addition, we compared pairwise p-distances be-
tween the genomes sharing iSNVs with 100 replicates
of pairwise p-distances between 3 randomly sampled
genomes across the 2 DENV-1 sublineages by using
an in-house developed script. Using 3 genome pair-
wise distance in the randomized dataset was deter-
mined on the basis of the average size of the signifi-
cant transmission clusters, as defined by x? test.

Linear Regression Analyses of Transmission-Pair
Distance over Sampling Time

We performed crude estimates of the dispersal rate
of DENV at an inter-household scale by a univariate
linear regression model, which fit the difference in
sampling days between confirmed transmission pairs
as a single predictor, and distance between confirmed
transmission pairs as the outcome variable. We fit
this model by using all transmission pairs confirmed
by the Bayesian consensus analysis, the iSNV analy-
ses, or both. We used the coefficient of determination
(R?) to determine model fit and the coefficient point
estimate and 95% CI to estimate the average rate of
DENV spread between households. We performed
all regression analyses by using Stata 15.1 (StataCorp,
https:/ /www .stata.com).

Results

PCR-confirmed DENV cases in Kamphaeng Phet dur-
ing 2010-2012 were dominated by DENV-2, with co-
circulating DENV-1 and DENV-3. DENV-4 was de-
tected to a small degree in 2011 and 2012 (Appendix
Figure 1). A total of 410 DENV whole genomes were
sequenced from samples collected during 2009-2012
in Kamphaeng Phet, including 100 DENV-1, 233
DENV-2, 64 DENV-3, and 13 DENV-4 genomes. The
unique design of the Kamphaeng Phet cluster study
provided an opportunity to investigate fine-scale
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DENV spread between households in Kamphaeng
Phet. Analyses of DENV serotype 1-4 phylogenetic
trees identified 2 DENV-1 and 3 DENV-2 sublineag-
es with adequate temporal structure and sufficient
sample size for Bayesian analyses. DENV consensus
genomes from DENV-1 and DENV-2 sublineages
geotagged by their respective household of sampling
were used as discrete traits for Bayesian ancestral state
reconstructions. We confirmed between-household
direct connections with high probability in 4 DENV-1
cases and 3 DENV-2 cases, in 7 different subdistricts
of Kamphaeng Phet (Table 1; Appendix Figures 2, 3).

These analyses also indicated many weakly sup-
ported inter-household transmissions (probability of
origin or destination household <0.8) (Appendix Ta-
ble 3). This finding highlighted the limited spatial and
temporal resolution that is obtained by consensus ge-
nome data only, and prompted an analysis of iSNVs.

We determined iSNVs for each of the DENV-1
genomes and plotted on the sublineage MCC trees of
DENV-1. Closely related viruses in the MCC phylog-
enies often shared the same iSNV spectra, including
>2 shared iSNVs (Appendix, Appendix Figure 2). In
total, this analysis revealed 3 transmission clusters that
involved shared iSNVs, revealing direct DENV spread
between households that were 20-800 m apart and in-
volved a total of 11 persons (Table 2; Figure). The clus-
ters contained persons from both separate and same
households. The transmission confirmed by BEAST in
transmission cluster 3 consisted of viruses with very
little within-host variation (0 and 1 iSNV) (Appendix
Figure 2), indicating that close transmission connec-
tions were not always characterized by iSNV sharing.
In addition, this transmission cluster showed how iS-
NVs can be lost in bigger clusters over time, such as
the loss of 1853-C/T iSNV in 1 person from household
TN18HO023 (Appendix Figure 2). Thus, the presence of
>2 shared iSNVs indicated fine-scale virus transmis-
sion connections, whereas absence of >2 shared iSNVs
did not imply lack of shared connection.

We examined the distribution of sampling times
within the 3 iSNV-confirmed transmission clusters
to further characterize DENV transmission dynam-
ics at this fine scale. All persons from transmission
cluster 3 were sampled within the same day, sug-
gesting that they were inoculated at about the same
time (Table 2). The close household proximity and
time of infection, together with identical virus con-
sensus sequence and shared minor variants, would
indicate infection from a common source and simul-
taneous minor variant spread to >6 different per-
sons. In contrast, persons from transmission clus-
ter 1 were sampled ~2 weeks apart, a period that
exceeds the known DENV incubation period and
would have required transmission and preservation
of minor variants through several bottlenecks across
the invertebrate-vertebrate transmission cycle. By
comparison, household transmissions confirmed by
BEAST analyses only (no shared iSNVs) were on av-
erage 19 days apart (Table 1).

Finally, we used the transmission events con-
firmed by either Bayesian consensus sequence analy-
sis (Table 1) or iSNV analyses (Table 2) to estimate
the rate of DENV spread within subdistricts and be-
tween households. We performed a linear regression
of transmission-pair distances over sampling time,
with a model fit indicating a strikingly linear relation-
ship (R?=0.91) and a regression coefficient indicating
that DENV disperses an average of 70 m/day (95% CI
54-86 m/day) within subdistricts in this study popu-
lation (Appendix Figure 4).

Discussion

Dengue control approaches are best informed by
granular characterization of the spatial epidemiology
of these viruses. Even in active surveillance cohorts,
however, resolution of transmissions on a household-
scale is hampered by the limited geographic resolu-
tion permitted by case count, serologic, or even DENV
whole-genome consensus sequence data. Our study

Table 1. Summary of probable household-to-household spread of dengue virus inferred by consensus genomes, Kamphaeng Phet,

Thailand, 2009-2012

Origin householdt

Destination household Approximate ~ Sampling time

Serotype and sublineage Subdistrict (location probability) (location probability) distance, m difference, d
DENV-1, sublineage 1 LD LDO2H075 (1.0) LDO1H116 (1.0) 1,400 19
DENV-1, sublineage 1 SK SK06H346 (0.99) SK06H370 (1.0) 3,000 29
DENV-1, sublineage 7 TN TN18H021 (0.88) TN18H014 (1.0) 80 1
DENV-1, sublineage 7 NC NCO06H057 (0.82) NCO06H407 (1.0) 30 0, 14%
DENV-2, sublineage 2 NB NB06HO055 (0.80) NB06HO084 (1.0) 800 13
DENV-2, sublineage 2 NP NP08H080 (0.82) NP08H044 (1.0) 180 0
DENV-2, sublineage 6 SK SK06H790 (0.99) SK06H485 (1.0) 3,000 49

*LD, Lan Dokmai; NB, Na Bo Kham; NC, Nakhon Chum; NP, Nong Pling; SK, Sa Kaeo; TN, Thep Nakhon.

tHouseholds are described by their subdistrict, cluster, and house numbers, such that the first 2 letters denote subdistrict, the next 2-digit number
denotes cluster, and an H followed by a 3-digit number denotes house number.

FTwo persons from the donor household were dengue virus—positive 2 weeks apart.t
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Table 2. Dengue virus serotype 1 transmission clusters revealed by minor variant sharing, Kamphaeng Phet, Thailand, 2009—2012*

Transmission

Approximate

Sublineage cluster Householdt No. persons Sampling dates distance, m
1 1 LD02H056 1 2011 Jun 2 800
LD10HO001 1 2011 Jun 16
7 2 ST05H002 2 2011 Nov 28-29 0
7 3 TN18H023 3 2012 Oct 10 0-80
TN18H019 1 2012 Oct 10
TN18HO021% 2 2012 Oct 10
TN18H014% 1 2012 Oct 9

*LD, Lan Dokmai; ST, Song Tham; TN, Thep Nakhon.

THouseholds are described by their subdistrict, cluster, and house numbers, such that the first 2 letters denote subdistrict, the next 2-digit number
denotes cluster, and an H followed by a 3-digit number denotes house number.
FHouse or individual involvement with the transmission cluster also confirmed by BEAST analyses (38).

leveraged a prospective active surveillance study
with dense case sampling over 4 years, 410 whole-ge-
nome sequences and a unique combination of within-
host and between-host viral genome variability to
reconstruct transmission of DENV at unprecedented
spatial scales. By using multiple lines of evidence, we
tracked the transmission of DENV minor variants to
trace DENV transmissions between households. Our
findings emphasize the value of deep sequencing in
resolving house-to-house transmission patterns, and

offer a proof-of-concept approach to use intra-host
DENYV diversity for fine-scale case linkage as a public
health tool. Our approach also resolved 3 transmis-
sion chains involving persons residing in the same
households, providing direct genomic evidence for
peridomestic transmission of DENV. We therefore
present an evolutionary biology framework for the
resolution of DENV transmissions that cannot be dif-
ferentiated on the basis of epidemiologic and consen-
sus genome data alone.

LD02HO75

LoozHossll\

at

LD10HO01

LDO1H116

C

TN18H014

B (PN

SKO6H343

SKO06H370

NCOGHO057

NCO6H407

STW?(;M |

Figure. Approximate locations of dengue virus serotype 1 household transmission clusters and chains, Kamphaeng Phet, Thailand.
Chains were confirmed by Bayesian consensus sequence (magenta houses) or minor variant (green houses) analyses or both methods
(blue house). Households are described by their subdistrict, cluster, and house numbers, such that the first 2 letters denote subdistrict,
the next 2-digit number denotes cluster, and an H followed by a 3-digit number denotes house number. LD, Lan Dokmai; NC, Nakhon

Chum; SK, Sa Kaeo; ST, Song Tham; TN, Thep Nakhon.
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Our results also show that sharing of iSNV pat-
terns is not guaranteed between epidemiologically
linked cases sampled within a 2 week period. iS-
NVs might be lost because of bottlenecks, genetic
drift, or individual immune responses. Therefore,
the transmission dynamics of iSNVs are multifac-
torial, and iSNV-based case-linkage should be per-
formed carefully in the context of complementary
epidemiologic and consensus genome data. This
point is emphasized by our detection of single iS-
NVs shared among multiple unrelated cases across
entire DENV lineages, suggesting that identical
single iSNVs might be stochastically found among
unlinked cases. Distinguishing these stochastic
iSNVs from transmission-related iSNVs is essential,
highlighting the importance of inclusion of closely
related background datasets, as done in our study.
Only a small proportion of iSNVs in our sequenced
cases could be attributed to transmission events,
similar to the findings of Sim et al (39), and this
finding emphasizes the complex evolutionary land-
scapes of arbovirus iSNVs. Recently, methods have
been developed to take into account intra- and in-
ter-host variation for analyses of pathogen spread;
however, the limited number of iSNVs in DENYV,
short sequencing reads, and erroneous or shared
iSNVs across unrelated taxa, might be limiting fac-
tors influencing the confidence of these tools (40-
42). Our findings also offer a framework to deter-
mine functional DENV bottleneck sizes between
sampled human dengue cases. Prior studies have
shown that bottlenecks within the mosquito vectors
themselves range from 5 to 42 genomes and that as
many as 11.5% iSNVs are shared between suspect-
ed human-human transmission pairs (39,43). Such
bottleneck estimates broadly fit with our observa-
tions of constellations of as many as 5 iSNVs shared
between human cases sampled 14 days apart. How-
ever, long-read sequencing and larger sample sizes,
as well as direct samples, from both vector and hu-
man populations would be required to definitively
determine the number of distinct viral genomes
that are passed through human-vector bottlenecks.
Even though our genomes were derived from low-
passage isolates, we did not observe a significant
correlation between the number of passages or pas-
sage history and shared iSNVs (Appendix Table 1).
Many iSNVs are preserved during low passage of
DENV-1 clinical samples; nevertheless, in such in-
stances, care must be taken along with use of appro-
priate statistics to ensure their accuracy (44).

The analyses of our confirmed consensus and mi-
nor variant transmission clusters further revealed a
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strong DENV spatial structure on an inter-household
scale. Although household transmission pair dis-
tances varied from 0 to 3,000 m, our regression analy-
sis of transmission pair distance over sampling time
showed a strong linear relationship, indicating dis-
tance is a major determinant of DENV transmission
at these ultra-fine spatial scales, and providing pilot
estimates of the diffusion speed of DENV spread be-
tween households of 70 m/day (95% CI 54-86 m/day).
Even though our regression analysis indicated a good
model fit (R*> = 0.91), these coefficient estimates are
nevertheless preliminary and are subject to potential
nonindependence of transmission pair distance
measurements and would benefit from confirmation
in greater sample sizes in other study populations. This
distance dependent dispersal between households
was not noted in a prior Singapore study, which
plotted uncorrected consensus genetic distance against
geographic distance and sampling times (21). This
finding highlights the importance of phylogenetic cor-
rection for genomic-based DENV tracing. Taken to-
gether, these findings support prior research that sug-
gested that DENV transmissions are highly localized
on this microspatial scale and might inform vector-
control operations (12).

Although our findings were derived from an in-
tensive, 4-year active cluster investigation across a
very well sampled geographic area, ascertainment
bias was a potential weakness in our study. All se-
quences were either derived from index case-patients
accessing care for febrile illness or their contacts who
were only sampled in households within 100-200 m
of the index case-patient. However, our dense sam-
pling of index cases over a 4-year study period en-
sured a large number of sequenced specimens across
the Kamphaeng Phet region across multiple cluster
investigations. Two of the 9 genetically confirmed
transmission pairs were detected between persons
who were not sampled in the same index case-con-
tact cluster, highlighting the incremental value of ge-
nomic data over epidemiologic data alone in DENV
transmission tracing. Future improvements in deep
sequencing methods (45), coupled with more inten-
sive vector and host sampling, could greatly improve
our understanding of the invertebrate-vertebrate
DENV iSNV bottleneck size and better resolve DENV
vector-human transmission dynamics.

In conclusion, we have provided proof-of-concept
evidence to support a new evolutionary epidemiolog-
ic framework that incorporates both within-host and
between-host viral variation to determine fine-scale
DENV transmissions. Our framework offers preci-
sion tracing of DENV at inter- and intra-household
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scales and leverages recent similar applications used
for study of influenza and Ebola viruses (23,24). Our
findings warrant larger studies in these and other
dengue surveillance cohorts, as well as exploration
of how this approach can be used for other arbovi-
ruses such as chikungunya and Zika viruses. Ide-
ally, such studies should be coupled with advances
in the accuracy of long-read deployable sequencing
platforms that could permit near real-time intra-host
variant construction (46).
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Association between Birth
Region and Time to Tuberculosis
Diagnosis among Non-US-Born
Persons in the United States

Amish Talwar, Rongxia Li, Adam J. Langer

Approximately 90% of tuberculosis (TB) cases among
non—-US-born persons in the United States are attribut-
able to progression of latent TB infection to TB disease.
Using survival analysis, we investigated whether birth-
place is associated with time to disease progression
among non-US-born persons in whom TB disease de-
veloped. We derived a Cox regression model comparing
differences in time to TB diagnosis after US entry among
19 birth regions, adjusting for sex, birth year, and age
at entry. After adjusting for age at entry and birth year,
the median time to TB diagnosis was lowest among per-
sons from Middle Africa, 128 months (95% CI 116—146
months) for male persons and 121 months (95% CI 108—
136 months) for female persons. We found time to TB
diagnosis among non-US-born persons varied by birth
region, which represents a prognostic indicator for pro-
gression of latent TB infection to TB disease.

Most incident tuberculosis (TB) cases in the Unit-
ed States occur among non-US-born persons
(1). During 2018, a total of 70.2% of TB disease cases
occurred among non-US-born persons, and 46.6% of
those cases were diagnosed >10 years after those per-
sons arrived in the United States (1). TB disease can
occur from recent person-to-person transmission but
more commonly is the result of progression of latent
TB infection (LTBI) to TB disease. LTBI is a form of
TB in which a person is infected with Mycobacterium
tuberculosis, the causative agent of TB, but remains
asymptomatic and noncontagious (2). Left untreated,
LTBI can progress to TB disease among up to 10% of
persons with LTBI within their lifetime (2). Among
non-US-born persons residing in the United States,
>85% of TB disease cases are attributed to progression

Authors affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid2706.203663

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

of LTBI to TB disease (3,4). Consequently, the Centers
for Disease Control and Prevention (CDC) recom-
mends that efforts to eliminate TB in the United States,
in part, focus on LTBI detection and treatment among
non-US-born persons (5).

Understanding the factors associated with LTBI
progression can help guide detection and treatment
efforts by identifying persons with LTBI who are at
greatest risk of developing TB disease and concentrat-
ing TB prevention resources toward the populations
at highest risk. Although persons recently infected
with TB and persons with weakened immune sys-
tems are at higher risk for progression to TB disease
(6), the factors affecting the time to develop TB dis-
ease remain unclear, particularly for non-US-born
persons. Information on time to develop TB disease
can help public health officials target interventions
for LTBI testing and treatment among at-risk popu-
lations before LTBI progresses to TB disease. One
study found the risk of developing TB disease among
non-US-born persons decreased with increasing time
after entering the United States (7). However, non-
US-born persons are a heterogenous population who
differ in health status based on country of origin (8),
and the effect of birth country on progression from
LTBI to TB disease remains unclear. To clarify disease
progression among varying population groups, we
evaluated the time to develop TB disease according
to birthplace among non-US-born persons with re-
ported cases of TB disease in the United States during
2011-2018.

Methods

Using national TB surveillance data, we assessed
time from entering the United States to TB disease
diagnosis among non-US-born persons in whom TB
disease developed during 2011-2018. Because of the
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high number of countries represented among non-
US-born persons with TB disease, we categorized
birth countries into regions. We assessed time to TB
disease diagnosis as time from entry into the United
States to time the TB case was reported to a local or
state health department. We excluded persons with
TB disease attributed to recent transmission (3) and
focused on persons whose TB disease most likely
was caused by progression of LTBI acquired in their
birth countries. We compared these times by using
bivariate and multivariate survival analysis, and we
adjusted for sex, birth year, and age at time of entry
into the United States.

Study Population

We derived the study population for this analy-
sis from CDC’s National Tuberculosis Surveillance
System (NTSS), which has been collecting informa-
tion on TB disease cases from local and state health
departments in the United States since 1953 (9,10).
Case reports include demographic, clinical, and risk
factor data. The most recent TB surveillance case
definition in NTSS, as of 2009, is available in the
2018 US TB surveillance report (1). For this study,
we examined cases reported to NTSS during January
2011-December 2018 among non-US-born persons,
which included persons born outside the United

States or its territories for whom neither parent was
a US citizen (Appendix, https://wwwnc.cdc.gov/
EID/article/27/6/20-3663-Appl.pdf).

We excluded cases reported from US territories
or freely associated states (Figure 1). We also ex-
cluded cases attributed to recent TB transmission in
the United States by using a previously published
method that uses NTSS and genotypic data to de-
termine likelihood of recent transmission (3). This
plausible-source case method attributes cases to
recent transmission if >1 plausible-source case for
the case of interest is identified in NTSS (3). With
this method, cases either are attributed to recent
transmission, not attributed to recent transmission,
or receive neither designation if they lack the neces-
sary information to assess for recent transmission,
such as missing genotype data. By excluding cases
attributed to recent transmission, we were able to
analyze cases that were more likely the result of
LTBI progression.

We further excluded cases not attributed to re-
cent transmission among persons for whom time
from arrival in the United States to TB disease di-
agnosis was <3 months. We excluded this group be-
cause TB disease among persons in the country <3
months can represent disease that was present at
time of US entry rather than LTBI reactivation after

N
TB cases reported to NTSS, KTB cases among US-born persons or persons born abroad to US citizens
2011-2018 n=25,825
9 n=79,159 ) TB cases among non— US-born persons reported outside 50 US states
> n=2826
TB cases among persons with unknown origin of birth
TB cases among non-US-born ) \ n=94
persons in 50 US states
4 y o ™
L n=50,414 ) TB cases attributed to recent transmission
> n=2,963
Y TB cases with no available recent transmission information
TB cases not attributed to ) Y n=12,692 )
recent transmission
L n=34,759 ) e B
> TB cases diagnosed <3 mo. after person entered the United States
n=2,906
Cases diagnosed >3 mo. after ) \ /
person entered the United States
= ( 5 " - . 3. - . ﬁ
\_ n=31,853 J TB cases meeting inclusion criteria but with missing
i > or nonsensical information
- n=3,503
TB cases meeting fi \ /
inclusion criteria
9 n= 28,350 )

Figure 1. Flowchart of cohort selection process for study evaluating the time to develop TB among non—-US-born persons after entering
the United States, 2011-2018. NTSS, National Tuberculosis Surveillance System; TB, tuberculosis.
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arrival; excluding these cases also helps account for
variability in TB disease screening overseas before
entry into the United States. We also excluded cases
with missing data and observations with nonsensi-
cal values for a category, such as <0 months to TB
disease diagnosis, <0 years of age at time of entry,
and non-US-born persons with United States listed
as birth country.

Research Design and Variables

We performed a bivariate analysis and a multivari-
ate analysis examining the association between birth
country and time from initial arrival in the United
States to TB disease diagnosis, which was our main
outcome variable. In addition to birth country, we ex-
amined the following case demographic variables as
additional covariates for our analyses: sex, age at en-
try in the United States, and birth year. We performed
a bivariate analysis to assess the association between
time to TB disease diagnosis and these covariates in-
dividually, and we performed the multivariate analy-
sis to account for the effects of these covariates on the
association between birth country and time to TB dis-
ease diagnosis. For our analyses, we defined time to
TB disease diagnosis as the number of months spent
in the United States before diagnosis, which we de-
rived by subtracting the NTSS-reported month and
year of initial entry into the country from the month
and year that the TB disease case was reported. We
used the case report date because information regard-
ing the actual disease diagnosis date was unavailable
through NTSS; the report date represents the earliest
notification to a local public health agency that the
patient might have TB disease. Because >200 non-
US countries and territories of birth were reported
to NTSS during the study timeframe, we used the
United Nations (UN) standard country or area codes
for statistical use, Series M, No. 49 (M49), which cat-
egorizes countries and territories according to geo-
graphic location and level of development, to divide
these countries and territories into 19 regions for ease
of statistical analysis (11,12) (Appendix). To derive
age at US entry, we subtracted NTSS-reported year
of initial US entry from the year the TB disease case
was reported to NTSS and then subtracted this num-
ber from NTSS-reported age at diagnosis. For our
analyses, we categorized age into 6 categories. We de-
rived birth year by subtracting age from the year the
case was reported, and we categorized birth year into
3 categories; we included birth year in our analysis
to adjust for a previously observed birth year cohort
effect among non-US-born persons with TB disease
reported to NTSS (13).

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021
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Statistical Analysis

We began by determining the number of patients
who had TB disease not attributed to recent transmis-
sion and determined the unadjusted median number
of months and interquartile range (IQR) that these pa-
tients spent in the United States before receiving a TB
disease diagnosis. We also determined the unadjusted
median number of months according to birth region.
We constructed a bivariate Kaplan-Meier survival
curve to visually demonstrate the overall distribution
of time to TB diagnosis since US entry. We then con-
structed bivariate Kaplan-Meier curves stratified by
each covariate. We tested for statistically significant
differences between curves at p<0.05 by using the log
rank test and reported global p values.

We then used Cox regression to examine the as-
sociation of time to TB disease diagnosis and birth
region, adjusting for the effects of age at US entry,
sex, and birth year. We tested the proportional haz-
ards assumption, and our data met this assumption
on the basis of an examination of Schoenfeld resid-
ual plots (Appendix). Because our data are likely
double-truncated, we applied a correction for dou-
ble-truncation to our sample set (14) (Appendix).
Using the Cox regression model, we calculated ad-
justed median times by birth region by fixing age at
US entry to 25-44 years (the category with the most
observations for 18/19 birth regions) and birth year
at 1940-1979 (the category with the most observa-
tions for 14/19 birth regions). We reported adjusted
median times and 95% Cls separately by sex. Finally,
we stratified the observations by the 6 World Health
Organization (WHO) regions to more easily demon-
strate interregional variations in time to TB diagno-
sis, and we repeated the Cox regression analysis ac-
cordingly (15) (Appendix).

Because the time after US entry at which persons
with TB disease typically receive a diagnosis is un-
clear, previous studies have used a range of times to
define cases as disease missed on entry as opposed to
LTBI reactivation (16-18). Therefore, we performed a
sensitivity analysis to assess the effect of extending
the exclusion window from 3 months to 6 months for
TB disease missed at time of entry for our Cox regres-
sion analysis.

We performed all statistical analyses by using
R version 4.0.2 (R Foundation for Statistical Com-
puting, https://www.r-project.org), and we used
the R code developed by Rennert and Xie to correct
for double truncation (14). All data were collected
as part of routine disease surveillance and were not
part of human subjects research requiring institu-
tional review board approval.
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Results

During 2011-2018, a total of 79,159 TB cases were
reported to NTSS (Figure 1), of which we excluded
28,745 cases because these were among US-born per-
sons, were not reported from 1 of the 50 states or the
District of Columbia, or had no known origin of birth
reported. We also excluded 15,655 cases that were ei-
ther attributed to recent transmission or had no in-
formation regarding recent transmission available;
2,906 cases for which the time to TB diagnosis was
<3 months; and 3,503 cases with missing or nonsen-
sical information for >1 of the variables considered.
Because only 5% of all datapoints were missing or
nonsensical, and <10% of datapoints were missing
or nonsensical for any single variable, we performed
listwise deletion of cases with any missing or nonsen-
sical data for our analyses. As a result, we included
28,350 cases for our analyses.

Most non-US-born persons who developed TB
disease not attributed to recent transmission after
arrival to the United States emigrated from Asia
(Table 1); the subregion or intermediary region with
the highest proportion of non-US-born persons who
received a TB diagnosis in the United States not at-
tributed to recent transmission was South-eastern
Asia. The unadjusted median number of months that
a non-US-born person who developed TB disease
spent in the United States before receiving a TB di-
agnosis not attributed to recent transmission was 143

months (IQR 51-292 months). Persons from Middle
Africa had the lowest unadjusted median number of
months until TB diagnosis (26 months), and persons
from Western Europe had the highest unadjusted
median number of months (524 months) (Table 1).
We calculated Kaplan-Meier estimates for time to
TB diagnosis unstratified by birth region (Figure 2)
and stratified by birth region (Figure 3, panel A). We
also calculated Kaplan-Meier estimates for the other
covariates, including birth region, sex, age at US en-
try, and birth year (Appendix Figures 1-3). For all 4
covariates we identified statistically significant differ-
ences (p<0.01) in the survival curves.

We calculated adjusted median times to TB diag-
nosis by birth region (Table 1) and adjusted times to
TB diagnosis by birth region and sex (Figure 3, pan-
els B, C). We noted persons from Middle Africa had
the lowest median adjusted time to TB diagnosis, 128
(95% CI 116-146) months for male sex and 121 (95%
CI 108-136) months for female. Persons from North-
ern Europe had the highest median adjusted time to
diagnosis, 279 (95% CI 240-343) months for male sex
and 265 (95% CI 228-327) months for female.

We also calculated unadjusted and adjusted me-
dian times to TB diagnosis by WHO region (Table 2)
and the Kaplan-Meier and Cox regression estimates
for time to TB diagnosis by WHO region (Figure 4).
We found persons from the African Region had the
lowest adjusted median time to diagnosis, 169 (95%

Table 1. Median time to diagnosis of tuberculosis disease not attributed to recent transmission for non—-US-born persons by region,

United States, 2011-2018

Unadjusted median

Adjusted median time, mo (95% CI)*

Male sex

Female sex

185 (178-193)
128 (116-146)
177 (153-206)
185 (156-229)
162 (152-174)

175 (167-183)
121 (108-136)
166 (143-194)
175 (146-215)
152 (142-164)

213 (202-225)
246 (242-250)
264 (223-336)
230 (218-241)

201 (190-212)
236 (229-242)
251 (210-321)
216 (206-229)

187 (158-233)
277 (266-289)
245 (241-248)
210 (203-218)
212 (190-240)

177 (148-219)
263 (253-275)
235 (229-240)
198 (191-206)
200 (180—228)

Region No. (%) time, mo (IQR)
Africa 2,900 (10.2)
Eastern Africa 1,618 (5.7) 61 (25-123)
Middle Africa 286 (1.0) 26 (11-55)
Northern Africa 125 (0.4) 62 (25-161)
Southern Africa 56 (0.2) 77 (28-150)
Western Africa 815 (2.9) 46 (15-124)
Americas 9,668 (34.1)
Caribbean 1,238 (4.4) 127 (45-273)
Central America 7,071 (24.9) 174 (74-338)
Northern Americat 20 (0.1) 353 (176-713)
South America 1,339 (4.7) 141 (60—244)
Asia 14,973 (52.8)
Central Asia 45 (0.2) 60 (33-97)
Eastern Asia 2,921 (10.3) 210 (88-363)
Southeastern Asia 7,793 (27.5) 190 (74-325)
Southern Asia 4,023 (14.2) 76 (27-193)
Western Asia 191 (0.7) 83 (27-221)
Europe 660 (2.3)
Eastern Europe 328 (1.2) 178 (82-274)
Northern Europe 46 (0.2) 459 (222-619)
Southern Europe 221 (0.8) 220 (148-485)
Western Europe 65 (0.2) 524 (200-645)
Oceania 149 (0.5) 65 (22-164)

236 (218-251)
279 (240-343)
245 (205-308)
276 (244-324)
213 (179-262)

222 (206-242)
265 (228-327)
236 (193-294)
262 (234-309)
201 (168-250)

*Age at arrival fixed at 25-44 y, birth year fixed at 1940-1979.

tExcludes United States.
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Figure 2. Kaplan-Meier
estimate for time to TB disease
diagnosis not attributed to recent
transmission among non-US-
born persons after entering the
United States, 2011-2018.
Dotted line represents median
time for TB disease diagnosis.
TB, tuberculosis.
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CI 161-176) months for male sex and 157 (95% Cl
150-165) months for female. Finally, after performing
our sensitivity analyses, we observed that increasing
the exclusion window from <3 months to <6 months
changed the adjusted median times for all persons by
<10%, regardless of birth region (Appendix Table 4).

Discussion

On the basis of our analysis of NTSS data, the me-
dian length of time to TB diagnosis varied according
to birth region for non-US-born persons in whom TB
disease eventually developed. The lowest adjusted
median times to TB disease diagnosis were concen-
trated among persons originating from Africa. In
2018, 5/10 birth countries associated with the highest
TB disease rates in the United States were in Africa,
and Africa had the highest TB disease rate globally
(1,19). Whether an actual causal association exists be-
tween higher overall TB disease rate in one’s birth-
place and one’s likelihood of developing TB disease
earlier is unclear. However, WHO'’s African Region
had the highest proportion of LTBI attributable to re-
cent infection in 2014 (20), and persons are most like-
ly to develop TB disease soon after TB infection (5).
Therefore, shorter time to TB disease diagnosis might
be associated with higher annual risk for TB infection.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

Another possibility is that US healthcare providers
might have a higher suspicion for TB disease among
certain populations, particularly persons from coun-
tries with high TB rates, a known risk factor for de-
veloping TB disease because of the higher risk for TB
infection in those countries (5). Certain host genetic
factors have been associated with LTBI progression
to TB disease (21), so a further possibility is that the
differences might reflect genetic differences between
persons originating from different regions. Although
these potential etiologies are compelling, the dif-
ferences observed in this study simply could be the
consequence of overall poorer health status among
persons from different regions because of lower lev-
els of economic development and healthcare access.
Of note, 33 of the 47 least-developed countries in the
world are located in Africa (22), and Africa has the
lowest overall healthy life expectancy, which is the
number of years that a newborn is expected to live
in good health (23). In addition, persons with poorer
health status, particularly malnutrition (24), might be
more susceptible to developing TB disease than are
healthier persons.

The association between birth region and time
to TB diagnosis also might be a consequence of dif-
ferences in risk factors for progression to TB disease
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Figure 3. Estimates for time to TB disease diagnosis not attributed
to recent transmission among non—-US-born persons, stratified by
birth region, United States, 2011-2018. A) Kaplan-Meier estimate
for all cases; B) Cox regression adjusted time estimates for male
patients; C) Cox regression adjusted time estimates for female
patients. TB, tuberculosis.

among different regions. Both HIV infection and dia-
betes mellitus are key risk factors for LTBI reactiva-
tion, and HIV infection represents the greatest risk
factor for LTBI reactivation (25). Worldwide, 9% of
incident TB cases in 2018 were among persons living
with HIV and 15% of TB cases might be linked to dia-
betes mellitus (19,26). In addition, the WHO African
Region has the highest prevalence of HIV among in-
cident TB cases (19), and the HIV diagnosis rates for
Africa-born persons living in the United States are 6
times higher than the rate for the general US popu-
lation (27). Given the possibility of TB and HIV co-
infection or TB and diabetes mellitus comorbidity as

plausible etiologies for the association between birth
region and time to TB disease diagnosis, including
HIV status or diabetes mellitus diagnosis as variables
in our analysis might appear reasonable. However,
even though NTSS offers information on HIV status
and diabetes mellitus diagnosis, it does not offer in-
formation on the date of testing or diagnosis. There-
fore, to use these data, we would have to unjustifi-
ably assume that a person’s HIV status or presence of
diabetes mellitus were constant throughout the time
from US entry to TB disease diagnosis date. This as-
sumption also would be invalid because global HIV
incidence was likely low before the 1980s (28), and

Table 2. Median time to diagnosis of tuberculosis disease not attributed to recent transmission for non—-US-born persons by World

Health Organization region, United States, 2011-2018

Unadjusted median

Adjusted median time, mo (95% CI)*

Region No. (%) time, mo (IQR) Male sex Female sex

African 2,379 (8.4) 48 (18-111) 169 (161-176) 157 (150-165)
Eastern Mediterranean 1,226 (4.3) 98 (32-215) 211 (202-222) 198 (189-208)
European 779 (2.7) 205 (88-390) 245 (228-266) 234 (214-252)
The Americast 9,667 (34.1) 161 (67-316) 241 (236-244) 227 (221-234)
Southeast Asian 4,386 (15.5) 71 (26-181) 206 (199-214) 193 (187-201)
Western Pacific 9,913 (35.0) 205 (86-339) 254 (250-260) 244 (240-248)

*Age at arrival fixed at 25—-44 vy, birth year fixed at 1940—-1979.
tExcludes United States.
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before 2010, HIV infection could prevent non-US citi-
zens from entering the United States (29). In addition,
including history of diabetes mellitus as a variable in
this study would have resulted in an immortal time
bias (30). For example, persons who received a diag-
nosis of diabetes mellitus during the study period,
before receiving a diagnosis of TB disease, must have
persisted long enough without a TB disease diagno-
sis to receive a diabetes mellitus diagnosis. For these
persons, the period of time from the start of the study
period to diabetes mellitus diagnosis is known as im-
mortal time because they might not have developed
TB disease during that time interval. However, per-
sons who have never received a diagnosis of diabetes
mellitus might have received a TB diagnosis during
this immortal time, resulting in a disadvantaged sur-
vival time despite not having a diabetes mellitus di-
agnosis. Therefore, we excluded HIV status and dia-
betes mellitus diagnosis as variables from this study.

Finally, all refugees entering the United States
should undergo a domestic medical examination
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upon entry, unlike most other persons immigrating to
the United States (31,32). Given that Africa and Asia
together account for the highest proportion of refugees
coming to the United States since 2010 (32), their com-
paratively low adjusted median times in this study
might be a consequence of TB disease diagnosis at the
time of their domestic medical evaluation, especially
since TB screening is a recommended component of
that examination (33). However, the domestic medical
examination is typically conducted 1-3 months after
US entry (34), which is within our exclusion window
for cases attributable to imported TB disease. In addi-
tion, all refugees are screened for TB before US entry,
making it less likely that newly diagnosed TB would
be detected after entering the country.

The first limitation of our study is that the char-
acteristics of persons who immigrate to the United
Statesmightnotrepresent persons whoremainintheir
birth country. One study reported that TB incidence
in the birth country was 5.4 times higher than the
US TB incidence for persons born in those countries

1.001
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0 100 200 300 400 500 600 700 800 900 1,0001,100 1,200
Time to TB diagnosis, mo.

. African Region

. Eastern Mediterranean Region . Southeast Asia Region

. European Region

. Region of the Americas
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Figure 4. Estimates for time to TB disease diagnosis not attributed
to recent transmission for non-US-born persons, stratified by
World Health Organization region, United States, 2011-2018. A)
Kaplan-Meier estimate for all cases; B) Cox regression adjusted
time estimates for male patients; C) Cox regression adjusted time
estimates for female patients. TB, tuberculosis.
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and who immigrated to the United States (35).
Another study found that the prevalence by birth
country of isoniazid-resistant and multidrug-resis-
tant TB in the United States better correlated with
the prevalence by birth country seen in NTSS data
than with the prevalence seen in the birth countries
themselves (36). This finding suggests that non-US-
born persons are not representative of the overall
birth country population in terms of TB risk. In ad-
dition, NTSS does not report country of immedi-
ate origin, which can differ from birth country, nor
does NTSS account for interceding travel outside the
United States after initial US entry, during which
TB might have been transmitted. Finally, the health
status of immigrants to the United States might be
influenced by long-term US residence, causing it to
diverge from expected health status on the basis of
birth country.

Our study does not account for the number of
non-US-born persons emigrating from a particular
region nor how those numbers change over time. We
also did not account for reason for immigration, such
as refugee status, which might affect risk for TB in-
fection. Furthermore, by using regions to categorize
countries in this study, we lose the ability to detect
differences between those countries. Also, the plau-
sible-source case method NTSS uses has high accu-
racy compared with field-based assessments of recent
transmission that use epidemiologic investigation
methods, but this method is not completely accurate
and might misclassify certain cases (3). In addition,
we were unable to assess the effect of HIV status and
diabetes mellitus on time to TB disease diagnosis. Fi-
nally, our study did not consider the population of
non-US-born persons who did not develop TB dis-
ease during the study time period.

In conclusion, time to TB disease diagnosis among
non-US-born persons in whom TB disease developed
in the United States during 2011-2018 varies by birth
region, which represents a prognostic indicator for
LTBI progressing to TB disease. Targeted LTBI testing
and treatment for persons entering the United States
who were born in regions with low median times
to TB diagnosis might advance progress toward TB
elimination in the United States. Additional studies
using data sources that include information on risk
factors like HIV infection and diabetes mellitus could
help determine the potential influence of these condi-
tions on time to LTBI reactivation; such studies also
would benefit from accounting for TB rates in birth
countries, where feasible. Similar studies in countries
with healthcare systems comparable to the United
States and diverse immigrant populations also would
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help determine whether these results are reproduc-
ible and could shed light on the etiology underlying
regional differences in time to TB disease diagnosis.
Nonetheless, our findings can help focus efforts on
LTBI detection and treatment among the most vul-
nerable populations and further advance efforts to
eliminate TB disease in the United States.
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Case-Control Study of Risk
Factors for Acquired Hepatitis E
Virus Infections in Blood Donors,

United Kingdom, 2018-2019
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Hepatitis E virus (HEV) is the most common cause of
acute viral hepatitis in England. Substantial yearly in-
creases of autochthonous infections were observed dur-
ing 2003-2016 and again during 2017—2019. Previous
studies associated acute HEV cases with consumption
of processed pork products, we investigated risk factors
for autochthonous HEV infections in the blood donor
population in England. Study participants were 117 HEV
RNA-—positive blood donors and 564 HEV RNA—negative
blood donors. No persons with positive results were veg-
etarian; 97.4% of persons with positive results reported
eating pork products. Consuming bacon (OR 3.0, 95%
Cl 1.7-5.5; p<0.0001), cured pork meats (OR 3.5, 95%
Cl 2.2-5.4; p<0.0001), and pigs’ liver (OR 2.9, 95% CI
1.0-8.3; p = 0.04) were significantly associated with
HEV infection. Our findings confirm previous links to pork
products and suggest that appropriate animal husbandry
is essential to reduce the risk for HEV infection.

substantial increase in locally acquired cases of

hepatitis E virus (HEV) has been observed across
Europe; a 10-fold increase of >21,000 cases of HEV
was reported in the European Economic Area during
2005-2015 (1-4). 1t is difficult to accurately estimate
the true burden of HEV due to substantial heteroge-
neity in available data across member states (5).

An increasing trend of acute HEV cases was ob-
served in the United Kingdom, during 2010-2016;
peaks were reported in 2015 (1,212 cases), 2016 (1,243
cases), 2018 (1,002 cases), and 2019 (1,202 cases) (6).
HEV is the most common cause of diagnosed acute
viral hepatitis in England (2,7-9). The annual estimate

Author affiliations: Public Health England, London, UK (I. Smith,
B. Said, A. Vaughan, B. Haywood, S. ljaz, C. Reynolds,

S. Brailsford, K. Russell, D. Morgan); National Institute for Health
Research Health Protection Research Unit in Emerging and
Zoonotic Infections, Liverpool, UK (I. Smith)

DOI: https://doi.org/10.3201/eid2706.203964

1654

of HEV infections in England is 100,000-150,000 (9,10),
and the actual burden of infection is likely to be higher.
In addition to acute symptomatic infection, asymptom-
atic HEV infection has been reported previously (11)
and has been observed in blood donors in the United
Kingdom. The prevalence of HEV infection is dynamic
in England and Wales, as suggested by the fluctuating
incidence of acute HEV infections and HEV RNA pres-
ence in blood donations (6,12).

HEV is a RNA virus with 8 genotypes; genotype
1 (G1) and G2 viruses are predominantly found in
low- and middle-income countries, whereas G3, G4,
and G7 viruses are responsible for infections in high-
income countries (13). G1 and G2 are transmitted by
the fecal-oral route; infection with G3 and G4 viruses
is primarily foodborne. HEV is found in many ani-
mal species; however, pigs are recognized as the main
reservoir (14,15). A high prevalence of antibodies to
HEV in UK swine has been reported (92.8%), along
with evidence of current HEV infection in 20.5% (95%
CI 17.2%-23.8%) of pigs at the time of slaughter (16).
These findings were determined using HEV RNA de-
tection in either plasma or cecal samples; HEV was de-
tected in 22/629 (3.5%) of plasma samples and 93/629
(14.9%) of cecal contents (16-18). The presence of HEV
RNA in cecal samples could be caused by environmen-
tal contamination; however, multiple other studies in
Europe have also observed the presence of HEV RNA
at the point of slaughter (19-21). This presence of vi-
remia at time of slaughter poses a significant risk for
HEV-infected products to enter the food chain.

In general, in the United Kingdom, G3 clade 1
(G3 efg) viruses circulate in swine; however, the in-
crease of acute HEV cases in England in 2010 coin-
cided with the emergence of a novel HEV phylotype,
G3 clade 2 (G3 abcdhij) viruses (22). No evidence has
been found of this phylotype in the pig population in
England and, although it has been isolated in 1 pig in
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Scotland, the isolate fell outside of the dominant hu-
man clade (16). It is likely, therefore, that the reason
the novel phylotype is present is the consumption of
pork originating from outside the United Kingdom
(3,22-24). Viruses detected in human clinical samples
in the United Kingdom, which are closely related to
those found in pigs in mainland Europe (3,22) sup-
port this idea; taken together, the evidence suggests
a risk for zoonotic transmission from pork products
originating from outside of the United Kingdom.

A body of evidence supports the finding that HEV
infection can also be acquired from blood products
and HEV can be transmitted through transfusion (25),
and the clinical consequences have been increasingly
recognized (26,27). Therefore, to mitigate the risk for
transmission by transfusion, National Health Service
Blood and Transplant (NHSBT) introduced HEV-
screened components for selected patients in March
2016 following a recommendation from the Advisory
Committee on the Safety of Blood, Tissues and Organs
(SaBTO). SaBTO subsequently recommended that the
UK blood services implement universal screening; be-
ginning April 2017, all blood components have been
screened and those used are HEV negative (28,29).

In addition to mitigating the risk for transmission
via transfusion, universal screening of blood donations
by NHSBT also provided a new and unique opportu-
nity to understand HEV infection in a population that
more closely reflects the general population. The aim
of this study was to characterize the clinical features of
UK-acquired HEV infection in blood donors in England
and investigate the potential risk factors for infection.

Methods

Study Design
We conducted a case-control study April 1, 2018-
March 31, 2019, to describe the clinical features of in-
fection and to identify the risk factors for HEV acqui-
sition within the blood donor population in England.
As part of the continuing enhanced surveillance,
NHSBT contacted all blood donor HEV cases to in-
form them of their infection. HEV RNA positive sam-
ples, detectable by PCR, were sent to the Blood Borne
Virus Unit, Public Health England (Colindale, UK)
for genotyping (26). NHSBT invited donors to take
part in the case-control study, which included a link
to complete an enhanced surveillance questionnaire
designed for this study (29). All participants provided
consent for their information to be used in the study.
We used case age and donation date to re-
quest a sample of eligible controls from NHSBT
Donor Insight; they created a dispatch extract of
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data from their donor database in Excel (Microsoft,
https:// /www.microsoft.com) containing donor’s
name, postal address, email address, donor number,
and donation date. No PII about the controls was
shared outside of NHSBT. Controls were age-matched
to cases across defined age groups (17-24, 25-44, and
>45 years) and had donated within the same week as
the age-matched case. Controls were not sex-matched
to cases; we adjusted for sex in the analysis.

Case Selection

A case was defined as a blood donor, residing in Eng-
land, who donated blood to NHSBT during the period
April 1, 2018-March 31, 2019; who was HEV RNA posi-
tive as indicated by a confirmed positive HEV RNA do-
nation testing result; and who had no history of travel
outside the United Kingdom in the 9 weeks before do-
nation. NHSBT collected descriptive data for all HEV
RNA-positive donors identified within the study peri-
od to ensure the cases included in the study were repre-
sentative of the HEV RNA positive blood donor group.

Control Selection

A control was defined as a blood donor who contem-
poraneously donated blood to the NHSBT, resides in
England, and was confirmed negative for HEV and
all other markers of infection during screening. They
also had no travel history outside the United King-
dom in the 9 weeks before donation, had not been re-
cently surveyed by NHSBT, and had not opted out of
communications from NHSBT.

Data Collection

To characterize the clinical features of indigenously ac-
quired HEV infection and risk factors for HEV infection,
we collected the following information from cases and
controls: travel history, animal exposures, environmen-
tal exposures, alcohol intake, medication, and concur-
rent conditions. We also asked about the food they con-
sumed and their purchasing preferences; on the basis of
published evidence, we included more detailed ques-
tions about the consumption of pork products or deriva-
tives. Because of the long incubation period of HEV (2-9
weeks), questions were phrased as, “Are you likely to
have eaten the following food items?” We asked cases
about the 9-week period before the date of their HEV
RNA positive blood donation and asked controls about
the 9-week period before their donation.

Study participants who reported a travel his-
tory outside the United Kingdom in the 9 weeks (the
maximum incubation period for HEV) before donat-
ing were excluded from the analysis because they
could have contracted HEV through their travel (30).

1655



RESEARCH

848,612 blood donors were tested for HEV RNA during 2018 Jan 4-2019 Mar 31

!

848, 201 HEV RNA-negative
blood donors identified

I

.

411 HEV RNA-positive
blood donors identified

A4

Cases matched with controls based on age band
(17-24, 25-44, and >45 years) and blood donation week

!

!

Questionnaire letters sent to cases and 5 controls

A

729 HEV RNA-negative blood
donors completed questionnaire

133 HEV RNA-negative blood
donors excluded due to travel

20 were duplicates

12 were excluded due to
missing information

564 HEV RNA-negative blood
donors included in study

y

182 HEV RNA-positive blood
donors completed questionnaire

59 HEV RNA-positive blood
donors excluded due to travel
4 were duplicates

2 were excluded due
to missing information

117 HEV RNA-positive blood
donors included in study

681 blood donors
included in study

Figure. Recruitment of blood donors to case—control study of hepatitis E virus in blood donors, United Kingdom, 2018-2019.

In terms of patient-identifiable information (PII), con-
trols were not asked to provide any, and their survey
data were not linked to their donation record. Cases
were requested to provide their name to allow for
linkage of questionnaire responses with their labora-
tory results. Participants were excluded if the ques-
tionnaire was incomplete.

Ethics approval was not required because this
study used data that were routinely being collected
through enhanced surveillance. All participants, how-
ever, did consent for their information to be used
in the case-control study. PII was removed before
analysis, and all data were handled according to Cal-
dicott principles.

Of 411 participants identified as HEV RNA-posi-

1656

tive blood donors, 182 (44%) completed the question-
naire. Compared to other studies using online surveys
with a blood donor population, which have reported
26% completion of questionnaires, 44% is a strong re-
sponse rate (31). After we excluded duplicate question-
naires, participants who had traveled in the designated
period, and those with missing information, 117 HEV
RNA-positive blood donors remained in the study.

Data Analysis

To investigate potential risk factors and environmen-
tal exposures of HEV, we conducted univariate logistic
regression. We included variables with an odds ratio
(OR) >1 and p<0.01 in a multivariable logistic regres-
sion model. In the multivariable analysis, variables with
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an adjusted OR <1 or no significant association (p>0.05)
with HEV infection were removed from the model in a
backward stepwise fashion until all the variables in the
model exhibited a degree of association. We adjusted
for age and sex at all stages of analysis. We performed
all statistical analyses using Stata software version 15
(StataCorp, https:/ / www.stata.com).

Results

Study Demographics

We included a total of 117 HEV RNA-infected blood
donors and 564 HEV RNA-negative donors in the case-
control study (Figure). The ratio of cases to controls
was 1:4.8. The HEV RNA-infected participants corre-
sponded to 28.5% (117/411) of the total infected blood
donors identified during the study period (Table 1). As
in previous studies (9,26,29), most of the HEV-infected
blood donors identified in the study period were male,
a similar proportion to the HEV-infected blood donors
included in the study. Donors in the age group >45
years were the greatest number of all HEV-infected and
noninfected blood donors; the predominance of this age
group was seen in cases and controls in the study.

HEV Genotype

We conducted sequence and phylogenetic analysis on 24
(20.5%) HEV RNA-positive cases, where viral load was
sufficient to do so (32,33). Phylogenetic analysis showed
that all viruses belonged to the HEV G3 phylogroup; 22
(91.7%) of them were HEV G3 clade 2 (abcdhij) viruses
and 2 (8.3%) were G3 clade 1 (efg) HEV viruses.

Symptoms

Overall, 41/117 (35%) of cases were symptomatic,
and female and male cases experienced symptoms
equally. The most commonly reported symptoms
were fatigue, joint pain, and headaches; these symp-
toms were reported by 14%-20% of those with symp-
toms. Other symptoms experienced by ~10% of cases

Risk Factors for HEV in Blood Donors, UK

included abdominal pain, nausea, change in appetite,
and weakness or tingling. All symptoms were ex-
perienced significantly more by cases than controls
except vomiting, which 1 case and no control re-
ported (p<0.0001). Overall, 76/117 (65%) of cases and
552/564 (98%) of controls were asymptomatic.

Risk Factors

In the univariate analysis of 19 food items that were like-
ly to have been consumed over the 9-week period before
onset of symptoms in the cases and the previous 9-week
period to donation in controls, 14 food items were signif-
icantly associated with HEV infection (OR >1; p<0.01).
Most of these items were animal products (Table 2). No
cases and 4 controls were vegetarians. Contact with ani-
mals, specifically dogs, was associated with HEV infec-
tion (OR 1.7, 95% CI 1.1-2.6; p = 0.01); however, upon
inclusion in multivariable analysis, this factor lost sig-
nificance. The final multivariable model, which was ad-
justed for age and sex, showed that the only variables of
note were bacon, cured pork meats such as sliced salami
and cabanos, and pigs’ liver (Table 3).

Discussion

The overall prevalence of HEV infection in blood
donors detected during this study period is 0.05%
(411/848,201). Although we found a higher level of
infection than reported previously (29), the rate does
fluctuate; the study rate shows the continued presence
of HEV in the blood donor population, indicating the
importance of blood screening. Compared with pre-
vious populations used for investigating HEV, the
blood donor population is more representative of the
general population and has different demographics
than the population of acute HEV cases.

We observed a greater presence of HEV in male
than female blood donors. This difference between
sexes has been a consistent finding in previous studies
in England and across Europe (4,11,22,29,34-36). One
explanation for the dominance of male cases could be a

Table 1. Age and sex of participants in case—control study of hepatitis E infections in blood donors, 2018-2019*

All HEV RNA—positive

All HEV RNA-negative

Characteristic samples, n = 411 samples, n = 848,201 Cases, n =117 Controls, n = 564
Age group, y
17-24 24 (5.8) 87,460 (10.3) 5(4.3) 15 (2.7)
2544 159 (38.7) 337,240 (39.8) 31(26.5) 184 (32.6)
>45 228 (55.5) 423,501 (49.9) 81 (69.8) 365 (64.7)
Sex
F 165 (40.2) 486,388 (57.3) 52 (44.4) 305 (54.1)
Median age, y 45 42 48 50
Age range, y 17-80 17-95 20-78 18-78
M 246 (59.9) 361,813 (42.7) 65 (55.6) 259 (45.9)
Median age, y 49 48 54 52
Age range, y 18-73 17-84 21-72 17-81

*Values are no. (%) participants except as indicated.
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Table 2. Univariate analysis of risk factors for hepatitis E infection in study of blood donor-related transmission, 2018-2019*

Univariable analysis

Risk factor Cases, n =117 Controls, n = 564 OR ((95% ClI) p value
Food consumption
Bacont 102 (87.2) 343 (60.8) 4.6 (2.6-8.2) <0.0001
Cured pork meatt 73 (62.4) 158 (28.0) 4.5 (3.0-6.9) <0.0001
Ham (off-the bone or joint) 42 (35.9) 148 (26.2) 1.6 (1.0-2.4) 0.04
Other pork products 26 (22.2) 79 (14.0) 1.7 (1.0-2.8) 0.04
Other sausages 11 (9.4) 59 (10.5) 0.9 (0.4-1.7) 0.7
Patet 35(29.9) 83 (14.7) 2.5(1.6-3.9) <0.0001
Pigs’ livert 8 (6.8) 10 (1.8) 3.7 (1.4-9.8) 0.01
Pork+ 72 (61.5) 269 (47.7) 1.8 (1.2-2.6) 0.01
Pork pie 40 (34.2) 142 (25.2) 1.5(0.9-2.2) 0.09
Pork sausagest 95 (81.2) 340 (60.3) 29 (1.74.7) <0.0001
Sliced sandwich ham, prepackedt 81 (69.2) 307 (54.4) 1.9(1.3-3.0) 0.003
Any pork product¥ 114 (97.4) 445 (78.9) 10.5 (3.3-33.6) <0.0001
Chicken 107 (91.5) 443 (78.6) 3.0 (1.5-5.9) 0.002
Fish 84 (71.8) 395 (70.0) 1.1 (0.7-1.7) 0.7
Game 9(7.7) 18 (3.2) 2.4 (1.1-5.5) 0.04
Other offalt 16 (13.7) 34 (6.0) 2.3(1.2-4.3) 0.01
Shellfish 44 (37.6) 191 (33.9) 1.3(0.8-1.9) 0.3
Fresh fruitt 109 (93.2) 472 (83.7) 2.8(1.3-6.0) 0.01
Raw vegetables 81 (69.2) 354 (62.8) 1.5(1.0-2.3) 0.08
Salad vegetables? 108 (92.3) 460 (81.6) 3.0 (1.5-6.2) 0.01
Supermarket
Supermarket At 60 (51.3) 202 (35.8) 2.0(1.3-3.0) 0.001
Supermarket B 33(28.2) 159 (28.2) 1.0 (0.7-1.6) 0.9
Supermarket C 71 (60.7) 312 (55.3) 1.2 (0.8-1.9) 0.3
Supermarket D 15 (12.8) 114 (20.2) 0.6 (0.3-1.0) 0.05
Supermarket E 58 (49.6) 245 (43.4) 1.3(0.8-1.9) 0.3
Supermarket F 40 (34.2) 150 (26.6) 1.4 (0.9-2.1) 0.1
Supermarket Gt 40 (34.2) 123 (21.8) 1.8 (1.2-2.8) 0.01
Supermarket H 20 (17.1) 112 (19.9) 0.8 (0.5-1.4) 0.5
Supermarket I 33(38.2) 112 (19.9) 1.6 (1.0-2.5) 0.04
Supermarket J 0(0.0) 2(0.4) 1 (NA) NA
Supermarket K 1(0.9) 14 (2.5) 0.4 (0.1-2.8) 0.3
Local butcher/shop 17 (7.7) 49 (2.3) 3.6 (1.5-8.8) 0.0
Animal contact
Yest 97 (82.9) 389 (69.0) 2.3 (1.4-3.9) 0.0
Cat 48 (41.0) 209 (37.1) 1.2 (0.8-1.8) 0.4
Dogt 76 (65.0) 297 (52.7) 1.7 (1.1-2.6) 0.01
Rodent 8 (6.8) 24 (4.3) 1.7 (0.8-4.0) 0.2
Pig 5(4.3) 15 (2.7) 1.6 (0.6-4.5) 0.4
Sheep 2(1.7) 29 (5.1) 0.3 (0.1-1.4) 0.1
Horse 6 (5.1) 39 (6.9) 0.8 (0.3-1.8) 0.5
Cow 3(2.6) 20 (3.6) 0.7 (0.2-2.4) 0.6
Alcohol consumptiont
Yest 95 (81.2) 395 (70.0) 1.8 (1.1-3.0) 0.02
1-10 units/wk¥ 66 (57.4) 279 (49.8) 1.9 (1.1-3.1) 0.02
10-20 units/wk 17 (14.8) 71 (12.7) 1.8 (0.9-3.5) 0.1
>20 units/wk 10 (8.7) 41 (7.3) 1.6 (0.7-3.7) 0.3
Underlying illnesses
Medical condition 30 (25.6) 130 (23.1) 1.1 (0.7-1.8) 0.7
Respiratory 4 (3.4) 19 (3.4) 1.1(0.4-3.2) 0.9
Liver 1(0.9) 2(0.4) 1.9 (0.2-21.4) 0.6
Heart 0 (0.0) 1(0.2) 1(-) -
Diabetes 3(2.6) 5(0.9) 2.4 (0.6-10.5) 0.2

*Values are no. (%) participants except as indicated. OR, odds ratio. (1Missing information for 2 cases. (+Significant at univariate analysis.

difference in the consumption of meat (22). In the Unit-
ed Kingdom, the National Diet and Nutrition Survey
collects information about the diet, nutrient intake, and
the nutritional status of the UK population. Their data
show that men consistently consume more meat than
women (37). An alternative explanation for the sex dif-
ference is that men may be more clinically susceptible
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because of sex-driven differences, whereas women are
less likely to exhibit acute clinical disease (30). Howev-
er, this study found that symptoms were experienced
equally by male and female cases. ljaz et al. previously
noted that men and women have similar levels of IgG
for HEV in England (10), which suggests a comparable
burden of HEV in both sexes. Similar sex differences
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have also been observed with other hepatitis viruses
(38,39). The reason why more HEV cases are male re-
mains uncertain and warrants further research.

Previous studies have suggested that the distribu-
tion of HEV cases is not uniform and that certain areas
in England are at greater risk (4,30,40). The results of our
case-control study, however, did not identify geograph-
ic clustering of HEV cases among blood donors; this was
consistent with the findings of a NHSBT surveillance
study of HEV-positive blood donors during March
2016-December 2017 (29). As observed in the NHSBT
surveillance study, HEV G3 clade 2 was the predomi-
nant phylotype detected (4,29), which suggested that the
HEYV infections identified in the blood donor population
may have resulted from consuming pork products that
originated from outside the United Kingdom, because
HEV G3 clade 2 is not the predominant phylotype circu-
lating in pigs (3,4,16). Determining the virus’s origin is
difficult, however, because it is generally accepted that
HEYV is endemic in swine within the United Kingdom
and mainland Europe (16,19-21,41,42).

Ours is not the first UK case-control study to find
that processed pork products and pigs” liver are associ-
ated with HEV infection (30,43,44). However, it is one
of the first to identify bacon and cured pork meat as
risk factors for HEV. The relative contribution of each
pork product to the total number of cases should be
noted, though; preventing the consumption of pigs’
liver would lead to only a modest reduction in HEV
cases because relatively few persons eat the liver. Unlike
previous studies, this study did not find risk associated
with the consumption of pork pies or the consumption
of ham and sausages purchased from a specific UK su-
permarket chain (30). Possible causes are changes in the
supplier or source of pork for the supermarket chain
since the findings of the previous study. Alternatively,
there may be differences between the study populations.

Recent studies have investigated the thermal sta-
bility of HEV; researchers have not agreed upon the
necessary time and temperature for heat inactivation
of HEV (30,45-47). Although bacon should be cooked,
other cured meats, such as sliced salami and cabanos,
may not have been cooked during the curing process,
and it is currently unknown whether curing is sulffi-
cient to inactivate HEV (48). HEV contamination has
previously been found in raw meat products (17,18,49);
thus, it is biologically feasible that if the curing process
was not sufficient to inactivate the HEV then viral
transmission could occur from consumption of these
products. Further studies are required to understand
the parameters required for heat inactivation of HEV
and the effect of different treatment procedures such as
curing on the virus. Unfortunately, methods for sam-
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Table 3. Multivariable analysis model of food consumption
associated with testing positive for hepatitis E virus, adjusted for
age and sex

Multivariable analysis

Risk factor OR (95% CI) p value
Bacon <0.0001
No Referent
Yes 3.0 (1.7-5.5)
Cured pork meat <0.0001
No Referent
Yes 3.5(2.2-5.4)
Pigs’ liver 0.04
No Referent
Yes 2.9 (1.0-8.3)

pling and testing of pork and other food products are
not sufficiently robust to provide information about
contamination with infectious viruses.

A limitation of this study is that some blood do-
nors may have previously been infected with HEV
and so were not at risk for infection at the time of
study. Testing HEV RNA-negative persons for HEV
antibodies would have clarified this, but that was not
possible in this study.

Of note is the potential effect of recall bias for study
participants recounting their potential food and envi-
ronmental exposures. HEV RNA-positive blood donors
were contacted as soon as possible after the donation
was confirmed HEV RNA positive. However, the maxi-
mum 9-week incubation period of HEV may have led
to patients forgetting their food and environmental ex-
posures or recalling them incorrectly. Furthermore, con-
trols would have had a larger time lag due to the time
required to identify appropriate controls based on case
demographics and to send out the appropriate informa-
tion. The lag could increase the likelihood of recall bias.
In addition, sharing with study participants the infor-
mation about hepatitis E and its association with pork
may have biased the participants’ recall response.

Our knowledge of HEV infection in the popula-
tion was previously limited to a population of acute-
ly infected persons who sought medical care. The
introduction of universal screening has led to the
availability of an immensely useful cohort of HEV-
infected persons different from the cohort of acute
HEV cases. HEV-infected blood donors were identi-
fied not through medical investigations but through
universal screening; thus, they are more representa-
tive of the general population compared with the
acute HEV population. However, we recommend
caution before extrapolating the results of this study
to the general population. Because of donor selec-
tion guidelines (50), the donor population tends to
be healthier than the general population; the cut-
off of 65 years in new donors and the self-selecting
nature of donation suggests that the prevalence of
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HEYV in the general population is different than that
found in the blood donor population.

This study found that HEV infection in blood do-
nors in England was associated with the consumption
of 3 pork products; bacon, cured pork meats, and
pigs’ liver. Bacon and other cured pork meats were
not previously identified as risk factors for HEV. The
identification of these pork products highlights the
importance of accurate information about cooking
requirements as well as the role and importance of
animal husbandry to prevent HEV infection in pigs.
Targeting HEV infection at the source would prevent
foodborne transmission to the population.
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Increased Incidence
of Antimicrobial-Resistant
Nontyphoidal Salmonella Infections,
United States, 2004-2016

Felicita Medalla, Weidong Gu, Cindy R. Friedman, Michael Judd,
Jason Folster, Patricia M. Griffin, Robert M. Hoekstra

Salmonella is a major cause of foodborne illness in the
United States, and antimicrobial-resistant strains pose
a serious threat to public health. We used Bayesian hi-
erarchical models of culture-confirmed infections during
2004—-2016 from 2 Centers for Disease Control and Pre-
vention surveillance systems to estimate changes in the
national incidence of resistant nontyphoidal Salmonella
infections. Extrapolating to the United States population
and accounting for unreported infections, we estimated a
40% increase in the annual incidence of infections with
clinically important resistance (resistance to ampicillin or
ceftriaxone or nonsusceptibility to ciprofloxacin) during
2015-2016 (~222,000 infections) compared with 2004—
2008 (~159,000 infections). Changes in the incidence of
resistance varied by serotype. Serotypes | 4,[5],12:i:- and
Enteritidis were responsible for two thirds of the increased
incidence of clinically important resistance during 2015—
2016. Ciprofloxacin-nonsusceptible infections accounted
for more than half of the increase. These estimates can
help in setting targets and priorities for prevention.

ontyphoidal Salmonella infections cause an esti-
mated 1.2 million illnesses, 23,000 hospitaliza-
tions, and 450 deaths each year in the United States ().
Although most infections result in self-limited illness,
antimicrobial treatment is recommended for patients
with severe infection or at high risk for complications
(2). Antimicrobial-resistant Salmonella infections can
cause adverse clinical outcomes, including increased
rates of hospitalization, bloodstream infection, other
invasive illnesses, and death (3-7).
Nontyphoidal Salmonella infections can be ac-
quired during international travel, from contaminated
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food and water, through animal contact, and from
environmental sources (e.g., wetlands and irriga-
tion water) (8-13). Antimicrobial-resistant infections
have been linked to various food and animal sources
(3,14,15). In 2015 and previous years, 5 commonly iso-
lated serotypes (Enteritidis, Typhimurium, Newport,
I 4,[5],12:i:- and Heidelberg) accounted for more than
half of antimicrobial-resistant Salmonella infections in
the United States (16-20). The distribution of antimi-
crobial-resistant infections caused by some of these
common serotypes varied by region (21,22).

In a previous study, we found that an estimated
annual average of 6,200 culture-confirmed infections
were resistant to ceftriaxone or ampicillin or nonsus-
ceptible to ciprofloxacin during 2004-2014 (20). For
the study described in this article, we used the same
modeling approach and data sources to estimate
changes in incidence. We estimated the contribution
of the 5 major serotypes to changes in incidence and
describe differences by geographic region. We ex-
trapolated findings to the United States population to
provide estimates to help set targets and priorities for
reducing antimicrobial resistance among nontyphoi-
dal Salmonella.

Methods

Laboratory-Based Enteric Disease Surveillance

Public health laboratories in 50 states and many lo-
cal health departments receive human Salmonella iso-
lates from clinical laboratories and report serotype
information to the Centers for Disease Control and
Prevention (CDC) through Laboratory-Based En-
teric Disease Surveillance (LEDS) (17). We excluded
serotypes Typhi, Paratyphi A, Paratyphi B (tartrate-
negative), and Paratyphi C, which account for <1% of
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Salmonella infections in the United States, and whose
only known reservoir are humans (2,16,17,23). In this
article, we use the term Salmonella to refer to nonty-
phoidal Salmonella.

National Antimicrobial Resistance Monitoring System
The National Antimicrobial Resistance Monitoring
System (NARMS) is a collaboration among CDC, the
US Food and Drug Administration, the US Depart-
ment of Agriculture, and state and local health depart-
ments to monitor resistance among enteric bacteria
isolated from humans, retail meat, and food animals
(16,24). Public health laboratories in 50 state and 4 lo-
cal health departments submit every 20th Salmonella
isolate received from clinical laboratories to CDC for
antimicrobial drug susceptibility testing (16,19,24).

During 2004-2016, CDC tested Salmonella iso-
lates for susceptibility to agents representing 8-9
antimicrobial classes: aminoglycosides, p-lactam/
B-lactamase inhibitors, cephems, macrolides (tested
since 2011), penicillins, quinolones, folate pathway
inhibitors, phenicols, and tetracyclines (16). MICs
were determined by broth microdilution with Sen-
sititer (ThermoFisher, https://www.thermofisher.
com) and interpreted using criteria from the Clini-
cal and Laboratory Standards Institute (CLSI) when
available (7,16). Using CLSI criteria, we defined
ceftriaxone resistance as MIC >4 nug/mL, ampicil-
lin resistance as MIC >32 pg/mL, and nonsuscep-
tibility to ciprofloxacin as MIC >0.12 pg/mL. The
ciprofloxacin definition includes both resistant and
intermediate CLSI categories because Salmonella in-
fections with intermediate susceptibility to cipro-
floxacin have been associated with poor treatment
outcomes (6,7,16).

Resistance Categories

We defined clinically important resistance as resis-
tance to ceftriaxone, nonsusceptibility to ciprofloxa-
cin, or resistance to ampicillin on the basis of the
following criteria: third-generation cephalosporins
(e.g., ceftriaxone) and fluoroquinolones (e.g., cip-
rofloxacin) are used for empiric treatment of severe
infections; fluoroquinolones are not recommended
for children; and ampicillin is useful for susceptible
infections (2). We defined and ranked from highest
to lowest 3 mutually exclusive categories of clinically
important resistance (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/27/6/20-4486-App1l.
pdf) (20): ceftriaxone/ampicillin resistance (because
all ceftriaxone-resistant isolates are ampicillin-resis-
tant); ciprofloxacin nonsusceptibility (nonsuscep-
tible to ciprofloxacin but susceptible to ceftriaxone);
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and ampicillin-only resistance (ampicillin-resistant
but susceptible to ceftriaxone and ciprofloxacin). We
included ciprofloxacin-nonsusceptible isolates that
were ceftriaxone-resistant in the ceftriaxone/am-
picillin category because they are of greatest public
health and treatment concern. Many isolates in each
category had resistance to other agents. We defined
multidrug resistance as resistance to >3 classes of an-
timicrobial agents (16,19).

Bayesian Hierarchical Model to Estimate Changes

We used 2004-2016 data from LEDS, NARMS, and the
US Census Bureau as input in the models (16,17,25).
For LEDS, we used the number of culture-confirmed
infections by state and year (state-year). We com-
bined serotyped isolates other than Enteritidis, Ty-
phimurium, Newport, I 4,[5],12:i:-, and Heidelberg
into an “other” category. We assigned unserotyped
and partially serotyped isolates from each state into
the 6 serotype categories (Enteritidis, Typhimurium,
Newport, I 4,[5],12:i:-, Heidelberg, and other) on the
basis of the average proportion of serotyped isolates
in each category from 2004-2016. For NARMS, we
used resistance proportions among fully serotyped
isolates per state-year. We used US Census popula-
tion data for each state-year to express incidence per
100,000 persons per year (25).

A similar Bayesian hierarchical model ap-
proach was used from a previous study to estimate
the incidence of resistant infections (20,26). How-
ever, we found a Poisson model for LEDS data bet-
ter captured the uncertainty of Salmonella incidence
observed at the state-year level instead of the nor-
mal distribution used in our previous study (20).
The model incorporated the random effects of state,
year, and state-year interaction to borrow strength
from contiguous states and previous years (20,26~
28). Alaska and Hawaii were excluded because
they are not adjacent to any state; the District of
Columbia was also excluded, which began submit-
ting isolates to NARMS in 2008 (16,19,20). We used
an approach similar to our previous study to make
adjustments for data from Florida, which reported
low numbers of isolates compared with its 6 closest
states (17,18,20).

We applied the models to generate estimates
(referred to as posterior estimates) for Salmonella in-
fection incidence rates, resistance proportions, and
resistant infection incidence rates (referred to as
resistance incidence) by state-year for each of the 6
serotype categories by using Markov chain Monte
Carlo simulations (20,26-28). For each serotype cat-
egory, we estimated resistance incidence for overall
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clinically important resistance, the 3 mutually exclu-
sive categories of clinically important resistance, and
multidrug resistance. For all Salmonella, we calcu-
lated overall estimates by summing estimates across
the 6 serotype categories. We calculated state-year
resistance incidence estimates per 100,000 persons
per year as estimated incidence for state-year x esti-
mated resistance proportion for state-year. For esti-
mation of resistance incidence by geographic region,
we used the 4 US Census region categories (Mid-
west, Northeast, South, and West) and aggregated
posterior estimates of resistance incidence by year
for all states in each region (25). For each resistance
category, we calculated mean estimates and 95%
credible intervals (Crls) from posterior estimates
and mean crude rates by year for the 48 states and
those stratified by serotype and region categories

All regions Midwest

MNortheast

(Figure 1; Appendix Figures 2-5) for an overall side-
by-side comparison (20,25,26).

To assess changes in resistance incidence, we com-
pared the mean resistance incidence from 2015-2016
with that from two 5-year reference periods during
2004-2016: 2004-2008 and 2010-2014. These reference
periods are consistent with those used in NARMS an-
nual reports to assess changes in resistance percent-
ages (16). All 50 states have participated in NARMS
since 2003; the 2004-2008 period is the early years of
nationwide participation and the 2010-2014 period
is the recent past. For each resistance and serotype
category, we calculated the difference between the
posterior estimates of resistance incidence for 2015-
2016 and those for each year in the 5-year reference
periods for each region to obtain the mean difference
and the 95% Crls. We did not assume homogeneous
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@® Crude resistance incidence 2010-2014
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Figure 1. Estimated annual incidence of culture-confirmed nontyphoidal Salmonella infections with any clinically important resistance,
by serotype and region, United States, 2004—2016. Estimated changes in resistance incidence (mean and 95% credible intervals of the
posterior differences per 100,000 persons per year) were derived using Bayesian hierarchical models. Crude resistance incidence rates
were derived by multiplying infection incidence and resistance proportion for state-year. Any clinically important resistance was defined
as resistant to ceftriaxone, resistant to ampicillin, or ciprofloxacin nonsusceptible. The “other” category comprised serotypes other than
Enteritidis, Typhimurium, Newport, | 4,[5],12:i:-, and Heidelberg. US Census regions were used to define 4 geographic regions. NTS, all

nontyphoidal Salmonella serotypes.
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rates across multiple years using this approach. For
all Salmonella, we calculated the change in resistance
incidence, which represents the net change (increase
or decrease), for each resistance category, by sum-
ming the estimated changes derived for the 6 sero-
type categories. We describe statistically significant
changes (i.e., in which the 95% Crls do not include 0).

Extrapolating to the US Population

We multiplied the mean estimates of culture-con-
firmed infections by 29, which is the estimated num-
ber of total infections for every culture-confirmed
infection in the general population, to estimate the
total number of resistant infections for each period
and changes in total resistant per 100,000 persons
per year during 2015-2016 compared with the ref-
erence periods for each resistance category (1). We
used the average 2015-2016 population estimates for
the 50 states (322 million) to extrapolate to the US
population (25).

Results

During 2004-2016, public health laboratories of state
and participating local health departments in the 48
contiguous states reported 539,862 culture-confirmed
Salmonella infections to LEDS (Appendix Table 1).
Among the isolates from these infections, 89% were
serotyped; the most common were Enteritidis (20%),
Typhimurium (16%), Newport (11%), 1 4,[5],12:i:- (4%),
and Heidelberg (4%). Public health laboratories in
the 48 states submitted 28,265 isolates to NARMS. Of
these isolates, 98% were serotyped; the most common
were Enteritidis (19%), Typhimurium (16%), Newport
(11%), 1 4,[5],12:i:- (4%), and Heidelberg (4%).

Clinically Important Resistance and Multidrug Resistance
During 2004-2016, clinically important resistance was
detected in 3,546 (12.5%) of 28,265 isolates (Table 1;
Appendix Figure 1). Ampicillin-only resistance was
detected in 1,857 (6.6%) isolates, ciprofloxacin nonsus-
ceptibility in 854 (3.0%), and ceftriaxone/ampicillin re-
sistance in 835 (3.0%). Only 78 (0.3%) isolates were resis-
tant to ceftriaxone and nonsusceptible to ciprofloxacin;
these isolates were included in the 835 categorized as
ceftriaxone/ampicillin-resistant. Most (>90%) ciproflox-
acin-nonsusceptible isolates had MICs within the inter-
mediate range, 0.12-0.5 (Table 1; Appendix Figure 6).
Of the 28,265 isolates, 2,912 (10.3%) were multi-
drug resistant (MDR). Of these, 2,633 (90%) had clini-
cally important resistance, which accounted for 74% of
the 3,546 isolates with clinically important resistance.

Incidence by Year and Region, 2004-2016

For each resistance category, the trend lines were
smoother with model-derived annual estimates of
resistance incidence compared with crude rates, par-
ticularly when stratified by serotype and region (Fig-
ure 1; Appendix Figures 2-5). Crude rates tended to
be lower than model-derived estimates because many
state-year resistance proportions used in calculating
crude rates were 0 because of small sample sizes,
whereas the model tended to pull estimates away
from 0. Overall, most crude rates were within model-
derived 95% Crls.

Resistance Incidence, 2015-2016

During 2015-2016, the mean annual incidence was
2.38 (95% Crl 1.93-2.86)/100,000 persons for clini-
cally important resistant infections and 1.83 (95%

Table 1. Number and percentage of antimicrobial-resistant nontyphoidal Salmonella isolates, by serotype and resistance category,

United States, 2004—2016*

No. (%) isolates

Total
Other fully Not fully  nontyphoidal
Enteritidis, Typhimurium, Newport, |4,[5],12:i:-, Heidelberg, serotyped, serotyped, Salmonella,
Resistance category n =5,206 n = 4,404 n=3,140 n=1,158 n =974 n=12,878 n = 505 N = 28,265
Any clinically important 548 (10.5) 1,197 (27.2) 284 (9.0) 389 (33.6) 240 (24.6) 843 (6.5) 45(8.9) 3,546 (12.5)
resistancet
Multidrug resistancef 114 (2.2) 1,178 (26.7) 271(8.6) 382(33.0) 204 (20.9) 727 (5.6) 36 (7.1) 2,912 (10.3)
Amp-only§ 152 (2.9) 897 (20.4) 30(1.0) 319(27.5) 120(12.3) 311(24) 28 (5.5) 1,857 (6.6)
Cef/Amp§f 15 (0.3) 212 (4.8) 237 (7.5) 39 (3.4) 116 (11.9) 212 (1.6) 4 (0.8) 835 (3.0)
Cipro§# 381 (7.3) 88 (2.0) 17 (0.5) 31(2.7) 4 (0.4) 320 (2.5) 13 (2.6) 854 (3.0)

*Amp-only, resistant to ampicillin (MIC >32 pg/mL) but susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant to ceftriaxone (MIC >4 pyg/mL) and
ampicillin; Cipro, nonsusceptible to ciprofloxacin (MIC >0.12 pg/mL) but susceptible to ceftriaxone; NTS, nontyphoidal Salmonella, which includes isolates
serotyped as Enteritidis, Typhimurium, Newport, | 4,[5],12:i:-, and Heidelberg, isolates serotyped as other than those 5, and those not fully serotyped.
tIncludes any of the 3 clinically important resistance patterns (i.e., resistant to ceftriaxone, resistant to ampicillin, or nonsusceptible to ciprofloxacin).

Isolates might have resistance to other agents tested.
FResistant to >3 classes of antimicrobial agents.

§Amp-only, Cef/Amp, and Cipro are mutually exclusive categories of clinically important resistance.
9]Of the 835 isolates with Cef/Amp resistance, 78 (0.3% of all nontyphoidal Salmonella isolates) were nonsusceptible to ciprofloxacin. Of the 78 isolates,
71 (91%) had ciprofloxacin MICs within the intermediate range (i.e., 0.12-0.5) (Appendix Figure 6, https://wwwnc.cdc.gov/ElD/article/27/6/20-4486-

App1.pdf). These 78 isolates were not included in the Cipro category.

#Of the 854 isolates, 785 (92%) had ciprofloxacin MICs within the intermediate range (Appendix Figure 6).
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Crl 1.45-2.25)/100,000 persons for MDR infections
(Table 2). The 5 major serotypes accounted for 69%
of infections with clinically important resistance and
66% with multidrug resistance.

Changes in Resistance Incidence, 2015-2016

versus Reference Periods

The mean annual incidence of infections with any clin-
ically important resistance increased during 2015-2016
compared with 2004-2008; there was no significant
change compared with 2010-2014 (Table 2; Figures 2
and 3). Among the resistance categories, the mean an-
nual incidence of ciprofloxacin-nonsusceptible Salmo-
nella infections increased during 2015-2016 compared
with both reference periods.

Changes in Resistance Incidence, 2015-2016

versus 2004-2008

The mean annual incidence of Salmonella infec-
tions with clinically important resistance increased
by 0.68 (95% Crl 0.13-1.24)/100,000 persons (Table
2). By census region, a significant increase in resis-
tance only occurred in the Midwest (Figure 2). By
serotype, 1 4,[5],12:i:- had an incidence increase
of 0.41(95% Crl 0.27-0.56)/100,000 persons, ac-
counting for 37% of the increase in clinically im-
portant resistant Salmonella infections (Appendix
Table 2). The incidence of resistant I 4,[5],12:i:- in-
fections increased significantly in all 4 regions,
with highest increase in the West and Midwest.
Enteritidis infections with clinically important

resistance increased by 029 (95% CrI 0.12-
0.47)/100,000 persons, accounting for 26% of the
increase in resistant infections. This increase was
significant in 3 regions, with highest increase in the
Northeast. Infections with clinically important re-
sistance caused by serotypes categorized as other
increased by 0.41 (95% Crl 0.12-0.72)/100,000 per-
sons, accounting for 37% of the increase in resis-
tant infections (Figure 2; Appendix Table 2). Ty-
phimurium infections with clinically important
resistance decreased (—0.33 [95% Crl -0.58 to —0.07]/
100,000 persons).

Although no significant changes were noted in the
mean annual incidence of Salmonella infections with
multidrug or ampicillin-only resistance, some sero-
types did change (Figure 2; Appendix Table 2). MDR
I 4,[5],12:i:- infections increased (0.40 [95% Crl 0.24-
0.56]/100,000 persons); this change was significant in
all 4 regions, with highest increase in the West and
Midwest. The incidence of MDR Enteritidis infections
also increased (0.13 [95% Crl 0.04-0.23]/100,000 per-
sons). We observed a decrease in Typhimurium infec-
tions with multidrug resistance (-0.37 [95% CrI -0.59
to —0.14]/100,000 persons) and ampicillin-only resis-
tance (—0.35 [95% Crl -0.61 to —0.10]/100,000 persons).
Serotype I 4,[5],12:i:- infections with ampicillin-only
resistance increased (0.35 [95% CrI 0.21-0.50]/100,000
persons); this change was significant in all 4 regions,
with highest increase in the West and Midwest.

The mean annual incidence of ciprofloxacin-
nonsusceptible Salmonella infections increased by 0.41

Table 2. Estimated incidence and changes in the incidence of antimicrobial-resistant culture-confirmed nontyphoidal Salmonella
infections, by resistance category, United States, 2015—-2016 versus 2004—2008 and 2010-2014*

Mean (95% Crl)

Resistance incidence, per 100,000 persons per yeart

Change in resistance incidence, per
100,000 persons per yeart
2015-2016 2015-2016

Resistance category 2015-2016 2004-2008

2010-2014 vs. 2004-2008 vs. 2010-2014

Any clinically important
resistance§

2.38 (1.93-2.86) 1.70 (1.44-1.98) 1.78 (1.46-2.15)  0.68 (0.13 to 1.24)f 0.60 (-0.002 to 1.20)

Multidrug resistance] 1.83 (1.45-2.25) 151 (1.27-1.79) 1.42(1.16-1.70)  0.32 (-0.17t0 0.82)  0.41 (~0.07 to 0.92)
Amp-only§ 1.19 (0.85-1.56) 1.00 (0.78-1.25) 0.96 (0.73-1.21)  0.19 (-0.25t0 0.63)  0.23 (-0.21 to 0.67)
Cef/Amp§ 0.49 (0.37-0.65) 0.43 (0.31-0.58) 0.42 (0.30-0.56)  0.06 (-0.13t0 0.26)  0.08 (-0.11 to 0.26)
Cipro§ 0.70 (0.55-0.88)  0.29 (0.19-0.41) 0.41(0.26-0.64) _ 0.41 (0.22 t0 0.61)F _ 0.29 (0.02-0.52)%

*Amp-only, resistant to ampicillin (MIC >32 pg/mL) but susceptible to ceftriaxone and ciprofloxacin; BHM, Bayesian hierarchical model; Cef/Amp, resistant
to ceftriaxone (MIC >4 ug/mL) and ampicillin; Cipro, nonsusceptible to ciprofloxacin (MIC >0.12 ug/mL) but susceptible to ceftriaxone; Crl, credible
interval.

tMean estimates of resistance incidence and 95% Crls were derived using BHMs. Serotypes other than Enteritidis, Typhimurium, Newport, | 4,[5],12:i:-,
and Heidelberg were combined into the “other” category. For all nontyphoidal Salmonella, estimates were derived by summing those for the 6 serotype
categories. State-year data were too sparse to use in the BHMs to estimate mean resistance incidence for Cef/Amp among Enteritidis and Cipro among
Newport and Heidelberg (4, 5, and 6 Enteritidis isolates, 7, 2, and 8 Newport isolates, and 0, 1, and 3 Heidelberg isolates in 2015-2016, 2004-2008, and
2010-2014, respectively).

FResistance incidence in 2015-2016 was compared with that from 2 reference periods, 2004—2008 and 2010-2015 (e.g., increase if 2015-2016 >
reference). Mean changes are reported as significant (bold font) if the 95% Crls (rounded to 2 decimals) do not include 0.

§An overall category of clinically important resistance includes any of 3 resistance patterns (i.e., resistant to ceftriaxone, resistant to ampicillin, or
nonsusceptible to ciprofloxacin). Amp-only, Cef/Amp, and Cipro are mutually exclusive categories of clinically important resistance. Isolates with any
clinically important resistance might have resistance to other agents tested. Model estimates for overall clinically important resistance were derived
separately and might differ from the sum of estimates for the 3 mutually exclusive categories.

fResistant to >3 classes of antimicrobial agents.
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Figure 2. Estimated changes in the incidence of resistant culture-confirmed nontyphoidal Salmonella infections, by serotype, resistance

category, and geographic region, United States, 2015-2016 versus 2004—2008. Estimated changes in resistance incidence (mean

and 95% credible intervals of the posterior differences per 100,000 persons/year) were derived using Bayesian hierarchical models.

Amp-only, Cef/Amp, and Cipro are mutually exclusive categories of clinically important resistance: Amp-only, resistant to ampicillin but

susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant to ceftriaxone and ampicillin; Cipro, nonsusceptible to ciprofloxacin

but susceptible to ceftriaxone. Isolates in each category might have resistance to other agents. Multidrug resistance was defined

as resistance to >3 classes of antimicrobial agents. The “other” category comprised serotypes other than Enteritidis, Typhimurium,

Newport, | 4,[5],12:i:-, and Heidelberg. US Census regions were used to define 4 geographic regions (A, all regions; M, Midwest; N,

Northeast; S, South; W, West). MDR, multidrug resistant. NTS, all nontyphoidal Salmonella serotypes.

Cipro

Estimated change in resistance incidence, per 100,000 persons
, +._4 A
Estimated change in resistance incidence, per 100,000 persons

(95% Crl 0.22-0.61)/100,000 persons (Table 2). Cip- the mean annual incidence of ciprofloxacin-non-
rofloxacin-nonsusceptible Enteritidis infections in- susceptible Salmonella infections increased by 0.29
creased by 0.19 (95% Crl 0.05-0.34)/100,000 persons, (95% Crl 0.02-0.52)/100,000 persons (Table 2); by
accounting for 47% of the increase in these infections region, the increase was significant only in the
(Appendix Table 2). This increase was significant in Midwest (Figure 3). Ciprofloxacin-nonsusceptible
3 regions, most notably in the Northeast (Figure 2). Enteritidis infections increased by 0.16 (95% Crl
Ciprofloxacin-nonsusceptible infections caused by 0.02-0.32)/100,000 persons, accounting for 57% of
serotypes categorized as other increased by 0.16 (95%  the increase in ciprofloxacin-nonsusceptible infec-
Crl 0.04-0.29)/100,000 persons, accounting for 38% tions (Appendix Table 3).

of the increase in ciprofloxacin-nonsusceptible infec-

tions (Figure 2; Appendix Table 2). Extrapolation to the US population

Compared with the number of infections for 2004-2008,
Changes in Resistance Incidence, 2015-2016 an estimated ~63,000 more Salmonella infections with
versus 2010-2014 clinically important resistance occurred each year dur-

The mean annual incidence of Salmonella infections ing 2015-2016, from an average of ~159,000 to ~222,000;
with clinically important resistance did not change more than half were ciprofloxacin-nonsusceptible
compared with the previous 5 years. However, (Table 3). Compared with the number of infections for
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Figure 3. Estimated changes in the incidence of resistant culture-confirmed nontyphoidal Salmonella infections, by serotype, resistance
category, and geographic region, United States, 2015-2016 versus 2010-2014. Estimated changes in resistance incidence (mean
and 95% credible intervals of the posterior differences per 100,000 persons/year) were derived using Bayesian hierarchical models.
Amp-only, Cef/Amp, and Cipro are mutually exclusive categories of clinically important resistance: Amp-only, resistant to ampicillin but
susceptible to ceftriaxone and ciprofloxacin; Cef/Amp, resistant to ceftriaxone and ampicillin; Cipro, nonsusceptible to ciprofloxacin but
susceptible to ceftriaxone. Isolates in each category might have resistance to other agents. Multidrug resistance (MDR) was defined
as resistance to >3 classes of antimicrobial agents. The “other” category comprised serotypes other than Enteritidis, Typhimurium,
Newport, | 4,[5],12:i:-, and Heidelberg. US Census regions were used to define 4 geographic regions (A, all regions; M, Midwest; N,
Northeast; S, South; W, West). MDR, multidrug resistant; NTS, all nontyphoidal Salmonella serotypes.

the previous 5 years, an estimated ~56,000 more Salmo-
nella infections with clinically important resistance oc-
curred each year during 2015-2016; more than half were
ciprofloxacin-nonsusceptible.

Discussion

Our analysis indicates that the incidence of resistant
Salmonella infections was higher in 2015-2016 than
in earlier periods during 2004-2014. The annual inci-
dence of culture-confirmed infections with clinically
important resistance increased by 0.68/100,000 per-
sons, a 40% increase in the annual number of infec-
tions, during 2015-2016 compared with 2004-2008.
Serotypes I 4,[5],12:i:- and Enteritidis were respon-
sible for two thirds of this increase. Ciprofloxacin-
nonsusceptible infections accounted for more than
half of the increase. Extrapolating to total infections
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in the US population using a multiplier to account for
unreported infections resulted in an estimated ~63,000
more infections with clinically important resistance
per year during 2015-2016 compared with 2004-2008
(from 159,000 to 222,000 infections).

The increased incidence of ciprofloxacin-non-
susceptible Salmonella infections during 2015-2016
compared with incidence for both 2004-2008 and
2010-2014 is a concerning trend. Serotype Enteritidis
contributed the most to this increase. Although the
incidence of infections with Enteritidis, the most com-
mon serotype, has not changed significantly in >10
years, the percentage of ciprofloxacin-nonsusceptible
infections has increased almost steadily (11,16). Chick-
en and eggs have been the main domestic sources of
Enteritidis infections (29,30). About 20% of Enteritidis
infections are linked to international travel, which is an
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important source of ciprofloxacin-nonsusceptible En-
teritidis infections (8,31,32).

The incidence of infections with clinically im-
portant resistance and ciprofloxacin-nonsuscepti-
bility caused by serotypes categorized as other was
higher during 2015-2016 than during 2004-2008.
Some of these serotypes are emerging or have
concerning levels of resistance, including Dublin,
Infantis, Kentucky, Hadar, and Agona (16,24,33).
Some have been associated with resistance, inva-
sive illness, or both (11,19,23,33).

The decrease in resistant Typhimurium infec-
tions might be related to the simultaneous increase
in I 4,[5],12:i- infections, which some call monopha-
sic Typhimurium (16,18,34). In the 1990s, MDR Ty-
phimurium infections increased markedly in Europe
and then in the United States (35,36). Most isolates
from these infections that underwent phage typing
were definitive type 104 (14,21,35,36). Isolations of
this strain have decreased globally; the reasons are
not known (36)

Changes in resistance incidence by resistance
category and serotype varied by geographic re-
gion, with significant increases in most regions for
serotypes I 4,[5],12:i:- and Enteritidis. An increase
in the incidence of I 4,[5],12:i:- infections with mul-
tidrug and ampicillin-only resistance occurred in
all 4 regions, with highest increase in the West and
Midwest. Pork products have been associated with
I 4,[5],12:i:- infections with resistance to ampicil-
lin, sulfonamide, streptomycin, and tetracycline in
the West (34,37). The regional pattern of pork con-
sumption has reflected the regional pattern of pork

production, which is highest in the Midwest; 8 of the
10 states with the highest production of swine are
in the Midwest (38,39). A study showed that MDR
14,[5],12:i:- strains from swine in the Midwest during
2014-2016 were typically resistant to ampicillin, sul-
fonamide, streptomycin, and tetracycline and prob-
ably part of a European clade that has spread in the
United States and elsewhere; these strains harbored
plasmid-mediated resistance genes, which can be
transmitted horizontally to other bacteria (34). This
trend could partly explain the widespread increase
in the incidence of MDR I 4,[5],12:i:- infections. Inter-
national travel could have contributed to an increase
in the incidence of ciprofloxacin-nonsusceptible En-
teritidis infections, which increased in 3 regions and
was highest in the Northeast. International travel
has increased since 2014, and residents of northeast-
ern states accounted for more than one third of US
travelers during 2015-2016 (40). In the United King-
dom, an increase in these infections has been linked
to international travel and imported foods (41). In the
United States, ciprofloxacin-nonsusceptible strains
of Enteritidis and other serotypes have been isolated
from imported seafood (42). Plasmid-mediated qui-
nolone-resistance genes have been detected among
ciprofloxacin-nonsusceptible isolates in the United
States; these genes might contribute to spread of fluo-
roquinolone nonsusceptibility (43).

Our use of a Bayesian hierarchical model im-
proved the estimates, as shown by the smoothing of
resistance incidence and temporal change lines, by
addressing issues related to missing and sparse state-
year data (20,26). Our method of calculating the aver-

Table 3. Point estimates of the total number and changes in the total number of resistant nontyphoidal Salmonella infections
extrapolated to the US population, by resistance category, United States, 2015-2016 versus 2004—2008 and 2010-2014*t

Change in no. infections/yeart

No. infections/yeart 2015-2016 2015-2016
Resistance category 2015-2016 2004—-2008 2010-2014 vs. 2004-2008 vs. 2010-2014
Any clinically important resistance§ 222,000 159,000 166,000 63,0001 56,000
Multidrug resistancef 171,000 141,000 133,000 30,000 38,000
Amp-only§ 111,000 93,000 90,000 18,000 21,000
Cef/Amp§ 46,000 40,000 39,000 6,000 7,000
Cipro§ 65,000 27,000 38,000 38,0001 27,0001

*Amp-only, resistant to ampicillin (MIC >32 pg/mL) but susceptible to ceftriaxone and ciprofloxacin; BHM, Bayesian hierarchical model; Cef/Amp, resistant
to ceftriaxone (MIC >4 pg/mL) and ampicillin; Cipro, nonsusceptible to ciprofloxacin (MIC >0.12 pg/mL) but susceptible to ceftriaxone; Crl, credible

interval.

tPoint estimates extrapolated to the entire US population were calculated by multiplying mean estimates for culture-confirmed infections (derived using
BHM) by the multiplier of 29 and the average total U.S. population for 2015-2016 (322 million). The multiplier of 29 is the mean estimate of the total
number of infections for every culture-confirmed nontyphoidal Salmonella infection. The 95% Crls were not derived. Extrapolated point estimates were

rounded to the nearest thousand.

fModel-derived mean estimates of changes in resistance incidence (Table 2) used to calculate extrapolated estimates are reported as significant if the
95% Crls do not include 0; the extrapolated estimates corresponding to these BHM-derived estimates are shown in bold font. Although the 95% Crls of
extrapolated estimates were not derived, they can be assumed to include 0 if the 95% Crls of BHM-derived estimates include 0.

§An overall category of clinically important resistance includes any of 3 resistance patterns (i.e., resistant to ceftriaxone, resistant to ampicillin, or
nonsusceptible to ciprofloxacin). Amp-only, Cef/Amp, and Cipro are mutually exclusive categories of clinically important resistance. Isolates with any
clinically important resistance might have resistance to other agents tested. Model estimates for overall clinically important resistance were derived
separately and might differ from the sum of BHM estimates for the 3 mutually exclusive categories; thus, extrapolated estimates for the overall category

might differ from the sum of mutually exclusive categories.
{Resistant to >3 classes of antimicrobial agents.
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age difference in incidence between groups of years
is more refined than approaches using a negative
binomial model because it does not assume homoge-
neous resistance incidence rates across multiple years
(11,44). 1t is therefore less likely to underestimate
the variability of estimated changes. However, this
analysis is subject to the same limitations described
in previous reports, including unmeasured sources
of bias and uncertainty derived by combining data
from separate unlinked surveillance systems (20,26).
Our estimates of significant changes were limited
to comparisons with the reference periods used to
assess changes in resistance percentages in NARMS
annual reports (16). Our choice to compare a recent
2-year period with earlier 5-year periods balanced
the need to assess the most current situation with
the need for sufficient data to assess significant
changes. Because of the low percentage of isolates
showing resistance to trimethoprim/sulfamethoxa-
zole (<3%) or decreased susceptibility to azithromy-
cin (<1%), an important agent used to treat serious
infections, we did not provide estimates for these
agents (2,16,18,20). We included infections resistant
to ceftriaxone and nonsusceptible to ciprofloxacin in
the ceftriaxone/ampicillin-resistance category; they
represented only 0.3% of Salmonella isolates submit-
ted to NARMS. The fact that some ciprofloxacin non-
susceptible infections were not included in the cip-
rofloxacin nonsusceptible category further supports
our finding that ciprofloxacin-nonsusceptible infec-
tions increased during the study period. Increasing
use of culture-independent diagnostic tests by clini-
cal laboratories can change the submission of iso-
lates to public health laboratories and reporting of
infections (11); these changes warrant adjustments
in future analyses (20).

We multiplied estimates of culture-confirmed
infections by 29 to account for undiagnosed infec-
tions. However, resistant infections are associated
with more severe illness, so they might be more
likely to be detected (3-6). Thus, the appropriate
multiplier (the ratio of total infections to culture-
confirmed infections) for resistant infections might
be <29. To calculate undiagnosed Salmonella infec-
tions, multipliers of 12 for persons <5 years of age
and 23 for persons > 65 years of age have been
reported (45). Although children <5 years of age
have the highest incidence of Salmonella infections,
older adults might disproportionately account for
resistant infections because they are more likely to
have serious illness and be hospitalized (4,5,44-47);
therefore, a multiplier of 23 might be an appropriate
choice. However, we chose 29 because it was used
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in a previous estimate of the total number of Salmo-
nella infections in the population (1) and because
persons 5-64 years of age account for most culture-
confirmed infections reported to CDC and most iso-
lates with clinically important resistance submitted
to NARMS (4,18,44,45). We did not attach uncertain-
ties to the extrapolated total number of resistant in-
fections and changes in that number because uncer-
tainties of the multiplier are not known. Although
resistance incidence can vary by demographic sub-
group, geographic region, time, and other factors,
we did not include additional uncertainties from the
extrapolation to the US population using the aver-
age 2015-2016 population estimates for the 50 states
(19,21,22,46,47).

Estimates of changes in resistance incidence
can help identify trends of greatest concern to set
priorities for prevention. Analyses that include the
varying distributions of infections by demographic
subgroups, season, and recent travel could inform
serotype-specific, regional, and source-targeted
prevention strategies (5,11,21,22,31,44-48). The in-
creasing use of whole-genome sequencing by pub-
lic health laboratories to characterize Salmonella
strains will enhance surveillance of antimicrobial-
resistant Salmonella from human and nonhuman
sources (49). Antimicrobial agents contribute to re-
sistance wherever they are used, including in food
animals and humans (50). A One Health approach
can help in detecting and controlling antimicrobial
resistance, which is a complex and multifaceted
problem that affects humans, animals, and the en-
vironment (50).
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To screen all severe acute respiratory syndrome coro-
navirus 2—positive samples in VVancouver, British Colum-
bia, Canada, and determine whether they represented
variants of concern, we implemented a real-time reverse
transcription PCR—based algorithm. We rapidly identified
77 samples with variants: 57 with B.1.1.7, 7 with B.1.351,
and an epidemiologic cluster of 13 with B.1.1.28/P.1.

Arobust surveillance system for early identification
of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) variants of concern (VOCs) is of
critical public health value. VOCs have demonstrated
in vitro evasion of antibody neutralization (1,2; W.F.
Garcia-Beltran et al., unpub. data, https:/ /www.me-
drxiv.org/content/10.1101/2021.02.14.21251704v1)
and displayed potential for enhanced transmission
because of mutations in the spike receptor binding
domain (G. Nelson et al., unpub. data, https:/ / www.
biorxiv.org/content/10.1101/2021.01.13.426558v1;
H. Liu et al., unpub. data, https:/ /www.biorxiv.org/
content/10.1101/2021.02.16.431305v1). Surveillance
from the United Kingdom demonstrated a rapid in-
crease in cases during September 2020, attributed to
the B.1.1.7 variant, which has become predominant
in several other countries (3). A commercial SARS-
CoV-2 real-time reverse transcription PCR (rRT-PCR)
demonstrated dropout of the small (S) gene on B.1.1.7
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because of a deletion mutation within the spike pro-
tein (69/70). Subsequently, the European Centre for
Disease Prevention and Control proposed use of a
specific commercial assay with 3 targets as a surveil-
lance strategy (4).

The B.1.1.28/P.1 variant is an emerging VOC and
the predominant strain in certain regions of Brazil.
Although uncommon in North America, it has now
been detected across several continents. Re-infection
of patients with SARS-CoV-2 immunity has raised
concerns about resurgence (5). Unlike B.1.1.7, the
B.1.1.28/P.1 variant does not possess the 69/70 de-
letion mutation, highlighting the need for a versatile
VOC surveillance strategy.

Given the potential for VOCs to enhance trans-
mission, increase deaths, and possibly evade natural
or vaccine-induced immune responses, identifying
cases of coronavirus disease (COVID-19) caused by
VOCs and monitoring their prevalence is critical. We
propose a rapid VOC surveillance strategy that uses
multiple rRT-PCRs to screen all samples positive for
SARS-CoV-2. This study was approved by the Provi-
dence Health Care/University of British Columbia
and Simon Fraser University Research Ethics Boards
(H20-01055).

The Study

During January 26-March 1, 2021, the clinical virol-
ogy laboratory at St. Paul’s Hospital, Vancouver,
British Columbia, Canada, conducted VOC test-
ing on nasopharyngeal swab and saliva/mouth
rinse samples in which SARS-CoV-2 was detect-
ed at any cycle threshold (C) value. SARS-CoV-2
detection was performed by using the LightMix
SarbecoV E-gene plus EAV control assay (TIB

"These first authors contributed equally to this article.
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Molbiol, https://www.tib-molbiol.de), with the
MagNA Pure Compact or MagNA Pure 96 and
LightCycler 480 or with the cobas SARS-CoV-2
Test (Roche Molecular Diagnostics, https://diag-
nostics.roche.com) on the cobas 6800. VOCs were
detected with the VirSNiP SARS-CoV-2 Mutation
Assays for strain surveillance (TIB Molbiol), target-
ing specific spike protein variations (N501Y, del-
HV69/70, K417N, E484K, V1176F). A laboratory-
developed test was also developed for N501Y
(501F-GCATGTAGAAGTTCAAAAGAAAGT;
501R-TCCTTTACAATCATATGGTTTCCA;
501YProbe FAM-CACT+T+ATGGT GTTGGTTACCA
ACCA-IABKFQ; 50INProbe Cy5-CACT+A+ATGG
TGTTGGTTACCAACCA-IAbRQSp)anddelHV69/70
(del6970F-TCAACTCAGGACTTGTTCTTAC;
del6970R-TGGTAGGACAGGGTTATCAAAG; wtProbe
HEX-TGCTAT+ACATG+TCTCTGGGACCA-IABKFQ;
delProbe-TEX615-TGCTAT+CTCTG+GGACCAATG-
IAbRQSp), in which + denotes locked nucleic acids.
Samples were first screened for N501Y, and if detected,
we tested subsequent targets to discriminate between
the most prevalent VOC within the Vancouver com-
munity (B.1.1.7-delHV69/70 and B.1.351-K417N) and
newly emerging VOC (B.1.1.28/P.1-V1176F).

For the first presumptive case caused by each
VOC, we performed whole-genome sequencing (WGS)
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in-house on either the MinlON (Oxford Nanopore
Technologies, https://nanoporetech.com), using the
ARTIC nCOV-2019 sequencing protocol V1 (https://
www.protocols.io/ view / ncov-2019-sequencing-proto-
col-bbmuikéw) by using V3 primers, or on an lllumina
MiSeq (https:/ /www.illumina.com) by using a modi-
fied ARTIC nCOV-2019 protocol. Accurate base calling
of MinlON was performed by using GUPPY 3.1.5 and
FASTQ files analyzed with BugSeq (https://BugSeq.
com). [llumina data were analyzed with the in-house bio-
informatics pipeline MiCall (https://github.com/cfe-
lab/MiCall). All presumptive VOCs were subsequently
sent to a reference laboratory for confirmatory WGS.

During the study period, 31,833 clinical samples
were tested for SARS-CoV-2, and results were posi-
tive for 2,618. Of these, 2,430 (92.8%) underwent test-
ing for the 3 major VOC categories (B.1.1.7, B.1.351,
B1.1.28/P.1); 1.6% (38/2,430) failed to amplify with
the N501Y assay, of which 71.0% (27/38) were report-
ed as indeterminate for SARS-CoV-2, reflecting late C,
values and presumably low viral loads. From the re-
maining 2,392 samples, 77 VOCs were identified (57-
B.1.1.7, 7-B.1.351, and 13-B.1.1.28/P.1). N501Y was
not detected in the remaining 2,315 (96.8%) samples,
and they were not sent to the reference laboratory for
WGS. The VirSNiP and laboratory-developed PCRs
were concordant for all detected VOCs.

Figure. Rate of detection

of severe acute respiratory
syndrome coronavirus 2 variants
of concern, by day of result,
January 26—March 1, 2021,

with 7-day moving average.

A) B.1.1.7 (UK); dashed line
indicates 7-day moving average.
B) B.1.351 (South Africa);
dashed line indicates 7-day
moving average; C) B.1.1.28/P.1
(Brazil),;solid line indicates 7-day
moving average; D) all variants
of concern; solid line indicates
number of samples screened.
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During the study period, VOC detection among
diagnostic samples rapidly increased (Figure). Of
note, identified VOCs included a large cluster of the
B.1.1.28/P.1 variant not previously identified in Brit-
ish Columbia. All B.1.1.28/P.1 variants were initial-
ly suspected from the K417N assay, for which PCR
products were identified at a lower melting tempera-
ture than expected. All suspected B.1.1.28/P.1 vari-
ants were confirmed when rescreened by using the
V1176F target.

The first presumptive B.1.1.28/P.1 variant iden-
tified was confirmed by in-house WGS, detect-
ing the following S gene mutations (characteristic
of B.1.1.28/P.1): L18F, T20N, P26S, D138Y, R190S,
K417T, E484K, N501Y, D614G, H655Y, T10271, and
V1176F. At the time of publication, the reference labo-
ratory had attempted WGS for 54/77 VOCs, of which
7 (12.9%) samples failed WGS, with original C, values
of 24-35. Of the 47 successfully sequenced samples,
agreement with PCR was 100% (38-B.1.1.7, 3-B.1.351,
and 6-B.1.1.28/P.1).

Conclusions

Implementation of a PCR-based algorithm to detect
VOCs has enabled our laboratory to rapidly detect
new variants that are in the early stages of commu-
nity transmission. Our protocol enabled detection
of VOCs within 24 hours of COVID-19 diagnosis, a
marked advantage over sequencing-based surveil-
lance strategies. VOC positivity rate was 3.2%, but de-
tection rates increased markedly over time, as might
be expected with exponential growth observed in
other countries.

Although B.1.1.28/P.1 had not been previously
reported in our region, presence of this variant was
suspected when K417N PCR products with a lower
melting temperature than wild-type were observed,
suggestive of a non-K417N substitution (e.g., K417T
mutation in the B.1.1.28/P.1 variant) (VirSNiP SARS-
CoV-2 Spike K417N package insert; TIB Molbiol, Ber-
lin, Germany). Follow-up testing using the V1176F
target supported the presumptive identification of
B.1.1.28/P.1, which was subsequently confirmed
by WGS. Testing all SARS-CoV-2-positive samples
for VOCs enabled rapid detection of a discrete new
B.1.1.28/P.1 cluster.

Although WGS has been the primary modality
for VOC surveillance, universal sequencing of SARS-
CoV-2-positive specimens is limited by both labora-
tory and bioinformatics capacity (6). Because of the
volume of VOC testing and the limited capacity for
high complexity WGS, turnaround times by WGS
may be days to weeks. Since the onset of the CO-
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VID-19 pandemic, molecular diagnostics (i.e., PCR)
have been increasingly adopted by laboratories to
promptly identify SARS-CoV-2, and infrastructure
has been established for this testing modality. A PCR-
based algorithm for the molecular detection of VOCs
could be rapidly adopted, providing almost real-time
results to inform infection prevention and control and
public health measures (3,7,8). PCR may also be more
sensitive because WGS is challenging to perform on
samples with low viral loads (C, >30) (9). Compared
with WGS, PCR screening enhanced sensitivity for
VOC detection by >10%.

Although the most prevalent VOCs worldwide
harbor N501Y, this mutation is not present in all
variants (10). A PCR-based algorithm for identify-
ing VOCs that use N501Y as the initial screening
target must acknowledge this limitation. Given the
rapid emergence of new variants, ongoing surveil-
lance is key, and laboratories considering a PCR-
based algorithm would need to adapt the algorithm
as VOC prevalence changes. For example, our ini-
tial screening PCR targeted N501Y, but because of
rising rates of B.1.1.7, we adjusted our laboratory-
developed test to include N501Y and delHV69/70
in a duplexed assay.

PCR-based methods for rapid VOC detec-
tion should not replace broader VOC surveil-
lance with WGS, which enables identification of
non-N501Y VOCs and can characterize emerging
mutations in known VOCs. This ability is critical
for enabling laboratories to revise their PCR tar-
gets in an ongoing manner to keep pace with local
VOC circulation.

In summary, our implementation of an rRT-
PCR-based algorithm enabled identification of the
most common VOCs to date (B.1.1.7, B.1.351, and
B.1.1.28/P.1) within 24 hours. This method enables
laboratories to perform VOC testing on all SARS-
CoV-2-positive samples, enhancing VOC surveil-
lance capacity to support near real-time decision
making for interrupting transmission.

This article was preprinted at https:/ /www.medrxiv.org/
content/10.1101/2021.03.04.21252928v1.
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Epidemiologic Evidence for
Airborne Transmission of
SARS-CoV-2 during Church
Singing, Australia, 2020

Anthea L. Katelaris, Jessica Wells, Penelope Clark, Sophie Norton,
Rebecca Rockett, Alicia Arnott, Vitali Sintchenko, Stephen Corbett, Shopna K. Bag

An outbreak of severe acute respiratory syndrome coro-
navirus 2 infection occurred among church attendees af-
ter an infectious chorister sang at multiple services. We
detected 12 secondary case-patients. Video recordings
of the services showed that case-patients were seated
in the same section, up to 15 m from the primary case-
patient, without close physical contact, suggesting air-
borne transmission.

he circumstances under which airborne transmis-

sion of severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) might occur are uncertain (1,2).
Previous cluster reports have suggested involvement
of airborne transmission (3,4), but clear epidemiolog-
ic evidence is lacking. We investigated a SARS-CoV-2
outbreak in a church in Sydney, New South Wales,
Australia, and reviewed the epidemiologic and en-
vironmental findings to assess the possibility of air-
borne transmission of SARS-CoV-2.

The Study

On July 18, 2020, the Western Sydney Public Health
Unit was notified of a positive SARS-COV-2 test result
for an 18-year-old man (PCR cycle threshold [C|] val-
ues: envelope gene 14.5, nucleocapsid gene 16.8). He
had sought testing the day before, after learning of a
SARS-COV-2 exposure at a venue he attended on July
11. He reported symptom onset of malaise and head-
ache on July 16 and cough and fever on July 17. He
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was a church chorist and, during his infectious period
(from 48 hours before onset), had sung at four 1-hour
services, 1 each on July 15 and 16 and 2 on July 17.

The case-patient had sung from a choir loft, ele-
vated 3.5 m above the congregation, which he entered
before and left after the service. He denied touching
objects in the church or mixing with the general con-
gregation. Video recordings of the services corrobo-
rated this history. We identified close contacts accord-
ing to the national coronavirus disease (COVID-19)
control guidelines at the time (5): anyone who had
spent >15 min face-to-face or shared a closed space
for 2 hours with a case-patient during the infectious
period of the case-patient. Initially, 10 other chorists
and staff were classified as close contacts and re-
quired to quarantine (5).

On July 18, the church informed the communi-
ty about the case-patient, prompting testing among
members. On July 20, the Western Sydney Public
Health Unit was notified of 2 additional case-patients
who reported attendance on July 15 and 16. Neither
was known by the primary case-patient.

Because transmission was deemed likely to have
occurred at these services, we classified all attendees
of the 4 services as close contacts, required to quar-
antine, and requested to seek baseline SARS-CoV-2
testing regardless of symptoms (in addition to if
symptoms developed). Public health staff telephoned
attendees (identified by mandatory service sign-in re-
cords), released alerts through the church and media,
and established a testing clinic on-site. Close contacts
were contacted every 2-3 days to inquire about symp-
toms and advised to retest if symptoms developed.

We identified 508 close contacts across the 4 servic-
es (Table), of which 434 (85%) were recorded as having
a test within 17 days after exposure. Most contacts were
tested 2-7 days after exposure (Appendix Figure 1,
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Table. Number of SARS-CoV-2 close contacts and case-patients in an outbreak in a church, by service date, Australia, 2020*

Date of service, July No. contactst No. testedt Proportion tested, % No. cases Secondary attack rate, %
15 215 169 79 5 23
16 120 108 90 78 5.8
17 (2 services) 173 157 91 (18) NC
Total 508 434 85 12 24

*SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; NC, not calculated.

TContacts identified through church service sign-in records and staff lists. This procedure might slightly underestimate the number of contacts because
some persons might not have signed in and some telephone numbers were illegible or invalid.

fContacts were tested within 17 d (14-d incubation period plus 3 d) of the last exposure date. Pathology providers in New South Wales, Australia,
routinely report SARS-CoV-2 test results (positive or negative) to public health authorities. This number would not include tests performed under a

different name or spelling to that on the sign-in records.

80ne case-patient attended 2 services on July 16 and 17. Because of the absence of additional case-patients on July 17, we have attributed exposure of

this case-patient to have been on July 16.

https:/ /wwwnc.cdc.gov/EID/article/27/6/21-0465-
Appl.pdf).

We detected 12 secondary case-patients among
508 service attendees, yielding an overall second-
ary attack rate (SAR) of 2.4% across the 4 services
(Table). Five case-patients attended only the service
on July 15 (SAR 5/215, 2.3%), and 7 attended only
on July 16 (SAR 7/120, 5.8%). One case-patient who
attended on July 16 also attended on July 17; how-
ever, no case-patients were identified who attended
only a service on July 17. Secondary case-patients
showed development of symptoms 2-12 days after
exposure (Figure 1). Five of the secondary case-
patients were from the same households as ear-
lier cluster case-patients. Thus, these case-patients
might have been infected within the household
rather than the church. No secondary case-patients
reported other SARS-COV-2 exposures outside
these services. There were no deaths, although 3
case-patients were hospitalized, including 2 who
required intensive care.

SARS-CoV-2 genome sequencing was performed
for the primary case-patient and 10 secondary case-
patients (6). These case-patients formed a single ge-
nomic cluster with a maximum of 2 nt changes from
the SARS-CoV-2 genome of the primary case-patient
(Appendix Figure 2). High C, values for the remain-
ing 2 case-patients prohibited sequencing.

Figure 1. Epidemiologic curve 3=
of an outbreak of infection
with severe acute respiratory
syndrome coronavirus 2 in a
church, Australia, 2020. Red
indicates symptom onset date
for the index case-patient,
who sang at 4 services on
July 15-17; secondary case-
patient symptom onset dates

a1
1

No. case-patients
=

o

are color coded by date of
service attendance as
indicated along baseline (1

To further characterize exposures, we determined
the seating positions of secondary case-patients with-
in the church. We asked case-patients to describe
where they sat, and the video recordings of the ser-
vices were reviewed, jointly with the case-patients
where possible, to confirm locations.

The church was round, and pews were located
circumferentially. We were able to locate the exact
location of 10 of the 12 secondary case-patients by
using the recordings. The remaining 2 case-patients
(case-patients 3 and 4) were unable to review the
recordings but described the section and row in
which they sat. All secondary case-patients sat
within a 70° section, below and 1-15 m from the
primary case-patient (Figure 2). The primary case-
patient faced away from this area, and used a mi-
crophone. Cases were not detected in attendees
seated in other sections, and the spatial clustering
remains if the 5 potentially household-acquired
case-patients are excluded (case-patients 7, 8, 10,
12, and 13). None of the other choristers showed
symptoms or tested positive for SARS-CoV-2. Use
of masks was not in place.

To understand the ventilation, we conducted
2 site visits with the building manager. The church
had a high conical roof, and the ventilation system
at the apex was not in operating during the services.
The doors and windows were largely closed, except

11 12 13 14 17 18 19 20 21 22 23 24 25 26 27 28

Onset date, July

secondary case-patient attended services on July 16 and 17). The 5 case-patients with onsets of July 22—-26 also had exposures

to earlier outbreak case-patients in their households.

1678

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 6, June 2021



Front of church

4
3

@

10

4 Ea

@
° e
/ ?Piano

-

Main entry door, ©
ground floor

Choir loft

Airborne Transmission of SARS-CoV-2, Australia

Figure 2. Schematic diagram
of church layout showing
seating locations of primary
and secondary case-patients
during an outbreak of infection
with severe acute respiratory
syndrome coronavirus 2,
Australia, 2020. Case numbers
are based on order of notification
received by the Public Health
Unit. Location of case-patients
indicated in green and dark
blue were confirmed on video
recordings; the 2 case-patients
indicated in light blue described
their locations. The primary
case-patient was located in

an elevated loft ~3 m above
ground level. He was singing
and playing the piano throughout
the services and faced toward
the piano. Other members of
N the congregation were seated

@ Index case-patient
Secondary case-patients

® x Attended Jul 15, seat described
® Attended Jul 16

< throughout all sections of the

church during the 4 services.
Relatively more persons were
seated in the front area of the
church than in the sides or back.

as persons entered and exited, and the wall fans were
off, meaning there was minimal ventilation.

Conclusions
We detected 12 secondary case-patients linked to an
infectious case-patient at church services on 2 days.
Secondary case-patients were seated in the same
area of the church, up to 15 m from the primary case-
patient, with whom there was no evidence of close
physical contact. We believe that transmission during
this outbreak is best explained by airborne spread,
potentially the result of 3 factors. First, singing has
been demonstrated to generate more respiratory aero-
sol particles and droplets than talking (7). Second,
minimal ventilation might have enabled respiratory
particles to accumulate in the air, and convection cur-
rents might have carried particles toward the pews
where secondary case-patients were seated. Third,
the primary case-patient was likely near the peak of
infectiousness on the basis of low C, values (8) and
symptom onset occurring around the exposure dates
(9). Although we cannot completely exclude fomite
transmission, this transmission would not explain the
spatial clustering of case-patients within the church
over 2 days.

Strengths of our investigation include detailed
case and contact follow-up, availability of video re-
cordings of the services to confirm movements and

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

locations of case-patients, high uptake of testing by
contacts, and that SARS-CoV-2 genome sequencing
provided supportive evidence that case-patients were
closely related genomically. In addition, the New
South Wales context of low community transmis-
sion (10) and high estimated case ascertainment (11)
makes it unlikely that case-patients acquired infection
outside this cluster.

A limitation was that most contacts were tested
within a week of exposure, which could have been
too early to detect some asymptomatic infections. Sec-
ond, this investigation only provides circumstantial
evidence of airborne transmission, and does not help
elucidate the exact mechanism of spread. Finally, we
are unsure why transmission did not occur at the ser-
vices on July 17 (except in 1 possible instance); rea-
sons might be related to altered air flow, the primary
case-patient being past peak infectiousness, or that
cases that did occur went undetected.

This cluster occurred despite adherence to guide-
lines requiring microphone use and a 3-m cordon
around singers. Guidelines for places of worship were
tightened after this cluster was detected, including
increasing the distance required around a singer to 5
m. However additional mitigation measures might be
necessary to prevent airborne infection during church
services and singing, including increased natural or ar-
tificial ventilation (12) or moving activities outdoors.
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Ebola Virus I1gG Seroprevalence
IN Southern Mali

Sidy Bane, Kyle Rosenke, Ousmane Maiga, Friederike Feldmann,
Kimberly Meade-White, Julie Callison, David Safronetz, Nafomon Sogoba, Heinz Feldmann

Mali had 2 reported introductions of Ebola virus (EBOV)
during the 2013-2016 West Africa epidemic. Previously,
no evidence for EBOV circulation was reported in Mali.
We performed an EBOV serosurvey study in southern
Mali. We found low seroprevalence in the population,
indicating local exposure to EBOV or closely related
Ebola viruses.

he West Africa Ebola virus disease (EVD) epidemic

of 2013-2016 mainly affected the countries of Guin-
ea, Sierra Leone, and Liberia; its cause was Ebola virus
(EBOV; genus Ebolavirus, species Zaire ebolavirus) strain
Makona (1). EBOV was introduced into Senegal and
more noticeably into Nigeria; it was also exported into
several countries in Europe as well as the United States
(1). Overall, this outbreak was the largest on record,
resulting in ~30,000 EVD cases and 11,000 deaths (1).
During this epidemic, EBOV was also introduced twice
into Mali from Guinea, both times through the border
crossing close to Kouremalé (Figure). One introduction
came through a young child who had laboratory-con-
firmed EVD, which resulted in no transmission despite
intimate contact with others (2). The second introduc-
tion came through an imam who had non-laboratory-
confirmed probable EVD, with limited transmission.
In total, Mali reported 9 cases and 7 deaths throughout
2014 (2). Before those introductions, EBOV or other
filovirus infections were not previously reported from
Mali. As of April 2021, limited efforts have been made
to investigate EBOV prevalence in the country, and a
small study did not reveal serologic evidence for hu-
man exposure to EBOV (3).
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Southern Mali borders Cote d’Ivoire, Guinea, and
Burkina Faso. This region shares 1 ecosystem; there-
fore, southern Mali is likely to harbor similar arthro-
pod, rodent, and bat species as the neighboring coun-
tries, suggesting the possibility that similar zoonotic
pathogens may be present (4,5) (Figure). Therefore,
we tested human serum samples originally collected
in southern Mali for Lassa fever surveillance (6) for
the presence of EBOV antibodies.

The Study

We used 600 serum samples from healthy volunteers
collected in 2015 in Bamba, Banzana, and Soromba,
located in southern Mali, close to the border with
Cote d’Ivoire (Figure) (6). The human study protocol
was originally approved to determine the seropreva-
lence for Lassa virus and then later addended to also
identify the seroprevalence for EBOV (protocol nos.
15-1-N023 and 18-I-N060). We used 2 commercial
ELISA kits (Alpha Diagnostic International, https://
www.4adi.com) that detect human IgG to Zaire
EBOV nucleoprotein (NP) and glycoprotein (GP).
We performed the assays according to the manufac-
turer’s instructions by using heat-inactivated serum
samples (56°C for 60 min). All tests were run in a bio-
safety class Ila cabinet by personnel wearing personal
protective equipment, including N95 face mask, face
shield, laboratory coat, and double gloves.

All serum samples were first screened at a 1:100
dilution using the anti-EBOV GP assay. We observed
unexpected high reactivity at this serum dilution
(122/600; 20.3%) (Table) that was probably unspecific
low-affinity binding or cross-reactivity with other vi-
ruses. To reduce unspecific reactivity, we next tested all
positive serum samples at 1:400 dilution using the anti-
EBOV GP assay, resulting in 3.7% (22/600) positivity,
and anti-EBOV NP assay, resulting in 4.0% (24/600) se-
ropositivity (Table). Finally, we tested all samples that
were positive at 1:400 dilution at a 1:1,600 serum dilu-
tion; anti-EBOV GP assay had 0.2% (1/600) positivity
and anti-EBOV NP assay 0.7% (4/600) seropositivity
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(Table). Our testing algorithm considered positives at
a 1:100 dilution an equivocal test result. A positive re-
action at a serum dilution of >1:400 was considered a
positive test result. Using this algorithm, we detected
antibodies to EBOV GP, EBOV NP, or both in 37/600
(6.1%) of the study population. Nine (1.5%) partici-
pants had positive IgG responses to both EBOV NP
and GP antigens (Table). Our results indicate that the
population in southern Mali has had or still has ex-
posure to EBOV or closely related ebolaviruses. The
overall seroprevalence range was 1.5% (seropositivity
in both) -6.1% (a single assay >1:400).

Several scenarios may explain the results of this
study. First, EBOV or a related filovirus is endemic
and circulating in its reservoir species in southern
Mali leading to occasional human exposure. This
scenario is supported by a similar geographic envi-
ronment in the southern neighboring countries that
had documented EBOV seroprevalence (4,5) (Fig-
ure). A drawback of this hypothesis is the current
failure of finding EBOV or closely related viruses in

wildlife species, particularly bats, in most West Af-
rica countries. However, Bombali virus, a new Ebola-
virus species, was discovered in bats in Sierra Leone
and Guinea (7,8); serologic testing has also indicated
circulation in pigs in Sierra Leone and Guinea (9,10).

A second scenario is that exposure in southern
Mali was temporary and occurred through human-
to-human contact from cross-border movement dur-
ing the West Africa EVD outbreak. This scenario
may be supported by the sample collection time,
February 2015 but remains questionable because no
patients with EVD symptoms have been reported in
this region. However, this also holds true for Lassa
virus; 1 case of Lassa fever has been reported in
southern Mali despite high prevalence in the local
rodent reservoir (6).

Third, all seropositivity is due to cross-reactivi-
ty with other viruses or to unspecific, low-affinity
antibody binding. Filovirus serology, especially for
EBOV, has been controversial over the years. Early
reports of sometimes high seropositivity in certain

@ Study sites
B Capital city
— First case of Ebola

== Second case of Ebola

I Stream
[_1 Region limit

Figure. NDIV map showing 3 study sites, Bamba, Banzana, and Soromba (red circles), for investigation of Ebola virus IgG
seroprevalence in southern Mali. Red line indicates first Ebola virus introduction into Mali; purple dashed line indicates the second. Inset
map shows NDIVs of countries in West Africa. NDIV, normalized difference vegetation index.
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Ebola Virus IgG Seroprevalence in Mali

Table. Results of EBOV serology on 600 human samples from southern Mali*

No. (%) positive

EBOV GP IgG EBOV NP IgG Both

Location 1:100 1:400 1:1,600 1:100 1:400 1:1,600 1:100 1:400 1:1,600
Bamba 23 (11.5) 2(1.0) 0 ND 6 (3.0) 2(1.0) NA 1(0.5) 0
Banzana 39 (19.5) 9 (4.5) 1(0.5) ND 5 (2.5) 0 NA 2(1.0) 0
Soromba 60 (30.0) 11 (5.5) 0 ND 13 (6.5) 2(1.0) NA 6 (3.0) 0
Total 122(20.3) 22(3.7) _ 1(0.2) ND 24 (4.0) 4(0.7) NA 9 (1.5) 0

*A total of 200 samples were tested from each location. EBOV, Ebola virus;

GP, glycoprotein. NA, not applicable; ND, not done; NP, nucleoprotein.

regions and populations in Africa were generally
thought to be the result of cross-reactivity from the
use of assays with low specificity (11). However, se-
rologic testing tremendously improved with highly
specific and sensitive assays (12). Thus, the assump-
tion of false positives as an explanation for the results
seems unlikely. The conservation in the NP and GP
used as antigens in this study was 67%-75% for NP
and 54%-65% for GP among Ebolavirus species but
does not exclude cross-reactivity among species ac-
cording to the manufacturer information. In general,
GP antibodies are considered more specific due to
lower conservation of this protein among ebolavirus
species. In our study, the EBOV GP ELISA screen-
ing test produced high reactivity at a 1:100 dilution,
which probably does not reflect real EBOV seropreva-
lence as reported from other western and central Af-
rica countries (13,14). The antigen used in the anti-EB-
OV GP assay is produced in insect cells; populations
may have developed antibodies to insect cell proteins
due to exposure through insect consumption (15).
The NP antigen is produced in Escherichia coli bacteria
and likely has less protein contaminants than the GP
preparation because of more sophisticated antigen
purification. However, this concept is speculative; we
did not test serum samples in the anti-EBOV NP as-
say at a 1:100 dilution due to limited sample quantity.

Finally, caution may be necessary when inter-
preting serologic test results for EBOV and related
filoviruses in populations in Africa. Because more re-
liable, highly specific and sensitive serologic tests are
available, more attention should be given to establish
proper algorithms for interpretation. Confirmation
by independent tests including virus neutralization
assays will help. Unfortunately, serum sample vol-
umes in this study were too low to enable such con-
firmatory testing.

Conclusions

Given the limitations of our study and a conservative
approach for interpretation, our results indicate that
the population in southern Mali has been and likely
still is exposed to EBOV, other Ebolavirus species, or
related filoviruses at a seroprevalence of 1.5%-6.1%,
which is in the range described previously in west
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and central African countries (13,14). Additional
work is needed to support this finding, including
human surveillance in other regions of Mali. Public
health preparedness in Mali should include filovirus-
es. Initial ecologic studies aiming at identifying po-
tential reservoir species of filoviruses seem justified
for southern Mali.
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People with COVID-19 in and
out of Hospitals, Atlanta, Georgia

For many people, coronavirus disease (COVID-19) causes mild respiratory

symptoms. Yet others die of complications caused by the infection, and still

others have no symptoms at all. How is this possible? What are the risk
factors, and what role do they play in the development of disease?

In the pursuit to control this deadly pandemic, CDC scientists are
investigating these questions and more. COVID-19 emerged less
than 2 years ago. Yet in that short time, scientists have discovered
a huge body of knowledge on COVID-19.

In this EID podcast, Dr. Kristen Pettrone, an Epidemic Intelligence

Service officer at CDC, compares the characteristics of hospitalized and
nonhospitalized patients with COVID-19 in Atlanta, Georgia.
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Trends Iin Viral Respiratory
Infections During COVID-19
Pandemic, South Korea

Sujin Yum, Kwan Hong, Sangho Sohn, Jeehyun Kim, Byung Chul Chun

We compared weekly positivity rates of 8 respiratory vi-
ruses in South Korea during 2010—-2019 and 2020. The
overall mean positivity rate for these viruses decreased
from 54.7% in 2010-2019 to 39.1% in 2020. Pandemic
control measures might have reduced the incidence of
many, but not all, viral respiratory infections.

he government of South Korea has implemented

various measures to respond to the coronavirus
disease (COVID-19) pandemic since January 20, 2020,
when a case was officially reported in South Korea
(1). Such interventions can affect the incidence of not
only COVID-19 but also other respiratory viruses
that are preventable with hygiene practices and so-
cial distancing (2-5). For example, in South Korea the
2019-20 influenza season ended 12 weeks earlier than
in 2018-19, possibly because of the adoption of per-
sonal hygiene measures and restrictions on interna-
tional travel (3-5). However, many viruses can cause
acute respiratory infections; it is unknown whether
other viruses also might have altered incidence or
test positivity rates during the COVID-19 pandemic.
We examined how the weekly positivity rates for 8
major respiratory viruses differed during the 2020
COVID-19 pandemic in South Korea compared with
rates for 2010-2019.

The Study

We analyzed surveillance data from the Korea Influ-
enza and Respiratory Viruses Surveillance System
(KINRESS) established by the Korea Disease Control
and Prevention Agency (Cheongju-si, South Korea).
This surveillance system documents PCR results for
throat and nasal swab samples from outpatients of all
ages with symptoms of acute respiratory infections
at 52 sentinel medical institutions throughout the

Author affiliation: Korea University, Seoul, South Korea
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country. Samples were identified at 17 regional insti-
tutes for environmental health by real-time reverse
transcription PCR for 8 viruses: adenovirus, human
bocavirus (HBoV), human coronavirus (HCoV), hu-
man metapneumovirus (hMPV), human rhinovirus
(HRV), influenza virus, human parainfluenza virus
(HPIV), and respiratory syncytial virus (RSV) (6). We
analyzed the weekly positivity rates of all viruses ex-
cept hMPV during 2010-2019; we analyzed hMPV
infections during 2012-2019 because surveillance
for this disease began in 2012. We did not consider
the changes in testing numerators and denomina-
tors because those raw data were not available for
2014-2017. We compared the weekly positivity rates
for 2020 with those of weeks 5-52 during 2010-2019
by using a paired t-test. We excluded the first 4 weeks
of each year to reflect the timing of the identification
of COVID-19 in Korea. We reviewed the weekly posi-
tivity rates to detect any patterns already existing in
the previous 10 years. KINRESS does not include data
on severe acute respiratory syndrome coronavirus 2,
the causative agent of COVID-19; if a physician sees
a patient with suspected COVID-19, he or she refers
the patient to designated COVID-19 facilities. We
conducted all statistical analyses using SPSS Statistics
24.0 (SPSS Inc., http:/ /www.spss.com).

The overall mean weekly positivity rate for all
8 viruses significantly decreased from 54.7% (SD
£8.3%) during 2010-2019 to 39.1% (SD +15.3%) in
2020 (p<0.01) (Table). The decrease was largest for in-
fluenza virus (=9.3%, 95% CI =12.7% to =5.8%), HPIV
(=6.1%, 95% CI -7.5% to —4.7%), and RSV (-2.9%,
95% CI —4.4% to —1.4%). However, the positivity rate
for HRV increased by 6.6% (95% CI 2.7%-10.4%) and
that of HBoV increased by 1.8% (95% CI 0.2%-3.5%)
in 2020. The positivity rates for adenoviruses were
not significantly different.

In 2020, the total positivity rate for all 8 viruses
decreased sharply after week 5, when COVID-19
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Table. Mean weekly positivity rates of respiratory viruses during weeks 5-52, South Korea, 2010—2019 compared with 2020

Mean positivity (+SD), %

Virus 2010-2019 2020 Difference, % (95% CI)
Al studied viruses 54.7 (+8.3) 39.1 (£15.3) -15.6 (-21.0 to -10.2)
Adenovirus 7.4 (£2.1) 6.5 (£3.2) -0.9 (-2.1t0 0.3)
Human bocavirus 2.3 (£2.3) 4.1 (+4.5) 1.8 (0.2t0 3.5)
Human coronavirus 3.4 (x2.4) 1.2 (+2.8) -2.2(-3.1t0 -1.3)
Human metapneumovirus* 3.1 (£3.4) 0.6 (£1.4) -2.5(-3.5t0-1.4)
Human rhinovirus 17.4 (+4.9) 23.9 (£15.0) 6.6 (2.7 to 10.4)
Influenza virus 11.0 (+13.4) 1.7 (£6.7) -9.3 (-12.7 to -5.8)
Human parainfluenza virus 6.2 (+4.7) 0.1 (x0.3) -6.1 (-7.5t0 -4.7)
Respiratory syncytial virus 3.8 (+4.4) 0.9 (£1.9) -2.9 (-4.4t0-14)

*Surveillance began in 2012.

emerged in South Korea and the government intro-
duced nonpharmaceutical interventions (Figure). The
positivity rates of HCoV, hMPV, and influenza virus
abruptly decreased after week 5, reaching nearly 0 by
the end of 2020. Until mid-2020, the positivity rates of
RSV remained unchanged from those of the past 10
years; however, in 2020 the usual late autumn-winter
outbreak of RSV did not occur. In contrast, the weekly
positivity rate of HBoV increased significantly after

the 40th week of 2020 compared with rates for previ-
ous years, causing a significantly higher overall HBoV
positivity rate in 2020. We did not observe substan-
tial changes in epidemic patterns of AdV and HRV
in 2020, although the average positivity rate of HRV
was significantly higher than in the previous 10 years.

HRV and adenovirus do not have distinct sea-
sonal trends in South Korea. KINRESS does not in-
clude data on the exact serotypes of rhinoviruses
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Figure. Mean weekly positivity rates for 8 respiratory viruses, South Korea, 2010-2019 compared with 2020. Vertical yellow line
indicates the week of the first COVID-19 case in South Korea (i.e., the 5th week of 2020). Red line indicates weekly viral positivity rate
in 2020. Blue bars show reported COVID-19 cases (Korean Ministry of Health and Welfare, http://ncov.mohw.go.kr/en). Dashed line
indicates mean weekly positivity rates during 2010-2019 (data smoothed using the Loess method); gray shading indicates 95% CI. A)
Total. B) Adenovirus. C) Human bocavirus. D) Human coronavirus. E) Human metapneumovirus. F) Human rhinovirus. G) Influenza
virus. H) Human parainfluenza virus. 1) Respiratory syncytial virus. COVID-19, coronavirus disease.
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and enteroviruses. The other 6 viruses have distinct
seasonalities; the timing of the peak is slightly differ-
ent for each virus and changes slightly each year (7).
HCoV, influenza virus, and RSV show peak activity
in the winter (i.e., December-February); meanwhile,
HBoV, hMPV, and HPIV usually show peak activity
in the spring to early summer (i.e., March-June) in
South Korea (Figure) (8). Our results suggest that the
positivity rates for seasonal respiratory viruses have
significantly decreased in 2020. The exception to this
pattern is HBoV, which was highly prevalent in late
autumn and winter of 2020, when the third surge of
COVID-19 started in South Korea (Figure). The posi-
tivity rate of HBoV increased when social distancing
measures were strengthened by the government. The
average positivity rate of HBoV during weeks 47-52
was 13.3% (SD £3.3%) in 2020, compared with 0.7%
(SD +0.2%) during the same period in the past 10
years. HBoV is common among children 6-24 months
of age in South Korea; this infection requires treat-
ment with oxygen and systemic steroids more fre-
quently than other viral lower respiratory infections
in children (8).

Conclusions

We found that acute respiratory infections caused
by seasonal viruses (except HBoV) had significantly
lower positivity rates during the COVID-19 pandemic
in South Korea. These overall results agree with other
studies on respiratory viruses (3-5). The positivity
rate of HBoV increased in November-December 2020
in proportion to the number of COVID-19 cases. The
changes in the positivity rates of HRV and adenovi-
rus, which are not seasonal, showed different pat-
terns; positivity rates of adenovirus did not change
and those of HRYV significantly increased. Some stud-
ies have shown that the detection of HRV has a nega-
tive association with influenza A virus and a positive
association with adenovirus, HPIV, and RSV (9,10).
Little is known about the interaction of HBoV or se-
vere acute respiratory syndrome coronavirus 2 with
other respiratory viruses. Further research on the de-
layed outbreak of HBoV during the COVID-19 pan-
demic is needed.

One limitation of this study is that the changes
in positivity rates do not necessarily indicate chang-
es in incidence. The number of specimens collected
during weeks 5-52 decreased to 4,576 in 2020 from
11,083 in 2019 and 10,734 in 2018. During 2014-2017,
KINRESS reported only weekly positivity rates, not
raw data on the numbers of specimens. It is pos-
sible that in 2020, patients with acute respiratory
symptoms might have visited COVID-19 screening

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021
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centers rather than other facilities. Also, most of the
viruses we studied comprise multiple types and spe-
cies, including many with different circulation pat-
terns. During the study period, case detection and
laboratory methods did not change for healthcare
centers affiliated with KINRESS.

In conclusion, nonpharmaceutical interventions
such as social distancing might have altered trends in
seasonal outbreaks of respiratory viruses during the
COVID-19 pandemic in South Korea. The effects of
these interventions vary for each virus. These results
show that respiratory viral activities should be moni-
tored continuously during the pandemic.

This work was supported by the Research Program funded
by the Korean Disease Control and Prevention Agency
(grant no. 2020-ER5313-00).
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Seroty pe-Sw itch Variant of
Multidrug-Resistant Streptococcus
pneumoniae Sequence Type 271

Erin M. Scherer,! Bernard Beall, Benjamin Metcalf

We discovered 3 invasive, multidrug-resistant Strepto-
coccus pneumoniae isolates of vaccine-refractory capsu-
lar serotype 3 that recently arose within the successful
sequence type 271 complex through a serotype switch
recombination event. Mapping genomic recombination
sites within the serotype 3/sequence type 271 progeny
revealed a 55.9-kb donated fragment that encompassed
cps3, pbpla, and additional virulence factors.

treptococcus pneumoniae (pneumococcus) clonal

complex (CC) 271 consists of broadly distributed,
antimicrobial drug-resistant pneumococcal strains
of serotypes 19F and 19A, first recorded in serotype
19F strains from 1992 (https://pubmlst.org). Two
successful multivalent pneumococcal conjugate vac-
cines (PCV) targeting common invasive pneumococ-
cal disease (IPD) serotypes (1,2) were introduced in
the United States in 2000 (PCV7, targeting serotypes
4, 6B, 9V, 14, 18C, 19F, and 23F) and 2010 (PCV13,
targeting PCV7 serotypes plus 1, 3, 5, 6A, 7F, and
19A). Serotype 19A CC271, likely arising through
serotype switch with serotype 19F, emerged as the
most common cause of IPD in the United States af-
ter introduction of PCV7 (3). After introduction of
PCV13, IPD caused by serogroup 19 CC271 greatly
decreased (2,4).

Three serotype 3 sequence type (ST) 271 pneumo-
coccal isolates from adult invasive pneumonia cases
in Connecticut and Maryland, USA, were recovered
through the Centers for Disease Control and Preven-
tion Active Bacterial Core surveillance (ABCs) in 2016
(isolate 20155315-S-ABC), 2017 (isolate 20170822-S-
ABC), and 2018 (isolate 20182806-S-ABC). These
isolates have a common origin; they differ by 6-29
single nucleotide polymorphisms (SNPs) and share
identical serotype 3 capsular polysaccharide biosyn-
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thetic operons (cps3) and penicillin-binding protein
(PBP) sequence types (la-17/2b-16/2x-47). Isolates
20155315-S-ABC and 20170822-S-ABC differed by 6
SNPs and were recovered 16 months apart during
2016-2017 from the same person. These 3 pneumo-
coccal isolates represent a novel recombinant sero-
type 3 variant of the globally distributed, antimicro-
bial drug-resistant lineage ST271.

The polysaccharide capsule, of which there are >90
structurally and serologically unique types, is the pri-
mary pneumococcal virulence factor (5). Serotype 3 is
historically associated with higher virulence than other
serotypes and currently causes the largest proportion
of IPD cases in the United States (>12% of all cases)
(4). Although serotype 3 is included in PCV13, PCV13
provides poor protection against serotype 3 because
of unique qualities of the serotype 3 capsule (6,7). In
keeping with the ST271 heritage, the 3 serotype 3/
ST271 isolates share the same antimicrobial-resistance
mechanisms, including reduced affinities for B-lactams
(mosaic PBPs), dual mechanisms for macrolide resis-
tance (ErmB rRNA methylase and MefA/MsrD mac-
rolide efflux system), clindamycin resistance (ErmB),
cotrimoxazole resistance (altered FolA and FolP en-
zymes), and tetracycline resistance (TetM-mediated ri-
bosome alteration) (Appendix 1, https:/ /wwwnc.cdc.
gov/EID/article/27/6/20-3629-Appl.xlsx).

To reveal genomic regions within the 3 serotype
3/ST271 progeny resulting from recombination, we
first identified likely recipient and donor strains in-
volved in the serotype switch event (Appendix 2,
https:/ /wwwnc.cdc.gov/EID/article/27/6/20-
3629-App2.pdf). Phylogenetic analysis using publicly
available genome sequences revealed single contig
ST271 genomes that shared highest relatedness with
3/ST271. Strain A026 (19F/ST271) recovered in China
during 2006-2008 was the most highly related puta-
tive genetic recipient (Figure, panel A). Two 19F/271

'Current affiliation: Emory University, Atlanta, Georgia, USA.
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invasive ABCs isolates recovered from infants (6299-
05 in Tennessee in 2004 and 2012214924 in Cali-
fornia in 2012) had the closest matching PBP type
to serotype-switch 3/ST271 isolates, sharing 2 of
3 PBP sequences (PBP2B-16 and PBP2x-47) (Ap-
pendix 1). Both ABCs 19F/ST271 isolate genomes
shared more relatedness with 3/ST271 than pub-
licly available 19F/271 genomes (Figure, panel A).
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By using BLAST (https://blast.ncbinlm.nih.gov/
Blast.cgi) and whole-genome shotgun database (Ap-
pendix 2), we identified the likely cps3 donors (3/
ST700 strains B20605 and 73D368810). B20605 and
73D368810 shared sequence identity to the 9522 bp
region (dexB to pgm) encompassing the ~5,000-bp cps3
operon of the 3/5T271 isolates. In contrast to serotype
3 strains in the United States that are typically basally
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Figure. Streptococcus pneumoniae serotype 3/ST271 lineage resulting from a recombination event between a 19F/ST271 recipient

and 3/ST700 donor. A) Phylogenetic tree showing progeny serotype 3/ST271 isolates 20155315-S-ABC, 20170822-S-ABC, and
20182806-S-ABC (red arrow) most closely related to the putative recipient 19F/ST271 isolates 6299-05 and 2012214924 (blue arrows).
The most closely related ST271 single contig reference is A026 (also indicated with blue arrow). Branch colors: yellow, additional 19F/
ST271 Active Bacterial Core surveillance (ABCs) isolates and single contig references; red, single-locus variant single contig references
or ABCs isolates; orange, double-locus variant single contig reference or ABCs isolates; blue, ST320 ABCs isolates. Zero-, single-,

and double-locus variant, single contig references were identified by using the PUbMLST database (https://pubmist.org). Scale bar
corresponds to 1,062 single nucleotide polymorphisms. B) Phylogenetic alignment of the 3 recombinant serotype 3/ST271 isolates

and closest known genomic matches of the ST271 recipient lineage and a schematic of recombinant genome fragments, represented
by rectangular blocks, that were predicted by Gubbins (10). Block locations and sizes are relative to the aligned genomes; red blocks
represent sites in common between >2 isolates (1 site, <150 bp in length, was not counted among the 17 total shown), blue blocks

sites unique to a given isolate, and gray blocks the serotype-switch fragment that replaced the corresponding cps19F region within

the recipient 19F/ST271 strain. The cps3 locus was not identified using Gubbins because of its complete divergence from cps19F and
instead was identified using ProgressiveMauve (12) within the encompassed 55.9 kb fragment (panel C). Gray block contains cps3,
pbpla (PBP1A-17), trigger factor, and choline binding protein G genes. C) Schematic illustrating ancestral recombination event between
the 3/ST700 donor (B20605) and 19F/ST271 recipient (A026) to yield the 3/ST271 progeny (20155315-S-ABC). Deduced crossover
points, including coordinates in the progeny, are shown. luxS and spsB genes are shown as blue/red hybrids. The minimum genes of
the cps3 operon required for polysaccharide capsuale biosynthesire shown in gray (ugd, wchE, gtaB). Genes with arrows in black differ
between B20605 and 73D36881 and are absent in the 3/ST271 isolates. ST, sequence type.
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susceptible to antimicrobial drugs (4), the likely sero-
type 3/ST700 donor strain was predicted to have in-
termediate penicillin resistance attributable to the mo-
saic pbpla gene (PBP1A-17), which was co-transferred
with the donor cps3 locus to the 19F/ST271 recipient
(Appendix 1). Serotype 3/ST700 isolates are docu-
mented in several countries in Africa but not in the
United States (https://pubmlst.org/spneumoniae).

To identify recombination sites, we mapped se-
quencing reads from the 3 3/ST271 isolates, 6299-
05 (19F/ST271), and 2012214924 (19F/ST271) to
A026 (19F/ST271) and then aligned the 6 genomes
as described (8,9) (Appendix 2). The aligned 19F/
ST271 and 3/ST271 genome sequences were input
into Gubbins (10) (Appendix 2), which identified
17 recombinational fragments within 3/ST271 (me-
dian size 6,629 bp [range 363-59,159 bp]) (Figure,
panel B). BEDTools (9) was applied to extract DNA
sequences from recombinational fragments, and
Prokka (11) was used to annotate sequences. Pro-
gressive Mauve (12) revealed the cps3 operon in the
3 serotype 3/ST271 isolates on a 55.9-kb fragment
that apparently originated from the serotype 3/
ST700 donor (Figure, panel C). This region includ-
ed the cps3 operon, pbpla, and 2 additional viru-
lence factor genes (trigger factor [tig] and choline
binding protein G [cbpG]). The corresponding re-
gion in 3/ST700 isolate B20605 contains genes that
differ from serotype 3/ST700 isolate 73D36881 and
are absent in the 3/5T271 isolates (Figure, panel C).
This difference indicates that additional gene inser-
tions occurred within this potential recombination
hotspot in B20605 and 73D36881 and that this re-
gion subsequently might have been lost in the sero-
type 3/5ST271 progeny.

When we compared the genes encoded in the
serotype-switch region of the recipient with the cor-
responding region from the progeny and donor, we
found they encoded near-identical virulence factors
as identified by using the Virulence Factors Data-
base (http:/ /www.mgc.ac.cn/ VFs/main.htm). The
tig and cbpG genes have roles in pathogenesis and
are cell wall surface-localized, highly conserved
among S. pneumoniae, and immunogenic (13-15).
Capsular polysaccharides provide the basis of ap-
proved S. pneumoniae vaccines. The limited efficacy
of the serotype 3 component of PCV13 is probably
attributable to high-level expression (thickness)
of the serotype 3 capsule and its shedding by the
bacteria (6,7). At the nucleotide level, tig, . ...« .xc
and tig, . share 99.1% identity (11 SNPs apart);
cbpG, ) 55315.5.45c @and cbpG, . share 51.0% identity,
and cps3 and cps19F operons are highly divergent
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(6). Moreover, the pbpla gene within the 55.9-kb
genomic fragment is identical between the 3 3/
ST271 isolates and donor 3/ST700 strains and ex-
hibits only 81.7% identity with the putative recipi-
ent 19F/ST271 strains. Recombination introduced
a distinct virulence factor (replacement of the sero-
type 19F capsule with a structurally and serologi-
cally unique serotype 3 capsule) and introduced
diversity in the surface protein virulence factors
expressed in the serotype 19F/ST271 lineage.

To understand the effects of recombination, a
comparison of fitness and virulence of progeny and
parental strains in mouse models might be valu-
able. Our study highlights the existence of the 3/
ST271 strain, because currently no vaccine is avail-
able and few antimicrobial drugs are predicted to
optimally target this strain should it gain traction.
Asymptomatic nasopharyngeal carriage serves as
the major reservoir of highly common noninvasive
infections and precedes invasive infections. Three
nearly isogenic invasive isolates of this clone ap-
pearing over an expanse of 3 years in 2 different
states is a concerning sign of a successful foothold
within the carriage reservoir. All 3 cases were
caused by bacteremic pneumonia in middle-aged
patients. Of particular interest is the isolation of this
strain 16 months apart from blood specimens from
the same person (isolates 20155315 and 20170822),
which is a rare occurrence and suggests a failure to
eradicate the organism and long-term carriage or
potentially the reacquisition of the strain from per-
sons in the community. The recovery of still anoth-
er invasive isolate of this same clone in 2018 further
suggests a level of fitness required for long-term
survival in the carriage reservoir and potential to
cause IPD. Further, after the review process of this
manuscript, ABCs has reported recovery of 2 addi-
tional closely related 3/ST271 case isolates during
2019 from Minnesota (B. Beall, unpub. data, 2020).
This new strain complex has unique features po-
tentially guiding its success, including high antimi-
crobial resistance, a capsule ineffectively targeted
by PCV13, and undefined parameters inherent to
the predominant invasive lineage of the post-PCV7
era. These observations emphasize the clear need
for a pneumococcal vaccine that effectively targets
serotype 3.
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Reemergence of Scabies Driven
by Adolescents and Young Adults,
Germany, 2009-2018

Felix Reichert, Maike Schulz, Elke Mertens, Raskit Lachmann, Anton Aebischer

To validate anecdotal evidence on scabies infestations,
we analyzed inpatient and outpatient claims data in Ger-
many. Scabies diagnoses increased 9-fold and treat-
ment failure 4-fold during 2009-2018, driven mainly by
persons 15-24 years of age. Prevention and control in
young adults appear key because of these persons’ high
mobility and social connectivity.

Anecdotal evidence from clinicians in Germany
suggests an increase in scabies; sales of scabi-
cides by pharmacies in Germany have quadrupled
during 2012-2017 (1,2). In addition, clinicians and sci-
entists have raised concerns about resistance to stan-
dard treatment (3). In Germany, scabies is not report-
able, and no recent national incidence estimates exist.

Scabies is diagnosed clinically, but confirmation
through skin scrapings or dermatoscopy is not always
performed in Germany (I). The national guideline
recommends a single application of permethrin 5%
cream for common scabies (4). Ivermectin, licensed in
Germany in 2016, is recommended in cases of crusted
scabies, immunosuppression, and contraindications
for topical treatment (4). A second application is rec-
ommended after 7-15 days in outbreaks and patients
with crusted scabies, immunosuppression, or persis-
tent infestation. We investigated incidence of scabies
in Germany for 2009-2018.

The Study
We analyzed claims data of outpatients insured by
German statutory health insurance (SHI) funds,
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which applies to #90% of the population of Germany
(5). Information on all ambulatory consultations and
filled prescriptions of SHI-covered patients are gath-
ered and stored up to 10 years for the SHI Physicians’
Association by the Central Research Institute of Am-
bulatory Health Care.

We defined a case as any patient consultation
during 2009-2018 marked with code B86, “sca-
bies,” from the International Classification of Dis-
eases (ICD), 10th Revision. We counted patients
with repeat consultations only once per year. We
excluded cases with missing or implausible age
or sex information. We extracted, aggregated, and
analyzed time of diagnosis, age, sex, and area of
residence. We calculated incidence as number of
cases per 100,000 SHI members per year. We also
analyzed prescribing data for allethrin, benzyl ben-
zoate, crotamiton, ivermectin, lindane, and perme-
thrin linked to cases. We assumed treatment failure
and defined repeated prescriptions if a patient re-
ceived prescriptions for 2 scabicides within a year
>28 days apart, regardless of substance (6). Use of
claims data is regulated by the Code of Social Law
(Sozialgesetzbuch) in Germany; ethics approval
and informed consent are not required.

In 2009, German SHI funds had 70,011,508 mem-
bers, and scabies was diagnosed 42,585 times in phy-
sician practices, out-of-hours services, and hospital
emergency departments in the ambulatory setting. In
2018, diagnoses were 382,043 for 72,802,098 members,
a 9-fold increase in 9 years (Figure 1) and an overall
incidence of 525/100,000 persons.

The highest incidence and a >11-fold increase
during 2009-2018 were observed in persons 15-19
and 20-24 years of age (Figure 2). The increase in
incidence was more pronounced in boys and men,
especially for those 15-19 (23% lower incidence
than girls and women in 2009 vs. 7% higher in 2018)
and 20-24 years of age (5% lower incidence in 2009
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are unknown.
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Filled prescriptions for scabicides increased 14-fold
during 2009-2018, from 57,482 to 815,952. Our review of
preliminary data through mid-2020 suggests a contin-
ued increase. Permethrin was the most commonly used
scabicide (90% of prescriptions in 2009; 71% in 2018).
Since its licensing in 2016, ivermectin has become the
second most prescribed scabicide (27% of prescriptions
in 2018). Repeated prescriptions became more common
over time (6% of all patients in 2009 vs. 23% in 2018);
in 2018, the highest proportion of these was seen in pa-
tients 15-19 years of age (Table).

To extend the time period covered, we included
diagnostic data from hospitals in Germany available
starting in 1994 (most acute care hospitals; n = 1,942
in 2017) (7). We extracted the number of hospital-
ized patients with scabies by age group from publicly
available databases (7) on the basis of code 133, “aca-
riasis” (1994-1999), from ICD, 9th Revision, and code
B86, “scabies” (2000-2018), from ICD, 10th Revision.

As with outpatients, scabies was increasingly di-
agnosed in inpatients beginning in 2010, indicating
the value of these data as a proxy for the time period
1994-2009 (Figure 1). During the period 1994-2018,
case numbers decreased for the first 16 years, but the
proportion of cases in persons 15-24 years of age per-
sistently increased, from 9% to 20% (Figure 1). The
proportion of cases in persons <15 years of age de-
creased at the same time, from 59% to 46%.

Conclusions

This study, which analyzed claims data, shows a
reemergence of scabies in Germany, with a shift
in age distribution and an increase in treatment
failure. After a decrease in scabies cases from the

Reemergence of Scabies, Germany, 2009-2018

mid-1990s through 2008, scabies diagnoses in-
creased 9-fold and scabicide prescriptions 14-fold
during 2009-2018.

Two main observations may help explain this
increase. First, persons 15-24 years of age have been
particularly affected by the increase in recent years.
In contrast, globally, prevalence is highest in young
children, as it was in Germany in the mid-1990s (8).
A recent report from Norway highlights that this age
shift is observed internationally (9). Increased inci-
dence was reported from Croatia (10), and diagnostic
data in the Netherlands since 2012 have shown an in-
cidence increase, including outbreaks not only in care
facilities but also among students (E. Fanoy, Public
Health Service, Rotterdam-Rijnmond, the Nether-
lands, pers. comm., May 15, 2020). Adolescents and
young adults, particularly male, show the highest
social connectivity (11). For this generation of young
adults, mobility is not limited by country borders,
which complicates contact tracing (12). The possible
contribution of cross-border transmission to the inter-
national reemergence of scabies must be investigated
in further studies. Moreover, young adults have the
highest proportion of new sex partners within the
previous year (13). Scabies can be seen as a sexually
transmitted infection, but unlike other such infec-
tions, scabies cannot be prevented by condom use.
However, intimate contacts that favor scabies trans-
mission are not limited to sexual intercourse and may
be related to other behaviors linked to social connec-
tivity and more common in this age group, such as
shared housing and couch surfing.

Second, repeated scabicide prescriptions are es-
pecially frequent in adolescents and young adults.

Table. Number of outpatients with repeated scabies treatment prescriptions after >28 d, by age group, Germany, 2009 and 2018

No. patients with
scabicide prescription

No. patients with repeated

Percentage of patients with

scabicide prescription repeated prescriptions

Age group, y 2009 2018 2009 2018 2009 2018
<5 3,844 29,255 248 6,999 6 24
5-9 4,687 33,002 264 7,988 6 24
10-14 3,781 37,693 230 10,298 6 27
15-19 4,900 71,610 314 21,100 6 29
20-24 4,350 57,271 225 14,351 5 25
25-29 3,017 33,830 131 7,072 4 21
30-34 2,235 24,466 106 4,630 5 19
35-39 2,215 23,871 92 4,565 4 19
40-44 3,091 23,327 131 4,689 4 20
45-49 3,062 25,006 133 5,108 4 20
50-54 2,354 24,197 125 4,405 5 18
55-59 1,821 17,485 123 2,941 7 17
60-64 1,274 11,534 87 1,917 7 17
65-69 1,376 8,043 110 1,376 8 17
70-74 1,509 5,778 109 906 7 16
75-79 1,230 6,920 102 1,105 8 16
280 3,321 15,998 230 2,228 7 14
Total 48,067 449,286 2,760 101,678 6 23
Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021 1695
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Failure of first-line treatments is observed in
6%-8% of patients in clinical trials (14). Although
studies are needed for direct information on
treatment failure, repeated prescriptions (as a proxy
for treatment failure) occurred in comparable pro-
portion in Germany in 2009 (Table). Alarmingly,
since 2009 this proportion has more than doubled
in all age groups but has more than quadrupled in
adolescents and young adults. Although we can-
not exclude reduced drug efficacy, we consider low
therapeutic compliance and higher risk of reinfesta-
tion resulting from inefficient treatment of contact
persons in this group to be the more relevant cause.
Young adults show low medication adherence and
high social connectivity, in particular within their
own peer group (11,15).

Our analyses of claims data have limitations, in-
cluding unknown extent of misdiagnosis and incor-
rect coding, lack of information on patients” compli-
ance and medical history, and retreatment because
of persisting symptoms rather than persisting infes-
tation. In addition, recently raised awareness may
have led to more diagnosed cases. Furthermore, pre-
scriptions that were not reimbursed by the statutory
health insurance but were purchased by the patients
themselves in the pharmacy were not included in
the database.

In summary, epidemiology of scabies in Germa-
ny has changed, and persons 15-24 years of age are
the new most-affected age group. This group likely
drives a current epidemic with uncurbed dynam-
ics. Treatment failure is particularly high in this age
group. Improvements in disease management strat-
egies to address and improve awareness, compli-
ance, risk behavior, and contact identification in peer
groups are urgently needed.
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Role of Anopheles stephensi
Mosguitoes in Malaria Outbreak,
Djibouti, 2019
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Anopheles stephensi mosquitoes share urban breeding
sites with Aedes aegypti and Culex quinquefasciatus
mosquitoes in the Republic of Djibouti. We present evi-
dence that A. stephensi mosquitoes might be responsible
for an increase in malaria incidence in this country. We
also document resistance of Plasmodium falciparum to
dihydroartemisinin/piperaquine.

he Republic of Djibouti, bordered by Eritrea, Ethi-

opia, and Somalia, is a semiarid country in the
Horn of Africa. The population comprises <900,000
persons, 70% of whom live in Djibouti, the capital
city. Before 2013, malaria was hypoendemic to the
country, with low levels of transmission in periruban
and rural areas during December-May. Localized
outbreaks occurred regularly, possibly caused by
migration from surrounding countries. Most cases
were caused by infection with Plasmodium falciparum
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(>80%) or P. vivax. Before 2013, researchers consid-
ered the Anopheles arabiensis mosquito to be the pri-
mary vector (1).

The incidence of malaria had drastically de-
creased in the country since 2008; by 2012, this trans-
mission level was compatible with preelimination
goals (2,3). In 2013, an autochthonous outbreak of
malaria occurred in Djibouti; field entomologic in-
vestigations identified An. stephensi mosquitoes as a
new malaria vector (4). This species, a known vector
of urban malaria in India and the Arabian Peninsula,
has changed the epidemiologic profile of malaria in
Dijibouti (5). In 2018, malaria incidence increased to
25,319 confirmed cases (64% caused by P. falciparum
and 36% by P. vivax) and >100,000 suspected cases
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/27/6/20-4557-Appl.pdf).

The French Armed Forces (FAF) have served in
Djibouti for decades. Service members and their fami-
lies (2,700 persons) live in the capital. Despite ma-
laria prevention and treatment measures described
elsewhere (6), an outbreak among French military
personnel occurred in February 2019; failure of early
artemisinin combined therapy was documented in 1
patient.

The Study

We collated FAF epidemiologic surveillance data
on malaria cases among service members in Dji-
bouti during 1993-2019; the 2019 data included cases
among family members. We defined a malaria case
as an illness resulting in a positive result on a rapid
diagnostic test or thin blood smear.

We conducted the field investigation in the capi-
tal during February 28-March 22, 2019. We obtained
a dried blood spot on filter paper from each patient
and stored the samples in a sealed plastic pouch until
processing. We extracted DNA from the samples and
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confirmed diagnosis using PCR. We sequenced the
antimalarial drug resistance molecular markers Pfd-
hfr, Pfmdr1, Pfcrt, and the propeller domain of PfK13
as described elsewhere (7). We treated patients with
a 3-day regimen of dihydroartemisinin/piperaquine
and measured levels of parasitemia on days 0 and 3;
this treatment failed in 1 patient with malaria caused
by P. falciparum. As follow-up for this patient, we col-
lected blood samples from that patient on day 8 to
determine piperaquine concentration using liquid
chromatographic-tandem mass spectrometry.

We collected adult mosquitoes using human
landing catches, CDC light traps, and BG-Sentinel
and Suna traps (Biogents, https://www.biogents.
com) (Table). We conducted larval prospecting in
pools of water in French military camps, Djibou-
tian military police locations, and the Ambouli Gar-
dens (a public area with a garden market and cattle
breeding range). We reared larvae until imago emer-
gence, then identified adult mosquitoes using a
morphologic key (Walter Reed Biosystematics Unit,
http://vectormap.si.edu/downloads/VHazard

Table. Adult and larval mosquitoes collected by human landing
catches and traps, Djibouti, Republic of Djibouti, 2019*
Species and sampling Resources/time

methodt No. (% female) expended

Anopheles stephensi
HLC 1(100.0) 2 persons/7 h
BG Sentinel Trap 1(100.0) 2 traps/120 h
Larval emergence 190 (56.8)
Subtotal 192 (57.3)

Aedes aegypti
HLC 11 (100.0) 2 persons/7 h
BG Sentinel Trap 88 (56.8) 2 traps/120 h
Suna Trap 10 (90.0) 2 traps/96 h
CDC Light Trap 2(100.0) 2 traps/120 h
Larval emergence 32 (46.9)
Subtotal 143 (60.8)

Culex quinquefasciatus
HLC 113 (100.0) 2 persons/7 h
BG Sentinel Trap 573 (68.2) 2 traps/120 h
Suna Trap 221 (57.5) 2 traps/96 h
CDC Light Trap 408 (66.2) 2 traps/120 h
Larval emergence 26 (92.3)
Subtotal 1,341 (69.0)

Other Culex sp.
HLC 43 (100.0) 2 persons/7 h
BG Sentinel Trap 5 (40.0) 2 traps/120 h
Suna Trap 2(100.0) 2 traps/96 h
CDC Light Trap 10 (100.0) 2 traps/120 h
Larval emergence 99 (71.7)
Subtotal 159 (80.5)

Total 1,835 (68.1)

*HLC, human landing catch.

tSampling methods were CDC Light traps, BG-Sentinel and Suna traps
(Biogents, https://www.biogents.com), as well as HLC and larval
emergence in laboratory. Each BG-Sentinel trap was baited with BG-MB5
attractant (Biogents) and a CO2 production system (>50,000 ppm) based
on the fermentation of sugar, yeast, and agar. For larval emergence
method, larvae were collected and reared in laboratory until imago
emergence.
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Reports/ VHR_Anopheles_stephensi_2018.pdf). We
extracted DNA from the legs of 103 An. stephensi
mosquitoes and sequenced the cytochrome oxidase C
subunit I gene to confirm morphologic identification.
In addition, we conducted a phylogenetic analysis
(Appendix Figure 2).

In the early 2000s, malaria incidence in the FAF
was only 1-4 cases per year; during 2011-2013, no cas-
es were documented (Figure 1). Malaria reemerged
in 2014 and reached an incidence of 5.9 cases/1,000
persons in 2018 and 8.1 cases/1,000 persons in 2019.
In the 2018-19 season, P. falciparum and P. vivax co-
circulated (P. falciparum caused 20/38 [53%] cases, P.
vivax caused 17/38 [45%] cases, and P. ovale caused
1 [2%] case). Among the country’s population, inci-
dence increased from 25.5 cases/1,000 persons in
2018 to 49.8 cases/1,000 persons in 2019 (Appendix
Figure 1) (8). In 2019, we documented 1 instance of
treatment failure in a FAF service member with P. fal-
ciparum infection; this patient had a thin blood smear
showing a parasitemia level of 2.0%. After 3 days of
treatment with dihydroartemisinin/piperaquine, the
patient still had a fever and 2.0% parasitemia level.
The piperaquine plasma concentration on day 8 was
77.7 ng/mL, above the therapeutic threshold (38.1
ng/mL [95% CI 25.8-59.3] expected on day 7), con-
firming good regimen adherence and absorption (9).
This case met the definition for early treatment failure
of an artemisinin derivative according to criteria from
the World Health Organization (https://apps.who.
int/iris/handle/10665/162441). We sequenced mo-
lecular markers of resistance to antimalarial drugs for
9 P. falciparum isolates (Appendix Table 3). All isolates
had molecular markers associated with resistance to
mefloquine. In addition, 89% had resistance markers
against chloroquine and pyrimethamine or progua-
nil. We did not observe any mutations in the K13 pro-
peller region (which sometimes contains mutations
associated with artemisinin resistance), including
the isolate from the patient in whom treatment failed
(10). In Africa, failures of artemisinin combined ther-
apy potentially caused by K13 mutations observed in
Southeast Asia remain rarely described (11).

We conducted entomologic investigations dur-
ing a dry period (i.e., February-March). We collected
1,835 adult mosquitoes and larvae: 1,500 Culex, 143
Aedes aegypti, and 192 An. stephensi (Table). We caught
2 adult An. stephensi mosquitoes using the human
landing catch and BG-Sentinel trap. We identified 25
breeding sites, 15 of which contained An. stephensi
larvae. All the An. stephensi breeding sites were arti-
ficial and located in urban or suburban areas; 9/15
also contained Ae. aegypti larvae, Cx. quinquefasciatus
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larvae, or both (Appendix Table 2). Examples of An.
stephensi breeding sites included manholes, ditches,
plastic drums, and water tanks (Figure 2). In military
camps, standing water was related to leaks and stag-
nation caused by faulty maintenance of the water dis-
tribution and drainage network. The most productive
breeding sites (*800 water tanks with thousands of
An. stephensi larvae) were near livestock areas, mainly
in the Ambouli Gardens district. We confirmed mor-
phologic identification of adult An. stephensi mosqui-
toes by cytochrome oxidase C subunit I sequencing,
which identified 8 haplotypes. Phylogenetic trees did

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 27, No. 6, June 2021

not clearly indicate the origin of An. stephensi mosqui-
toes in Djibouti (Appendix Figure 2).

Conclusions

In the Republic of Djibouti, malaria transmission has
increased since 2013. Even populations with strong
malaria control programs, such as the FAF, are now
affected. In 2018, the country notified the World
Health Organization of =100,000 suspected cases,
mainly among febrile patients with negative results
on a rapid diagnostic test (Appendix Figure 1). Con-
sidering these suspected cases, we believe the true

Figure 2. Anopheles stephensi
breeding sites, Djibouti, Republic of
Bl Djibouti, 2019. A) Manhole. B) Ditch.
C) Plastic drum. D) Water tank.
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incidence could be 5 times higher than the 25,319 cases
confirmed that year. A recent study (12) found a high
prevalence (86.5%) of pfhrp2 and pfhrp3 gene deletion
among P. falciparum parasites in the city of Djibouti.

We documented an early treatment failure of di-
hydroartemisinin/piperaquine in an isolate lacking
a K13 mutation. This finding could signal the emer-
gence of P. falciparum resistance to artemisinin deriva-
tives in Djibouti.

An. stephensi mosquitoes are well-established
in Djibouti and have been observed in Sudan and
Ethiopia (13). Our study shows that this species
shares breeding sites with Ae. aeqypti and Cx. quin-
quefasciatus mosquitoes, highlighting its adaptation
to urban areas. Models predict broad expansion of
An. stephensi mosquito distribution into major cities
in Africa, where large malaria outbreaks could oc-
cur among growing resident populations susceptible
to the disease (14). Furthermore, a high level of re-
sistance among mosquitoes to all insecticide families
(e.g., organochlorates, pyrethroids, carbamates, and
organophosphates) has been described in Djibouti
and Ethiopia (8,15). In semiarid regions such as the
Republic of Djibouti, residents often store water in
plastic drums that act as breeding sites for An. ste-
phensi mosquitoes. To control malaria and limit the
spread of this anopheline species, communities and
governments should prioritize larval control and ac-
cess to the water distribution network.
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Recurrent Sw elling and
Microfilaremia Caused by
Dirofilaria repens Infection
after Travel to India

Lena Huebl, Dennis Tappe, Manfred Giese, Sandra Mempel, Egbert Tannich,
Benno Kreuels, Michael Ramharter, Luzia Veletzky," Johannes Jochum'

Human subcutaneous dircfilariasis is an emerging mos-
quitoborne zoonosis. A traveler returning to Germany from
India experienced Dirofilaria infection with concomitant
microfilaremia. Molecular analysis indicated Dirofilaria
repens nematodes of an Asian genotype. Microfilaremia
showed no clear periodicity. Presence of Wolbachia endo-
symbionts enabled successful treatment with doxycycline.

irofilariasis is a zoonotic filarial infection trans-

mitted through the bite of mosquitoes of various
species. Several species of Dirofilaria microfilariae,
most frequently D. repens and D. immitis, can infect
humans. D. repens nematodes cause microfilaremic
infection in dogs and other carnivores, which serve as
reservoirs. Because humans are aberrant hosts, larvae
usually develop into immature, nonfertile worms un-
able to produce microfilariae (1). Patients often report
recurrent swelling with subsequent development of
subcutaneous nodules, most commonly in the peri-
orbital region (2). For most cases, surgical removal
and histopathologic examination of the worm leads
to diagnosis (3). D. repens microfilariae circulating
in peripheral blood have been detected in humans
only rarely (4,5), and information on periodicity of
microfilaremia in aberrant hosts is lacking. One case
report describes sampling of D. repens microfilariae
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from morning to midday on a single day and detec-
tion of microfilariae in the morning (5). Sequencing of
the parasite’s mitochondrial 125 rDNA has revealed
European, African, and Asian genotypes of D. repens
microfilariae. Successful treatment of D. repens infec-
tion with doxycycline, which targets the bacterial en-
dosymbiont Wolbachia, has been reported (6). To our
knowledge, Wolbachia bacteria have not been detected
in D. repens microfilariae of the Asian genotype.

The Case

In April 2020, a 38-year-old man visited the outpatient
clinic for tropical medicine at the Bernhard Nocht In-
stitute for Tropical Medicine (Hamburg, Germany) 1
week after undergoing endonasal surgery for chronic
sinusitis, reporting recurrent facial swelling. Nasal
congestion and putrid discharge had started during
a 5-week stay in Mysore, South India, his eighth trip
in 5 years to the region to attend yoga classes. Two
months after returning to Germany, he underwent
therapeutic endoscopic septoplasty. Postoperatively,
a soft tissue swelling in the right infraorbital and
temporal region and general apathy developed, un-
responsive to antibacterial therapy. Over 5 weeks, a
low-grade eosinophilia of 0.72 x 10°/L (10% of total
leukocytes) increased to 0.94 x 10°/L (14%). The re-
sult of an in-house panfilarial IgG-detecting ELISA
that used a D. immitis extract as antigen was positive.
Liver and kidney function test and serologic test re-
sults for Strongyloides, Toxocara, Fasciola, Paragonimus,
Cysticerca, and Gnathostoma were unremarkable.

Five weeks after his initial visit to our clinic, the
patient noticed a painless temporal mass (Figure
1, panel A). Magnetic resonance imaging demon-
strated a 10-mm encapsulated lenticular formation

"These senior authors contributed equally to this article.

1701



DISPATCHES

in the deep subcutaneous tissue (Figure 1, panel B).
The lesion was surgically removed, and histologic
examination showed an adult nematode (Figure
1, panel C). Filtration of 5 mL peripheral blood af-
ter hypotonic lysis of blood cells and subsequent
Giemsa staining of the filter revealed microfilariae
with the morphologic characteristics of D. repens (7)
(Figure 1, panel D; Appendix, https://wwwnc.cdc.
gov/EID/article/27/6/21-0592-Appl.pdf; Video
1, https://wwwnc.cdc.gov/EID/article/27/6/21-
0592-V1.htm; Video 2, https://wwwnc.cdc.gov/
EID/article/27/6/21-0592-V2.htm). Sequencing and
BLAST analysis (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) of a 463-bp fragment of the mitochondrial
125 rDNA (8) amplified from the adult worm and
the microfilariae revealed 97.9%-99.2% homology
with the Asian genotype of D. repens isolates from
India (GenBank accession nos. GQ292761, KX265050,
MT808309), followed by 95.6% homology with D.
repens isolates from Europe (Greece, accession no.
MK192091; Italy accession no., KX265072; Hungary,
accession no. KX265070).

To assess possible periodicity of the microfilare-
mia, we sampled 5 mL of venous blood 4 times daily
for 3 consecutive days and counted microfilariae
after blood filtration. Blood was collected at fixed
times during the day (6:30 am, 12:00 am, 6:00 M, and
10:30 pm). Microfilariae were detectable in varying
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densities in all blood samples; counts fluctuated be-
tween 13 and 35 microfilariae/mL. On 2 days, the
microfilaremia was highest in the evening and low-
est in the morning samples, whereas on 1 day, the in-
verse pattern was observed. Thus, although it seems
that microfilaremia substantially fluctuates during
the day, this short assessment found no clear circa-
dian rhythm of D. repens microfilaremia (Figure 2).
To test for the presence of endosymbionts, we per-
formed a recently published PCR that detects the
FtsZ clade of Wolbachia (9). PCRs on microfilariae
and adult worm samples were positive. With a goal
of curative treatment, we administered doxycycline
at 200 mg daily for 4 weeks, followed by a 15-mg
dose of ivermectin. The patient fully recovered; eo-
sinophil counts returned to reference ranges and mi-
crofilaremia disappeared.

Conclusions
The areas where human subcutaneous dirofilariasis is
endemic are increasing, probably because of climate
change, host mobility, and global travel (10). Thus,
cases are increasing in areas where this disease is
not endemic.

We report a case of microfilaremic D. repens infec-
tion, which was initially noted as recurrent swelling,
in a human. Molecular analysis indicated an Asian
genotype of D. repens nematodes, which has also

Figure 1. Dirofilaria repens
infection in man in Germany
after travel to India. A) Painless
temporal subcutaneous swelling
(image taken by the patient at
the time of maximal protrusion).
B) Contrast-enhanced magnetic
resonance image (fat-saturated
T1-weighted sequences)
demonstrating a subcutaneous
10-mm lesion with central
hypointensity and contrast
uptake of the surrounding
capsule (arrowhead). C) Cross-
section through adult D. repens
worm in subcutaneous tissue,
e * demonstrating the cuticle with
N w external ridges (arrow heads) and
= internal structures such as smooth
' muscle fibers (arrows) and gravid
uteri (stars). Original magnification
- x100; periodic acid-Schiff stain. D)
| D. repens microfilaria of the Asian
: "’ | genotype. Typical features include
‘;‘, lack of a sheath, 2-3 separate
nuclei in the head space, and
1 absence of nuclei in the tip of the
tail. Original magnification x1,000
“4 with oil; Giemsa stain.
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been referred to as Candidatus Dirofilaria hongkongen-
sis. Recurrent swellings are often misdiagnosed, not
taken seriously, and therefore diagnosed late. Most
cases of human dirofilariasis are diagnosed after sur-
gical removal of the adult nematode and subsequent
histologic workup (3). D. repens microfilaremia in
humans has been only rarely described (4,5). Several
filarial species result in periodic microfilaremia (11),
and these fluctuations can be substantial and relevant
for diagnosis. Previous studies of dogs have shown
that D. immitis and D. repens microfilaremia fluctu-
ates throughout the day and peaks at night (12). Our
results showed no clear circadian rhythm, but micro-
filaremia tended to be higher in the evening, similar
to that of canine hosts. However, at time of blood
collection, the patient had received the first doses of
doxycycline, which might have affected our results.

In our investigation, the adult worm as well as the
microfilariae were positive for Wolbachia. Doxycycline
targeting this bacterial endosymbiont might thus be a
treatment option similar to that for infection with oth-
er species of filariae (13). Molecular analysis of adult
worms or microfilariae can reveal new genotypes,
thereby increasing our knowledge of parasite biology
and ecology (9). According to previous reports, D. re-
pens of the Asian genotype is distributed on the Indian
subcontinent (14,15). It remains unclear whether some
genetic variants differ in their ability to mature and
produce microfilaremia in the human host.

Localized subcutaneous swellings, particularly in
the periorbital region, are a typical clinical presenta-
tion of D. repens infection; however, diagnosis might
be difficult because of the absence of microfilaremia,
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eosinophilia, or positive serologic results. However, if
microfilariae are detectable, they display specific fea-
tures that enable microscopic differentiation. In con-
clusion, paramount for establishing the diagnosis of
D. repens infection of individual patients are in-depth
history taking, a high clinical suspicion, and targeted
laboratory evaluation.
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paigns, the true cause of this debilitating
disease remains unknown.

New research has shed light on a possible
connection between AFM and a pathogen
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Melioidosis in Children,
Brazil, 1989-2019

Rachel Ximenes Ribeiro Lima,' Dionne Bezerra Rolim'

We studied 20 confirmed or suspected cases of melioi-
dosis in children in Ceara, Brazil, during 1989-2019. We
observed a high death rate, severe signs and symptoms,
and substantial environmental exposure. These data sug-
gest that childhood melioidosis might be more severe in
Brazil than in other regions.

elioidosis, an infectious disease caused by the

bacterial species Burkholderia pseudomallei, is as-
sociated with severe symptoms and high death rates
(1). Although considered an emerging disease, meli-
oidosis has little formal public health recognition (2).
Researchers initially documented cases in Brazil in
2003 (3). As of 2018, Cear4, a coastal state in north-
eastern Brazil, has the highest incidence in South
America; however, sporadic cases have been report-
ed in other states (4). Although the disease predomi-
nantly affects adults with associated risk factors (1),
the growing incidence of severe melioidosis among
children and adolescents in Ceara highlights the need
for clinical and epidemiologic investigations.

The Study

We analyzed all cases of melioidosis in persons <18
years of age documented by the Ceard State Health
Department during January 2005-May 2019. This
state declared melioidosis a notifiable disease in 2005
(5), although the literature records cases from early
as 1989 (6). We also searched for cases in the SciELO
and PubMed databases using the terms “melioido-
sis” AND “Brazil” OR “children” published during
March 2003-May 2019. We also searched the annals
of Brazilian Congresses of Pediatric Infectiology
from 2003-2018. In total, we identified 16 cases in the
health department database (1 case was excluded

Author affiliations: Municipal Department of Health, Fortaleza,
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(R.X.R. Lima, D.B. Rolim); Ceara State University, Fortaleza
(D.B. Rolim)

DOI: https://doi.org/10.3201/eid2706.200154

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

because of an alternative diagnosis) and 5 in the lit-
erature (3,6). All cases were either suspected or con-
firmed (Table 1) (5,7).

We investigated cases using data from patient re-
cords and, when possible, from interviews with the
patients and their relatives. We analyzed data on age,
sex, time of symptom onset, geographic location, oc-
cupational or recreational activity involving water or
soil during the 2 weeks before symptom onset, under-
lying conditions, signs and symptoms, laboratory and
radiographic findings, clinical evolution, treatment,
and clinical outcome. We used the Fisher exact test to
assess the correlation between appropriate treatment
using carbapenem or ceftazidime during the intensive
phase of melioidosis (8) and survival. The study pro-
tocol was previously approved by the research ethics
committees of the University of Fortaleza (Fortaleza,
Brazil) (approval no. 3,094,492) and Albert Sabin Chil-
dren’s Hospital (Fortaleza) (approval no. 3,194,070).

We identified 10 confirmed (including 5 before
2005: 4 in 2003, and 1 identified retrospectively in
1989) (3,6), and 10 suspected cases of melioidosis
among children and adolescents. The 10 confirmed
cases in persons <18 years of age account for 23.2%
of the 43 confirmed cases of melioidosis in the state
of Ceara as of May 2019. This proportion is substan-
tially greater than the 5%-15% usually reported for
children (9).

Most (9/20; 45%) patients were 10-17 years of
age. The median age was 11 years for patients with
confirmed cases and 9 years for those with suspected
cases. For comparison, childhood melioidosis is most
prevalent in children <5 years of age in Malaysia (10)
and in children >10 years of age in Australia (11).

As in previous studies (2,12), most (13/20; 65%)
patients in this sample were male. Illnesses occurred
most frequently during the rainy season (i.e. Febru-
ary-May), accounting for 65% (13/20) of all cases and
70% (7/10) of confirmed cases. This trend resembles
the results of a study in Australia (11) and reinforces

"These authors contributed equally to this article.
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Table 1. Clinical definitions in study of melioidosis in children,
Brazil, 1989-2019*

Term Definition

Suspected All patients with suspected melioidosis must have
melioidosis epidemiologic exposure at any time, recent or not,
associated with >1 of the following criteria: acute
febrile illness and respiratory symptoms
suggestive of community pneumonia that do not
improve with conventional antimicrobial treatment
(B-lactam antimicrobial drugs); febrile disease that
progresses with systemic inflammatory response
syndrome, severe sepsis, or septic shock;
prolonged fever of unknown etiology or signs and
symptoms similar to tuberculosis that do not
respond to tuberculosis treatment; or soft tissue
infection (e.g. cutaneous ulcers/abscesses,
cellulite, or fasciitis) of chronic evolution (i.e.
months) with no response to conventional
antimicrobial treatment (e.g. oxacillin, ampicillin
associated to sulbactam, or cefalexin).

All patients with confirmed melioidosis must meet
laboratory (bacteriologic confirmation by
microbiological culture or positive PCR) or
clinical-epidemiologic criteria (exposure to the
same risk situation as patients with laboratory-
confirmed melioidosis). Patients with confirmed
melioidosis must have signs and symptoms that
are compatible with melioidosis and not
attributable to a different cause.

Patients with severe melioidosis have clinical
signs and symptoms and a high risk for death
caused by pneumonia, sepsis, or septic shock.
*These criteria were defined by references (5,7).

Confirmed
melioidosis

Severe
disease

the association between heavy rainfalls and exposure
to B. pseudomallei. Most (19/20; 95%) patients had
environmental exposure during the 14 days before
symptom onset (Table 2). Outdoor recreational behav-
ior is common among children in Brazil, especially in
the tropics. For example, when intense warm showers
interrupt the extended droughts of northeastern Bra-
zil, children often bathe and play in waterfalls, rivers,
and dams. This might partially account for the high
prevalence of melioidosis among children, especially
older children and boys, in this region.

The most frequent clinical manifestations were
sepsis (18/20; 90%), pneumonia (18/20; 90%), and
septic shock (17/20; 85%) (Table 2). Among con-
firmed cases, 90% (9/10) of patients had sepsis and
pneumonia and 80% (8/10) had septic shock. Among
suspected cases, 90% (9/10) of patients had pneumo-
nia, sepsis, and septic shock. Studies in Malaysia have
reported similar figures (10); however, the main man-
ifestations among children are skin lesions in Aus-
tralia and infectious parotitis in Cambodia (13,14).
Although the methods used by these studies differ,
they suggest that children in Ceara might have more
severe clinical manifestations of melioidosis.

Two patients had meningitis, accounting for 20%
(2/10) of confirmed cases and 10% (2/20) of total

1706

cases; however, a study in Australia observed neu-
romelioidosis in 3% of pediatric patients (15). These
findings might indicate either a greater proportion of
neurologic involvement or substantial underreport-
ing of less severe manifestations among children with
melioidosis in Brazil.

In total, 45% (9/20) of patients died: 60% (6/10)
of patients with confirmed cases and 30% (3/10) of
those with suspected cases. Childhood melioidosis is
associated with a death rate of 35% globally (9), al-
though in Australia the rate is reported to be 7% (13).
In Cambodia, 16.4% of patients die, including up to
71% of patients with bacteremia (14). Our findings,
which include high prevalence of sepsis and septic
shock, 2 cases of severe neurologic involvement, and
high death rates, warrant further investigation.

We found that appropriate, timely treatment for
melioidosis (8) was significantly associated with surviv-
al among 20 patients (p<0.01). Thus, physicians should
consider empirical treatment for suspected melioidosis
in patients in areas to which the disease is endemic, es-
pecially if the initial treatment was unsuccessful. We
did not find a significant association between proper
treatment and survival among patients with confirmed
(p = 0.08) and suspected cases (p = 0.07) of melioidosis,
possibly because of small sample size.

Conclusion

We describe a high prevalence, death rate, and sever-
ity of childhood melioidosis in Brazil. The high death
rate and clinical severity might be partially explained
by underreporting of mild cases, but the frequent envi-
ronmental exposures of children in this region warrant
further research. These findings emphasize the need for
melioidosis awareness among healthcare providers and
laboratory professionals. Physicians should consider
melioidosis as a differential diagnosis; improved aware-
ness might reduce underreporting and optimize the
quality of epidemiologic data. Physicians also should
consider empirical treatment in patients who have
clinical manifestations compatible with the disease and
whose prognosis is compromised by clinical severity.
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Melioidosis in Children, Brazil, 1989-2019

Table 2. Clinical and epidemiologic characteristics of children with melioidosis, Brazil, 1989-2019*

Outcome
Age, Rainy Potential Septic Diagnostic Timely (time to
Pt y/sex City seasont exposurest Pneumonia Sepsis _shock results treatment#  death)|
1 0.25/M  Fortaleza No Mother lived in No No No Pseudomonas Yes Survived
rural area during pseudomallei in
pregnancy$§ cerebrospinal
fluid
2 15/M  Tejuguoca Yes Swam in river Yes Yes Yes No test, met No Death (40 h)
clinical
epidemiologic
criteria
3 14/F  Tejuguoca Yes Swam in river Yes Yes Yes Burkholderia No Death (90 h)
pseudomallei
4 10/M  Tejuguoca Yes Swam in river Yes Yes Yes B. pseudomallei No Death (6 d)
5 12/F  Tejuguoca Yes Swam in river Yes Yes Yes B. pseudomallei Yes Survived
6 17/M Fortaleza Yes Bathed in Yes Yes Yes B. pseudomallei Yes Death (10 d)
river/waterfall
7 3/M Sao Jodo Yes Swam in river Yes Yes Yes B. pseudomallei Yes Death (28 d)
do
Jaguaribe
8 13/F Ipu No Bathed in Yes Yes Yes B. pseudomallei No Death (10 d)
waterfalls
9 3/F Granja Yes Swam in river, Yes Yes No No test, met Yes Survived
bathed in clinical
waterfalls epidemiologic
criteria
10 6/M Fortaleza No Swam in river, Yes Yes Yes B. pseudomallei Yes Survived
bathed in in
waterfalls bronchoalveolar
lavage, met
clinical
epidemiologic
criteria
1 6/M  Limoeiro do No Swam in river, No No No Negative Yes Survived
Norte bathed in
waterfalls, fished,
drank
contaminated
water
12 9/F Pacatuba No Swam in river, Yes Yes Yes Negative Yes Death (5 d)
bathed in
waterfalls
13  13/M Guaiuba No Swam in river, Yes Yes Yes B. cepacea in Yes Survived
bathed in oropharyngeal
waterfalls, fished swab sample
14 1/F Fortaleza No Swam in Yes Yes Yes Negative Yes Survived
untreated pool
15 6/M Canindé Yes Swam in Yes Yes Yes Negative No Death (8 d)
river/dams, fished
16 3/M Fortaleza Yes Swam in lake/ Yes Yes Yes Negative Yes Survived
played with soil
17 9/F Canindé Yes Swam in Yes Yes Yes Negative Yes Survived
river/dams, fished
18  11/M Orés Yes Swam in river, Yes Yes Yes Negative Yes Survived
fished
19  14/M Trairi Yes Swam in Yes Yes Yes Negative No Death (4 d)
river/dams, fished
20 9/M Trairi Yes Swam in Yes Yes Yes Negative Yes Survived

river/dams, fished

*Cases 1-10 were confirmed according to diagnostic criteria (5,7); cases 11-20 were suspected. Pt, patient.
tRainy season in Ceard, Brazil is February—May.

$During 14 d before symptom onset.

f[From symptom onset.

§Potential vertical transmission.

#As defined in (8).
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Livestock, Phages,
MRSA, and
People in Denmark

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.

Visit our w ebsite to listen:
https:/ / go.usa.gov/ x74Jh
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Seroepidemiologic Survey
of Crimean-Congo Hemorrhagic
Fever Virus in Logging
Communities, Myanmar

Tierra Smiley Evans, Theingi Win Myat, Nang Sarm Hom, Keersten Michelle Ricks,
Min Thein Maw, Zaw Min Oo, Aung Than Toe, Nyein Thu Aung, Pyaephyo Aung,
Tin Htun Aung, Paul Kuehnert, Kyaw Zin Thant, Ye Tun Win, Wai Zin Thein,
Nicole Rae Gardner, Randal Joseph Schoepp, Christine Kreuder Johnson,' Hlaing Myat Thu'

Crimean-Congo hemorrhagic fever virus (CCHFV) is en-
demic in Asia, infecting many animal hosts, but CCHFV
has not been reported in Myanmar. We conducted a sero-
epidemiologic survey of logging communities in Myanmar
and found CCHFV exposure was common (9.8%) and
exposure to wild animal blood and body fluids was as-
sociated with seropositivity.

Crimean—Congo hemorrhagic fever (CCHEF),
caused by Crimean-Congo hemorrhagic fever vi-
rus (CCHFV) (1), is a widely distributed arboviral dis-
ease. Human CCHF cases have been reported in >30
countries in Africa, the Middle East, Asia, and south-
eastern Europe (2). However, clinical cases or serop-
revalence studies for CCHFV have not been reported
in Myanmar, likely because active surveillance in hu-
mans or animals has not been established (3).
Hyalomma ticks, 1 of several CCHFV tick family
hosts, are considered the primary vector transmitting
CCHFV to humans (4). Hyalomma tick distribution ex-
tends into Myanmar (5), and CCHF has been report-
ed in the neighboring countries of China and India
(6,7). Expansion of CCHF from countries with known

Author affiliations: University of California, Davis, Davis, California,
USA (T. Smiley Evans, A.T. Toe, N.T. Aung, N.R. Gardner,

C.K. Johnson); Department of Medical Research, Yangon,
Myanmar (T.W. Myat, N.S. Hom, H.M. Thu); US Army Medical
Research Institute of Infectious Diseases, Frederick, Maryland,
USA (K.M. Ricks, P. Kuehnert, R.J. Schoepp); Livestock Breeding
and Veterinary Department, Yangon (M.T. Maw, Y.T. Win,

W.Z. Thein); Myanmar Timber Enterprise, Yangon (Z.M. Oo);
Nature Conservation Society Myanmar, Yangon (P. Aung,

T.H. Aung); Myanmar Academy of Medical Science, Yangon

(K.Z. Thant)

DOI: https://doi.org/10.3201/eid2706.203223

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

virus circulation to neighboring countries could occur
through introduction of infected ticks, human CCHF
cases, or movement of animals (§). Climate change
also is expected to influence the distribution of Hya-
lomma ticks and CCHFYV infections (9), increasing the
likelihood of disease expansion.

Human CCHFV infections can occur through
contact with an infected tick or with blood or tis-
sues from infected humans or animals. People liv-
ing or working closely with livestock or who have
heavy exposure to ticks are at increased risk for
CCHFV infection (10,11). Limited investigations
have been performed to identify human exposure
to CCHFV caused by wild animal contact, despite
serologic evidence for exposure to CCHFV in nu-
merous vertebrate species, including birds (Gal-
liformes and Passeriformes), wild hoof stock (Ar-
tiodactyla, Cetartiodactyla, and Perissodactyla),
carnivores (Carnivora), bats (Chiroptera), hedge-
hogs (Erinaceomorpha), rabbits and hares (Lago-
morpha), elephants (Proboscidea), rodents (Roden-
tia), and turtles (Testudinata) (12).

CCHEF has been designated by the World Health
Organization as 1 of 10 high-priority emerging infec-
tious diseases (https://www.who.int/emergencies/
diseases/2018prioritization-report.pdf). The designa-
tion was based on CCHF’s epidemic and emergence
potential, a high case-fatality rate of up to 80% de-
pending on healthcare infrastructure and CCHFV
genotype, and a lack of approved medical counter-
measures for CCHF (14). Most initial reports of CCHF
cases in individual countries have been preceded by
epidemiologic surveys that provided evidence of
local CCHFV circulation. Our goal was to conduct

"These senior authors contributed equally to this article.
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targeted CCHFV surveillance of Myanmar logging
communities, which contain an occupational group
with expected high exposure to ticks, domestic live-
stock, and wild animals.

The Study

Myanmar uses a traditional method of elephant
logging for timber harvest. Consequently, Myan-
mar has a large network of communities in which
loggers live together in temporary villages with
their families and occasionally migrant laborers.
We collected data from 102 healthy persons from
5 elephant logging communities in and near the
Yenwe Forest Reserve, a protected area in central
Myanmar, during June 2016-August 2018. Most
(57/102) participants, including persons from for-
est management, logging crews, and elephant care-
takers, worked in the protected area and were ex-
posed to forested areas and vectors associated with
CCHEFV (Table 1). Participants were 17-67 years of
age and the median age was 32.5 years. We collect-
ed venous blood samples and quantitative medical
and behavioral questionnaires from each partici-
pant (Appendix, https://wwwnc.cdc.gov/EID/
article/27/6/20-3223-Appl.pdf).

We used a bead-based MagPix (Luminex Cor-
poration, https://www.luminexcorp.com) assay
platform, developed at the US Army Medical Re-
search Institute of Infectious Diseases, to detect
specific IgG reactivity against the nucleoprotein of
CCHFV. We used molecular detection of conserved

regions of the small, medium, and large segments
of bunyavirus to detect CCHFV viremia with con-
ventional PCR (Appendix).

We identified previous CCHFV exposure among
study participants, but we did not detect any active
infections. Study participants did not exhibit any
signs of hemorrhagic fever, and none reported having
previously suffered symptoms of hemorrhagic-like
illnesses. All participants tested negative for bunyavi-
ruses by consensus PCR. Among study participants,
9.8% (10/102) were seropositive for CCHFV by Mag-
Pix IgG assay. Samples categorized as positive ranged
from 1,124-8,911 mean fold increase (MFI) and a sig-
nal-to-noise ratio (S/N) of 33.8-207.8. Negative sam-
ples had an MFI of 44-854 and 1-19.9 S/N. Persons
31-40 years of age were significantly more likely to
be seropositive for CCHFV (p = 0.05) compared with
other age groups. We noted no statistically significant
associations between specific occupations and CCH-
FV exposure (Table 1).

Persons who reported handling live or recent-
ly slaughtered primates (age-adjusted odds ratio
[ORage adjuste J = 5.53; p = 0.020) or wild carnivores

sgeadjustea = 1-37 P = 0.004) in their lifetimes were more
likely to have been exposed to CCHFV (Table 2). Han-
dling primates was significantly correlated with han-
dling carnivores (Pearson’s correlation = 0.6; p<0.001).
Therefore, we used independent multivariable logis-
tic regression models to adjust for age while assessing
the association of CCHFV seropositivity for these 2
factors. More male than female persons reported

Table 1. Crimean-Congo hemorrhagic fever virus immunoglobulin G seroprevalence by demographic characteristic and occupation

among forest logging camp communities, Myanmar

Characteristic No. positive No. negative Period prevalence (95% ClI)
Sex
M 6 56 0.11 (0.05-0.2)
F 4 36 0.11 (0.04-0.23)
Age group, y
11-20 0 11 0 (0-0.26)
21-30 3 32 0.09 (0.03-0.22)
3140 5 19 0.21 (0.09-0.40)
41-50 2 13 0.13 (0.04-0.38)
51-60 0 15 0 (0-0.20)
61-70 0 2 0 (0-0.66)
Primary occupation*®
Extractive industries 0 6 0 (0-0.39)
Crop production 0 2 0 (0-0.66)
Livestock farmer 0 1 0 (0-0.79)
Protected area worker, forest ranger 6 51 0.11 (0.05-0.21)
Housewife 1 2 0.33 (0.06-0.79)
Teacher 0 2 0 (0-0.66)
Migrant laborer 0 5 0 (0-0.43)
Hunter 1 7 0.11 (0.02-0.43)
Dependent 3 27 0.09 (0.03-0.24)
Total 10 92 0.11 (0.05-0.17)

*Persons were asked to report their primary occupations but some engaged in additional activities, outside of their primary occupation. For example,
persons who did not identify as being a hunter as their primary occupation may have reported hunting.
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Table 2. Distribution of seropositivity to Crimean-Congo hemorrhagic fever virus among persons exposed to wild and domesticated

animals in forest logging camp communities, Myanmar*

Exposed no. persons

Unexposed no. persons

Bivariate model Multivariable model

Risk factor seropositive/no. tested (%)  seropositive/no. tested (%) OR p value OR p value
Hunted wildlife
Ungulate 2/27 (7.4) 8/75 (10.7) 0.67 1.0 NC NC
Bat 0/1 (0.0) 10/101 (9.9) 2.9t 1.0 NC NC
Rodent 0/1 (0.0) 10/101 (9.9) 2.9t 1.0 NC NC
Primate 2/16 (12.5) 8/86 (9.3) 1.39 0.66 NC NC
Pangolin 2/9 (22.2) 8/93 (8.6) 2.99 0.21 NC NC
Carnivore 1/9 (11.1) 9/93 (9.7) 1.16 1.0 NC NC
Any wild animal 4/51 (7.8) 6/51 (11.8) 0.64 0.74 NC NC
Handled wildlife found dead
Ungulate 3/32 (9.4) 7/70 (10.0) 0.93 1.0 NC NC
Bat 1/3 (33.3) 9/99 (9.1) 4.86 0.27 NC NC
Rodent 1/4 (25.0) 9/98 (9.2) 3.24 0.34 NC NC
Primate 4/19 (21.1) 6/83 (7.2) 3.37 0.09 NC NC
Pangolin 1/6 (16.7) 9/96 (9.4) 1.92 0.47 NC NC
Carnivore 1/10 (10.0) 9/92 (9.8) 1.02 1.0 NC NC
Any wild animal 8/76 (10.5) 2/26 (7.7) 1.41 1.0 NC NC
Handled recently slaughtered or live wildlife
Ungulate 4/26 (15.4) 6/76 (7.9) 21 0.27 NC NC
Bat 1/3 (33.3) 9/99 (9.1 4.86 0.27 NC NC
Rodent 1/5 (20.0) 9/97 (9.3) 242 0.41 NC NC
Primate 5/23 (21.7) 5/79 (6.3) 4.04 0.04 5.53% 0.020
Pangolin 2/10 (20.0) 8/92 (8.7) 2.59 0.25 NC NC
Carnivore 4/12 (33.3) 6/90 (6.7) 6.78 0.02 1.3% 0.004
Any wild animal 10/88 (11.4) 0/14 (0.0) 3.88t 0.35 NC NC
Handled live domestic animals
Goats 0/6 (0.0) 10/96 (10.4) 0.6371 1.0 NC NC
Pigs 3/23 (13.0) 7/79 (8.9) 1.54 0.69 NC NC
Poultry 6/57 (10.5) 4/45 (8.9) 1.20 1.0 NC NC
Cattle 1/8 (12.5) 9/94 (9.6) 1.34 0.58 NC NC
Elephant 5/43 (11.6) 5/59 (8.5) 1.42 0.74 NC NC
Any domestic animal 7/60 (11.7) 3/42 (7.1) 1.71 0.52 NC NC
Slaughtered domestic animals
Goats 0/0 (0.0) 10/102 (9.8) NC NC NC NC
Pigs 1/3 (33.3) 9/99 (9.1) 4.86 0.27 NC NC
Poultry 3/18 (16.7) 7184 (8.3) 2.18 0.38 NC NC
Cattle 0/1 (0.0) 10/101 (9.9) 2.9t 1.0 NC NC
Any domestic animal 9/71 (12.7) 1/31(3.2) 4.31 0.28 NC NC

*NC, not calculated; OR, odds ratio.

tSample odds ratio calculated using unconditional maximum likelihood estimate method.

fEvaluated in separate multivariable models, adjusting for age.

handling primates (20 male vs. 3 female persons) and
carnivores (9 male vs. 3 female persons) and their
ages ranged from 19-60 years. Handling primates or
carnivores was not statistically significantly associat-
ed with any occupational or other behavioral factors.

Among persons who reported handling wildlife,
the highest risk species for CCHFV exposure were
primates and carnivores. Although sample size for
handling some live or recently slaughtered wild
animal taxa were low (for instance, <5 persons each
reported handling rodents or bats), we found no sta-
tistically significant association between combined
wildlife taxa evaluated and CCHFV exposure (p =
1.0; Table 2).

A bite from an infected tick was not the likely
route of exposure to CCHFV in this community. We
evaluated occupations associated with increased for-
est contact, and thus tick habitat, such as resource

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

extraction, protected area worker (forest ranger), or
hunter, as a combined variable, but we found no sta-
tistically significant association between occupation
and CCHFV exposure.

Contact with domestic animals also was not the
likely route of CCHFV exposure in this community.
Study participants were not frequently exposed to ru-
minants, the domestic animal group most reported as
associated with CCHFV exposure in endemic coun-
tries. Participants were more likely to report contact
with pigs or poultry, but these animals have not been
identified as amplifying hosts for CCHFV. Contact
with live or dead domestic animals of any kind was
not associated with CCHFV exposure (Table 2).

Nonhuman primates have not been implicated as
natural reservoir hosts or sources of human CCHFV
infection. However, rhesus macaques (Macaca mulat-
ta) and long-tailed macaques (M. fascicularis), which
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range throughout Myanmar, have been infected with
CCHFV in laboratory settings. Rhesus macaques de-
velop viremia without clinical signs, but long-tailed
macaques develop signs of clinical illness and vire-
mia similar to disease progression in humans (15).
Contact with blood or other bodily fluids, including
saliva, urine, or feces, during a period of viremia in
macaques could lead to human infection. Similarly,
wild carnivores have not been implicated as natu-
ral reservoir hosts for CCHFV, but red foxes (Vulpes
vulpes), which are thought to range in Myanmar, and
Pallas’s cats (Otocolobus manul), which range in cen-
tral Asia, have demonstrated CCHFV seropositivity
and could serve as sources of human infection, par-
ticularly through bushmeat hunting, which exposes
persons to animal blood and body fluids.

Conclusions

Our findings indicate that CCHFV is circulating in Myan-
mar with human infections that are either mildly symp-
tomatic or occurring in populations that fall outside of
existing surveillance systems. Although exposure to do-
mestic animal amplifying hosts is the most commonly
reported exposure type for human CCHFV infections in
endemic countries, our findings show that persons with
close contact with wild animal reservoir hosts, espe-
cially blood and body fluids of nonhuman primates and
carnivores, also are at risk for CCHFV infection. Surveil-
lance of at-risk populations in Myanmar should be ex-
panded to better prepare for potential future outbreaks
of CCHF.
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Cutaneous Leishmaniasis
Caused by an Unknow n
Leishmania Strain, Arizona, USA

Marcos de Almeida, Yueli Zheng, Fernanda S. Nascimento, Henry Bishop, Vitaliano A. Cama, Dhwani Batra,
Yvette Unoarumbhi, Abaseen K. Afghan, Vivian Y. Shi,' Philip E. LeBoit, Eugene W. Liu, Fariba M. Donovan

We investigated an autochthonous case of cutaneous
leishmaniasis caused by a genetically different Leishma-
nia sp. in a patient in Arizona, USA. This parasite was
classified into the subgenus Leishmania on the basis of
multilocus DNA sequence and phylogenetic analyses of
the rRNA locus and 11 reference genes.

Human leishmaniasis is a vectorborne disease oc-
curring mostly in Central and South America, the
Europe/ Africa Mediterranean area, the Middle East,
and the Indian subcontinent. This disease is caused
by parasites in the Leishmania subgenera Viannia and
Leishmania, affects ~2.5 million persons, and causes
60,000 deaths yearly worldwide (I). The disease has
3 main clinical forms: cutaneous leishmaniasis (CL),
the most prevalent form and caused by species in
both Viannia and Leishmania subgenera; mucocutane-
ous leishmaniasis, caused by species in the subgenus
Viannia; and visceral leishmaniasis, caused by L. (L.)
donovani and L. (L.) infantum. These syndromes might
lead to social stigma because of permanent scars, skin
disfigurement, and partial/total destruction of oral/
nasopharyngeal mucosa and can result in systemic
symptoms including splenomegaly, wasting, and
even death (2).

Species-specific Leishmania identification is
critical in clinical management and epidemio-
logic investigations (2). Detection and identifi-
cation of Leishmania parasites were traditionally
done through microscopic and multilocus enzyme

Author affiliations: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA (M. de Almeida, Y. Zheng, F.S. Nascimento,
H. Bishop, V.A. Cama, D. Batra, Y. Unoarumhi, E.W. Liu);

Eagle Global Scientific, San Antonio, Texas, USA (Y. Zheng);
University of Arizona College of Medicine, Tucson, Arizona, USA
(A.K. Afghan, V.Y. Shi, F.M. Donovan); University of California,
San Francisco, California, USA (P.E. LeBoit)
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electrophoresis analysis. Currently, PCR-based
methods and multilocus DNA sequence analyses
(MLSA) combined with next-generation sequenc-
ing, have improved phylogenetic resolution and
provided insights into parasite identification, clas-
sification, genetic polymorphism, virulence, and
drug resistance (3,4).

Leishmania parasites are emerging in previously
nonendemic areas (5); traditional and exotic Leish-
mania species/strains have been reported in focal
areas of the Americas, Europe, Africa, Asia, and the
Western Pacific (6). In the United States, leishmani-
asis is mostly nonreportable and historically consid-
ered a travel-associated disease. However, the activ-
ity of natural vectors of Leishmania and occurrence
of autochthonous zoonotic cases of CL and visceral
leishmaniasis caused by L. (L.) mexicana or L. (L.) in-
fantum have been reported in several states, includ-
ing Alabama, Arizona, Arkansas, Delaware, Georgia,
Kentucky, Louisiana, Maryland, Mississippi, Ohio,
Oklahoma, South Carolina, and Texas (7-10). Those
reports suggest the possibility of local transmission
of leishmaniasis, especially in the southwestern US
region. We report an autochthonous case of CL from
Arizona, USA, caused by an unknown parasite in the
subgenus Leishmania.

The Study

In December 2017, a 72-year-old woman from Pima
County, Arizona, sought medical care for 2 discrete,
progressive, edematous, violaceous papular lesions
on the low back. The patient had a history of granu-
lomatosis with polyangiitis, chronic sinusitis, chronic
kidney disease, and pulmonary coccidioidomycosis.
The patient had never traveled internationally and
did not have an underlying health condition predis-
posing her to leishmaniasis.

'Current affiliation: University of Arkansas for Medical Sciences,
Little Rock, Arkansas, USA.
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In January 2018, after a third lesion erupted, we
performed skin biopsies. Histologic sections showed
nonnecrotizing granulomas in the papillary dermis,
and tiny, basophilic, spherical inclusions within his-
tiocyte cytoplasm resembling amastigotes, sugges-
tive of CL. The lesions showed a limited extent and
spontaneous improvement; therefore, no specific
treatment was prescribed. The patient was followed
for almost 2 years, and the 3 skin lesions remained
nodular without ulceration, which eventually re-
solved by December 2019. The patient remained oth-
erwise asymptomatic.

We tested clinical specimens from the patient
following the Centers for Disease Control and Pre-
vention (CDC)-approved protocol for using residu-
al specimens from human subjects (use of residual
diagnostic specimens from humans for laboratory
methods research protocol no. 6756). We used lesion
biopsy specimens submitted to CDC for DNA ex-
traction, touch-prep smears, and in vitro culture in
Roswell Park Memorial Institute medium (GIBCO-
Thermo-Fisher,  https://www.thermofisher.com)
containing 15% fetal bovine serum at 25°C (11). Mi-
croscopic analysis of touch-prep smears identified a
large number of amastigotes, whereas promastigotes
with cellular shape and architecture compatible with
species in the subgenus Leishmania were observed
from culture (Figure 1).

We extracted DNA from biopsy specimens, cul-
tured parasites by using the DNeasy Blood and Tis-
sue Kit (QIAGEN, https://www.qiagen.com), and
amplified the internal transcribed spacer 2 (ITS2) lo-
cus by using PCR. We then Sanger sequenced ampli-
cons bidirectionally, assembled by using Lasergene
Seqman Pro Software (DNASTAR, Inc., https://
www.dnastar.com), and compared with sequences
in the GenBank database by using BLASTn (https://
blast.ncbi.nlm.nih.gov/Blast.cgi) (11).

The resulting sequence (380 bp) (GenBank ac-
cession no. MT764332) had low similarity with L.
(L.) donovani HQ830358 (90.36%), L. (L.) infantum A]
634370 (89.9%), Leishmania sp. FM209179 (89.5%),
L. (L.) tropica FJ948457 (89.2%), L. (L.) mexicana
FJ948437 (85.1%), and species in the subgenus Vian-
nia (<80.0%). We also tested DNA samples for am-
plicon melting temperature by using a SYBR green
real-time, quantitative PCR protocol, which enables
presumptive discrimination of Leishmania species
(12). This analysis showed a melting temperature of
79.5°C, indicating L. (L.) infantum infection. On the
basis of PCR analysis, the case-patient was identi-
fied as being infected with a Leishmania spp., without
providing species-level identification.
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Figure 1. Cultured Leishmania promastigotes of the strain
isolated from a patient in Arizona, USA. Morphologic features
include a slender elongated body that contains a kinetoplast
(K) anterior to the nucleus (N) and flagellum (F). The parasite
had a total body length of =15 um. Giemsa-stained; scale bar
indicates 10 um.

We used DNA extracted from cultured parasites
by using the MagAttract HMW DNA Kit (QIAGEN)
to prepare genomic libraries by using the NEBNext
Ultra II DNA Library Prep (New England Biola-
bs, https://www.neb.com) and subjected them to
whole-genome sequencing by using the MiSeq plat-
form (Illumina, https://www.illumina.com). MiSeq
sequencing resulted in 22,808,630 Leishmania reads
that had >100% coverage, 3,464 contigs of 29,491,421
bp, and a GC content of 59.68%.

We conducted MLSA by comparing open read-
ing frames (ORFs) of MiSeq data against GenBank
reference sequences at the following loci: B-actin, as-
partate aminotransferase, cytosolic glyceraldehyde-
3-phosphate dehydrogenase, glucose-6-phosphate
dehydrogenase, glucose-6-phosphate isomerase,
isocitrate dehydrogenase, cytosolic nicotinamide
adenine dinucleotide phosphate, malic enzyme,
mannose phosphate isomerase, 6-phosphogluco-
nate dehydrogenase, 6-phosphoglucomutase, heat-
shock protein 70, 18SrRNA ITS region and rRNA.
We determined similarities between MiSeq and
database ORFs, fragment length, and GenBank ac-
cession no. (Table, https://wwwnc.cdc.gov/EID/
article/27/6/20-4198-T1.htm). Similarities to Vian-
nia reference sequences were 99.6% for 185 rRNA and
65.23% for ITS rRNA loci. To visualize the taxonomic
location of the isolate from Arizona, we constructed
an evolutionary distance tree by using MiSeq 185r-
RNA and cytosolic glyceraldehyde-3-phosphate de-
hydrogenase ORFs, as well as complete reference
sequences in the subgenera Leishmania, Viannia, and
Mundina (Figure 2).
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Conclusions
Leishmania species associated with human clinical cas-
es are typically prevalent in tropical and subtropical
foci and classified into 2 subgenera: Viannia and Leish-
mania. Nonetheless, environmental changes might
contribute to expansion of natural vectors, reservoirs,
and emergence of novel Leishmania strains and leish-
maniasis in nonendemic areas, posing a new and seri-
ous challenge to public health (5,6).

We report an autochthonous case of CL caused
by a previously undescribed Leishmania parasite in a

A

00028 | (v) braziliensis

L. (V) pananamensis

L. sp. Arizona Isolate

L. (L) mexicana

L. (L) infantum

L. (L.) donovani

LM, - .
e (M.) martiniquensis

patient in Arizona. The integrated interpretation of
the clinical information, travel history, parasite mor-
phology, CDC species-specific diagnostic test results,
and MLSA/phylogenetic analyses suggest that the
isolate from Arizona could be a new strain or species
within the subgenus Leishmania. This isolate is also
genetically distinct at the internal transcribed spacer
2 locus from reported isolates for 18 previous cases
of leishmaniasis from Arizona, characterized by CDC
over the past 10 years, which were detected in travel-
ers returning from disease-endemic areas.

L. (M.) enriettii
Leptomonas seymouri
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Figure 2. Phylogenetic tree of Leishmania subgenus isolates from a patient in Arizona, USA, and reference Leishmania species in
relationship to species in the subgenera Leishmania, Viannia, and Mundina. A) Phylogenetic tree of Leishmania 18S rRNA genes.

Sequences of Crithidia fasciculata and Leptomonas seymouri are included as references. L. (V.) panamensis (GenBank accession no.
GQ332362); L. (V.) braziliensis (accession no. GQ332355); L. (L) mexinana (accession no. GQ332260); L. (L.) infantum (accession no.
GQ332359); L. (L.) donovani (accession no. GQ332356); L. (M.) martiniquensis (accession no. AF303938); L. (M.) enriettii (accession
no. ATAF02000704); Leptomonas seymore (accession no. KP717894); and Crithidia fasciculata (accession no. Y00055). The 2 non-
Leishmania trypanosomatids (Leptomonas seymore and Crithidia fasciculata) were included in the phylogenetic tree because they
were previously described as co-infecting parasites in human leishmaniasis cases. B) Phylogenetic tree of glyceraldehyde-3-phosphate
dehydrogenase genes. Sequences from Crithidia fasciculata and Leptomonas seymouri were included as references. Numbers along
branches indicate bootstrap values. Scale bars indicate nucleotide substitutions per site.
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Despite these findings, we realize that classifi-
cation of this parasite cannot be conclusively deter-
mined based solely on genetic evidence observed in
this study. Therefore, further investigations (includ-
ing multilocus enzyme electrophoresis and whole-
genome sequencing with next-generation sequenc-
ing long read fragments) will be needed to confirm
whether the isolate from Arizona is a new species or a
new strain in the subgenus Leishmania.

Historically, human leishmaniasis in the United
States has been considered an exotic, travel-acquired
infection. However, this concept must be reexamined
because of the expansion of sylvatic animal reservoirs
and natural sand fly vectors of Leishmania spp. and
reports of human and animal autochthonous cases in
several states (7-9,13-15). Considering the patient’s
travel history, the increased reports of zoonotic cases,
and the active presence of sand fly vectors/reservoirs
in southern areas of the United States, we concluded
that the CL reported was probably caused by local
parasite transmission. Because there is increasing
evidence of likely local transmission, leishmaniasis
could be emerging in the southwestern United States.
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Molecular Characterization and

Antimicrobial

Resistance in

Neisseria gonorrhoeae,
Nunavut Region of Inuit
Nunangat, Canada, 2018-2019

Ameeta E. Singh, Jasmine Pawa, Kethika Kulleperuma, Errol Prasad,
Sonia Marchand, K. Dionne, Maxim Trubnikov, Tom Wong, Michael R. Mulvey, Irene Martin

We assessed antimicrobial resistance (AMR) in Neis-
seria gonorrhoeae in Nunavut, Canada, using remnant
gonorrhea nucleic acid amplification test—positive urine
specimens. This study confirms the feasibility of conduct-
ing N. gonorrhoeae AMR surveillance and highlights the
diversity of gonococcal sequence types and geographic
variation of AMR patterns in the territory.

In 2015, the prevalence of Neisseria gonorrhoeae re-
ported in the territory of Nunavut, Canada, 837.6
cases/100,000 residents, was 15 times the national
rate in Canada (55.4 cases/100,000 residents) (1).
Gonorrhea is a notifiable disease in Nunavut, and
all positive cases are reported to the department of
health. Globally, reports are increasing of N. gon-
orrhoeae with resistance to currently recommended
first-line antimicrobial treatment agents (2). These
resistance rates in some global regions approach
or exceed World Health Organization thresholds
of 5% to warrant changes to the prescribed gonor-
rhea treatments (3).

The Gonococcal Antimicrobial Surveillance Pro-
gram of Canada is a culture-based laboratory sur-
veillance system monitoring antimicrobial resistance
(AMR) trends and gonococcal sequence types (STs) in
N. gonorrhoeae (4). Traditionally, N. gonorrhoeae AMR
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surveillance has required obtaining cultures from
patients for phenotypic testing. In the Canadian Arc-
tic regions, including Nunavut, no information has
been available on the prevalence and distribution of
N. gonorrhoeae AMR patterns because long transport
times and conditions preclude transporting cultures;
assessment is exclusively done by using nucleic acid
amplification tests (NAATSs). The National Microbiol-
ogy Laboratory (Winnipeg, Manitoba, Canada) has
addressed this issue by developing molecular assays
to predict AMR and molecular STs from remnant
NAAT specimens. We sought to assess the preva-
lence and distribution of AMR N. gonorrhoeae STs in
Nunavut using NAAT-tested N. gonorrhoeae-positive
specimens.

The Study

Nunavut, at 1,877,787 km? the largest territory in
Canada, is divided into 3 regions: Qikiqtaaluk (also
called Qikigtani) in the east, Kivalliq in the center,
and Kitikmeot in the west. Nunavut’s reported 2016
population was 35,994 (5), *85% of whom identify as
Inuit (6). Nunavut is one region in Inuit Nunangat, a
Canadian Inuktitut term inclusive of the land, water,
and ice of the Inuit homeland (7).

For this study we used remnant N. gonorrhoeae
NAAT-positive specimens collected in Nunavut for
routine gonococcal diagnostics during January 1,
2018-December 31, 2019. We submitted specimens
from the Kitikmeot region to DynaLife Laboratories
(https:/ /www.dynalife.ca) and from the Qikiqtaa-
luk and Kivalliq regions to the Qikiqtani General
Hospital Laboratory (Iqaluit, Nunavut, Canada) to
the National Microbiology Laboratory for molecular
antimicrobial susceptibility prediction using NAATSs
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and N. gonorrhoeae multiantigen sequence typing
(NG-MAST). Urine specimens submitted to DynalLife
laboratories were tested using the Gen-Probe Aptima
Combo 2 test (Hologic, https://www.hologic.com).
Testing at the Qikigtani General Hospital Laboratory
was done using the Roche-Cobas test (Roche Molecu-
lar Diagnostics, https://diagnostics.roche.com). We
did not submit repeat samples or test-of-cure speci-
mens. Ethics approval was obtained from the Univer-
sity of Alberta’s Health Research Ethics Board and the
Nunavut Research Institute.

We performed NG-MAST as described else-
where (8,9). We then tested specimens successfully
typed with NG-MAST using single-nucleotide poly-
morphism (SNP) assays targeting cephalosporin-DS
mutations (ponA, mtrR delA, porB, penA A311V, penA
A501, penA N513Y, and penA G545S), ciprofloxacin-
resistance mutations (gyrA and parC), and azithromy-
cin-resistance mutations (23S rRNA A2059G, C2611T,
and mtrR) to predict antimicrobial susceptibility. We
performed DNA extraction, preparation, real-time
PCR, and results analysis as described elsewhere
(9,10). For specimens identified with the same ST, we
performed SNP assay testing for a subset of samples
and for the remainder of samples within identical ST
groups. We inferred AMR profiles based on STs with
4-70 samples if 250% of those samples had identical
AMR predictions based on SNP results and STs with
>70 samples if 230 samples were tested with identical
AMR predictions. These results are molecular based
and have been validated against MIC phenotypes in a
previous study (9).

All NAAT-tested N. gonorrhoeae-positive speci-
mens (n = 1,128) from Nunavut collected between
January 1, 2018-December 31, 2019, were included in

30 -
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w2019, n=634

2]
(9]
L

(o)
o
1
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o v
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Table 1. Sex and geographic distribution of gonorrhea nucleic
acid amplification test positive specimens from Nunavut, Canada,
2018-2019*

Region Total
Year Sex__Kivallig Qikigtaaluk Kitikmeot by sex Total
2018 M 62 112 8 182 432
F 98 135 17 250
2019 M 94 166 14 274 696
F 142 256 22 420
Unk 0 0 2 2
Total 396 669 63 1,128

*Unk, unknown

the study (Table 1). Of these, 106 (9.4%) samples were
nontypeable for NG-MAST because of low concentra-
tions of DNA and therefore excluded from further test-
ing. We identified a total of 75 different STs among the
remaining 1,022 NAAT-identified isolates from samples
submitted from Nunavut (Figure 1). The most prevalent
was ST16840 (16.5%), followed by ST5985 (15.3%).

SNP assay results for predicting AMR were
successfully determined for cephalosporin (687
samples), ciprofloxacin (541 samples), and azithro-
mycin (435 samples). We predicted AMR for an
additional 289 cephalosporin results, 436 cipro-
floxacin results, and 533 azithromycin results on
the basis of expected results of prevalent STs tested
(Table 2). Within Nunavut, the Qikiqtaaluk region
had the highest prevalence of intermediate cepha-
losporin MICs (51.3%) and resistance to azithro-
mycin (11.3%). The Kivalliq region had the only
sample (0.3%) with predicted decreased suscepti-
bility to cephalosporins. We inferred the genetic
relationships between the NG-MAST STs by using
the maximum-likelihood method and Tamura-Nei
model (Figure 2) (11,12). We predicted most sam-
ples in clusters A, B, and D would have elevated

Figure 1. Distribution of
prevalent Neisseria gonorrhoeae
multiantigen sequence typing
sequence types of gonorrhea-
positive nucleic acid amplification
specimens (n = 1,022) from a
study of antimicrobial resistance
in N. gonorrhoeae in the Nunavut
region of Inuit Nunangat, Canada,
2018-2019.

16840 5985 4637 5441 17354 18987 17063 13821 17285 17380 18536 19460 7638
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Table 2. Predicted AMR of gonorrhea positive nucleic acid amplification specimens from Nunavut, 2018-2019*

No. specimens with AMR/no. predicted (%)

Resistance MICs, mg/L Qikigtaaluk Kivallig Kitikmeot Total
Decreased susceptibility to cephalosporins 20.125 0/591 (0) 1/350 (0.3) 0/35 (0) 1/976 (0.1)
Intermediate cephalosporin MICs 0.032-0.063  303/591 (51.3) 49/350 (14.0) 8/35 (22.9) 360/976 (36.9)
Ciprofloxacin resistant 21 298/591 (50.4) 50/351 (14.2) 7/35 (20.0) 355/977 (36.3)
Azithromycin resistant 22 66/583 (11.3) 2/350 (0.6) 0/35 (0) 68/968 (7.0)

*Denominators indicate predicted number of samples with susceptibility for the given antimicrobial. Not all samples were tested for antimicrobial
susceptibilities and not all the samples that were tested gave conclusive results. AMR, antimicrobial resistance.

MICs to cephalosporins but that most samples in
cluster C would have azithromycin resistance. We
also found that STs were clustered based on geog-
raphy: in Qikiqtaaluk, we primarily identified STs
from clusters A, B and C, but we identified STs
from cluster D in all 3 jurisdictions.

Our analysis of routinely collected diagnostic
specimens for gonorrhea from Nunavut highlights
the usefulness of SNP assays and NG-MAST typing
in identifying population-level N. gonorrhoeae AMR
and delineating transmission patterns (9). Cur-
rent Nunavut treatment guidelines for gonorrhea

NG-MAST [Total KIVALLIQ QIKIQTAALUK KITIKMEOT
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Figure 2. Genetic relationship of Neisseria gonorrhoeae multiantigen sequence typing sequence types (STs) of gonorrhea-positive nucleic acid
amplification specimens with prevalent and predicted nonsusceptible SNP assay results (n = 975) from a study of antimicrobial resistance in

N. gonorrhoeae in the Nunavut region of Inuit Nunangat, Canada, 2018-2019. Only prevalent STs or STs whose samples predicted decreased
susceptibility to cephalosporins or resistance to ciprofloxacin or azithromycin were included. The evolutionary history was inferred by using

the maximum-likelihood method and Tamura-Nei model (13). The tree with the highest log likelihood (—4321.41) is shown. Initial trees for the
heuristic search were obtained automatically by applying neighbor-joining and BioNJ algorithms to a matrix of pairwise distances estimated
using the maximum composite likelihood approach, and then selecting the topology with superior log likelihood value. The tree is drawn to scale,
with branch lengths measured in the number of substitutions per site. This analysis involved 39 nucleotide sequences. Codon positions included
were 1st+2nd+3rd+Noncoding; a total of 917 positions were in the final dataset. Evolutionary analyses were conducted in MEGA X (14).
Clusters were identified as STs with <5 base pair differences between them. *One of the ST2400 samples was predicted to be cephalosporin
decreased susceptibility (not cephalosporin/DS). 1The sample that was predicted to be cephalosporin/DS was not azithromycin resistant. $The
sample that was cephalosporin/DS was also azithromycin resistant. Cephalosporin/DS, cephalosporin intermediate/decreased susceptibility.
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recommend dual ceftriaxone/azithromycin thera-
py (13). Although decreased susceptibility to ceph-
alosporins was identified in only 1 sample, the rate
of predicted intermediate cephalosporin MICs in
Nunavut at 36.9% is >2 times as high as the national
rate of 16% in 2018, potentially limiting the long-
term use of this agent (4). In addition, the 7.0% rate
of predicted azithromycin resistance exceeds the
World Health Organization threshold of 5% above
which a drug is not routinely recommended for
treatment (3). We also noted substantial geograph-
ic variation; the highest prevalence of predicted
intermediate cephalosporin MICs (51.3%) and pre-
dicted resistance to azithromycin (11.3%) were in
the Qikiqtaaluk region. In the adjacent province of
Quebec, the reported rate of intermediate cephalo-
sporin MICs was 22% and azithromycin resistance
was 11.8% (4). NG-MAST typing detected a large
number of STs, reflecting the genetic diversity of
N. gonorrhoeae and suggesting the introduction of
multiple strains into the territory.

The first limitation of our study was that no gono-
coccal cultures were available and cases were compared
to national gonococcal cultures, which may not be rep-
resentative of gonorrhea in all regions. In addition,
only urine specimens were collected for gonorrhea in
Nunavut. Previous research has highlighted the vari-
ability in ST from extragenital sites (14,15). There are
limitations to using culture-independent techniques
to predict AMR because specimens often contain low
concentrations of DNA, which can limit SN detection.
Gonococcus is also known to mutate easily, which may
lead to false-negative results in the SNP assays because
of sequence variations in DNA (9). A molecular-based
approach may overestimate AMR because mutations
associated with resistance do not always correlate phe-
notypically. Finally, we acknowledge the biomedical
and technical laboratory approach of this work and the
limited partnerships with the Inuit people.

Conclusions

Because research across Inuit Nunangat has histori-
cally often been done in an exploitative way that has
not respected Inuit self-determination, meaning-
ful partnerships are required to prioritize research
activities and develop approaches that add value
for and are accepted by communities. Our findings
highlight the feasibility of conducting molecular sur-
veillance for N. gonorrhoeae AMR using remnant N.
gonorrhoeae-positive NAAT specimens Data based
on these findings can be used to provide Nunavut
with up-to-date information about the best choices
to treat gonorrhea.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

Acknowledgments
We thank Pam Sawatzky, Norman Barairo, and Shelley
Peterson for technical assistance.

This project was supported by internal funding from the
Public Health Agency of Canada and Indigenous Services
Canada.

About the Author

Dr. Singh is a clinical professor with the Division of Infec-
tious Diseases at the University of Alberta in Edmonton.
Her primary research interests are clinical and epidemio-
logic aspects of bacterial STIs, HIV biomedical preven-
tion, and the use of rapid diagnostic tests for diagnosing
syphilis and HIV.

References

1. Choudhri Y, Miller J, Sandhu J, Leon A, Aho J. Gonorrhea in
Canada, 2010-2015. Can Commun Dis Rep. 2018;44:37-42.
https:/ /doi.org/10.14745/ ccdr.v44i02a01

2. Unemo M, Seifert HS, Hook III EW, Hawkes S, Ndowa F,
et al. Gonorrhoea. Nat Rev Dis Primers. 2019;5:79.

3. World Health Organization, Department of Reproductive
Health and Research. Global action plan to control the
spread and impact of antimicrobial resistance in Neisseria
gonorrhoeae. 2012 [cited 2021 Apr 21]. https:/ /www.who.int/
reproductivehealth/publications/rtis/ 9789241503501/ en

4. Public Health Agency of Canada, National Microbiology
Laboratory. 2020. National surveillance of antimicrobial
susceptibilities of Neisseria gonorrhoeae annual summary 2018
[cited 2021 Apr 21]. https:/ /www.canada.ca/en/
public-health/services/ publications/ drugs-health-
products/national-surveillance-antimicrobial-susceptibilities-
neisseria-gonorrhoeae-annual-summary-2018.html

5. Statistics Canada. Population and dwelling count highlight
tables, 2016 census [cited 2021 Apr 21]. https:/ /www12.statcan.
gc.ca/ census-recensement/ 2016/ dp-pd/hlt-fst/ pd-pl/ Table.cf
m?Lang=Eng&T=101&SR=1&5=3&0O=D#tPopDwell

6. Nunavut Tunngavik Incorporated. Annual report on the
state of Inuit culture and society, 2007-8 [cited 2021 Apr 21].
https:/ /www.tunngavik.com/ publications/annual-report-
on-the-state-of-inuit-culture-and-society-2007-2008

7. Kanatami IT. National Inuit strategy on research, 2018
[cited 2021 Apr 21]. https:/ / www.itk.ca/wp-content/
uploads/2018/04/ITK_NISR-Report_English_low_res.pdf

8. Martin IM, Ison CA, Aanensen DM, Fenton KA, Spratt BG.
Rapid sequence-based identification of gonococcal transmission
clusters in a large metropolitan area. ] Infect Dis. 2004;189:1497-
505. PubMed https:/ /doi.org/10.1086/383047

9. Peterson S, Martin I, Demczuk W, Barairo N, Naidu P,
Lefebvre B, et al. Multiplex real-time polymerase chain
reaction assays for the prediction of cephalosporin,
ciprofloxacin, and azithromycin antimicrobial susceptibility
of positive Neisseria gonorrhoeae nucleic acid amplification
test samples. ] Antimicrob Chemother. 2020;75:3485-90.
https:/ /doi.org/10.1093/jac/ dkaa360

10. Trembizki E, Buckley C, Donovan B, Chen M, Guy R,
Kaldor J, et al. Direct real-time PCR-based detection of
Neisseria gonorrhoeae 23S TRNA mutations associated
with azithromycin resistance. ] Antimicrob Chemother.
2015;70:3244-9.

1721



DISPATCHES

11.

12.

13.

14.

1722

Tamura K, Nei M. Estimation of the number of nucleotide
substitutions in the control region of mitochondrial

DNA in humans and chimpanzees. Mol Biol Evol.
1993;10:512-26.

Kumar S, Stecher G, Li M, Knyaz C, Tamura K. MEGA X:
molecular evolutionary genetics analysis across
computing platforms. Mol Biol Evol. 2018;35:1547-9.
https:/ /doi.org/10.1093 / molbev/msy096

Gonorrhea public health protocol. Nunavut communicable
disease and surveillance manual. Iqaluit (Canada): Nunavut
Department of Health. 2018.

Didelot X, Dordel J, Whittles LK, Collins C, Bilek N,
Bishop CJ, et al. Genomic analysis and comparison of

15.

two gonorrhea outbreaks. mBio. 2016;7:e00525-16.

https:/ /doi.org/10.1128 /mBio.00525-16

Ota KV, Fisman DN, Tamari IE, Smieja M, Ng L-K,

Jones KE, et al. Incidence and treatment outcomes of
pharyngeal Neisseria gonorrhoeae and Chlamydia trachomatis
infections in men who have sex with men: a 13-year
retrospective cohort study. Clin Infect Dis. 2009;48:1237-43.
https:/ /doi.org/10.1086/597586

Address for correspondence: Ameeta Singh, University of Alberta,
Edmonton, 3B20-111 Jasper Ave, Edmonton, AB T5K 0L4, Canada;
email: ameeta@ualberta.ca

The Public Health Image
Library (PHIL), Centers

for Disease Control and
Prevention, contains
thousands of public health—
related images, including
high-resolution (print
quality) photographs,
illustrations, and videos.

PHIL collections illustrate
current events and articles,

supply visual content for
health promotion brochures,
document the effects of
disease, and enhance
instructional media.

PHIL images, accessible
to PC and Macintosh
users, are in the public
domain and available
without charge.

Visit PHIL at:
http:/ / phil.cdc.gov/ phil

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 6, June 2021



Leishmaniases in the European
Union and Neighboring Countries

Eduardo Berriatua, Carla Maia, Claudia Conceigéo, Yusuf Ozbel, Seray T6z, Gad Baneth,
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Begofia Monge-Maillo, Elkhan Gasimov, Yves Van der Stede, Gregorio Torres, Céline M. Gossner

A questionnaire survey of animal and human health au-
thorities in Europe revealed that leishmaniases are not
notifiable in all countries with autochthonous cases. Few
countries implement surveillance and control targeting
both animal and human infections. Leishmaniases are
considered emergent diseases in most countries, and
lack of resources is a challenge for control.

Leishmaniases are endemic in humans and animals
in part of the European Union (EU) and its neigh-
boring countries. Leishmania species in this region
are L. major, L. tropica, and the L. donovani complex
species (including L. infantum and L. donovani sensu
stricto). All cause cutaneous leishmaniasis (CL); vis-
ceral leishmaniasis (VL) is caused mainly by L. don-
ovani complex species. There is evidence that the risk
for leishmaniases is increasing in some EU and neigh-
boring countries (1). We conducted a questionnaire
survey to gather information on the epidemiologic
situation, surveillance, prevention and control mea-
sures, and drivers of emergence of animal and human
leishmaniases in this region during 2010-2020.

The Study

The survey included an animal leishmaniasis (AniL)
questionnaire referring to L. infantum infections in do-
mestic or wildlife hosts and a human leishmaniases
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(HumL) questionnaire referring to infections by L. in-
fantum, L. major, L. tropica and L. donovani s.s. (Appen-
dix, https://wwwnc.cdc.gov/EID/article/27/6/21-
0239-Appl.pdf). The target audience was the national
focal points (national institutes or ministries) of the Eu-
ropean Centre for Disease Prevention and Control, the
World Health Organization, the European Food Safety
Authority, and the World Organisation for Animal
Health in countries in which leishmaniases are endem-
ic or those with confirmed or suspected presence of
sand fly vectors (2). These countries were Albania, Al-
geria, Armenia, Austria, Azerbaijan, Belgium, Bosnia
and Herzegovina, Bulgaria, Croatia, Cyprus, Czechia,
Egypt, France, Georgia, Germany, Greece, Hungary,
Israel, Italy, Jordan, Kosovo, Lebanon, Libya, Liech-
tenstein, Luxembourg, Malta, Moldova, Montenegro,
Morocco, North Macedonia, Palestine, Portugal, Ro-
mania, Serbia, Slovakia, Slovenia, Spain, Tunisia, Tur-
key, and Ukraine (Figure 1). The questionnaires were
administered electronically using the EU survey tool
and shared on September 11, 2020 (3). Twenty-seven
countries (70%) replied to the AniL questionnaire and
24 countries (60%) to the HumL questionnaires; 19
countries (48%) replied to both (Table 1).

We reviewed the countries” epidemiologic status
with regards to autochthonous Leishmania spp. infec-
tions in animals and humans and clinical forms in
humans. The mapping of the countries with autoch-
thonous transmission matches previous published
information with few discrepancies. For instance, ac-
cording to the questionnaire, Bosnia and Herzegovi-
na and Hungary do not have autochthonous canine
leishmaniasis cases, although such cases have been
described (4,5). Human cases of leishmaniasis due to
L. tropica were reported in Cyprus and Serbia and due
to L. major in Georgia; however, none of the literature
presents concurring evidence (Table 2).

Animal leishmaniases are notifiable in 17 countries
and human leishmaniases in 20 countries (Table 1; Fig-
ure 2). In Palestine and Turkey, AnilL is not notifiable
despite a high prevalence among dogs (6,7). Similarly,
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Figure 1. Geographic distribution of countries that responded to survey questionnaires about animal and human leishmaniases in

Europe, 2020.

in France, neither AniL. nor HumL are notifiable al-
though the diseases are endemic in the south (8). Leish-
maniases surveillance is not mandatory at the EU level
which constitutes a limitation for successful control.
Seven countries conduct AniL. surveillance (Table
1), indicative of its low priority among the animal health
authorities. The target animal population for surveil-
lance included symptomatic and asymptomatic dogs
in Armenia, Cyprus, Italy, Spain, and Ukraine; we also
studied wildlife in leishmaniasis foci in Spain. Testing
subclinically infected dogs indicated awareness of their
role as reservoirs of the parasite (1). Similarly, wild lago-
morphs were the main reservoir of L. infantum ina HumL
outbreak in Madrid in Spain (9). Surveillance of HumL
is conducted in 19 countries, including all of those with
autochthonous infections except Serbia (Table 1).
Antibody tests, including the immunofluores-
cence antibody test, ELISA, and the rapid immuno-
chromatography test, are the main surveillance di-
agnostic methods used, followed by PCR. Antibody
tests play a fundamental role in disease surveillance
because they are relatively cheap and easy to use (10).
However, their sensitivity to detect subclinical infec-
tions is lower than that of PCR tests (10), and they do
not discriminate naturally infected from vaccinated
dogs (11). PCR tests are ideal for epidemiologic stud-
ies to estimate Leishmania spp. infection prevalence in
healthy hosts, but their diagnostic validity depends

1724

on the sample used, the DNA sequence target, and
the PCR protocol. Standardization of PCR tests in
leishmaniasis diagnosis is needed (12).

Of the 7 countries that have ongoing AniL. preven-
tion and control programs (Table 1), 5 use topical insecti-
cides for dogs, 5 are diagnosing and treating leishmani-
ases in dogs, and 2 use canine leishmaniosis vaccines. In
all countries, infected dogs may be euthanized on wel-
fare grounds. Lack of funds and treatment costs were
considered the most important AniL control challenges.
Human leishmaniasis prevention and control activities
are implemented in 12 countries (Table 1); for L. infan-
tum, actions focused on the use of insecticides on dogs,
and for L. major, L. tropica, and L. donovani, the common
activity was the use of peridomiciliary and intradomicil-
iary insecticides. Lack of funds and capacity constraints
are considered the main challenges for HumL.

Although zoonotic L. infantum strategies are cen-
tered on preventing and eliminating infections in
dogs, the main parasite reservoir host, we found that
insecticides and treatments are not fully effective and
are expensive, and so provided to a relatively small
proportion of dogs. Leishmaniasis control needs the
One Health approach to account for the complexity
of its transmission cycle involving humans, domestic
animals, wildlife, and sand fly vectors (13).

Animal leishmaniases are considered emergent
diseases in Cyprus and Jordan and in parts of Algeria,
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Table 1. Declared country status of leishmaniases surveillance and control, 2010—2020*

Autochthonous Notifiable Surveillance Control
Country Animal Human Animal Human Animal Human Animal Human
Albania NR VL, CL NR Yes NR Yes NR No
Algeria Yes NR Yes NR Yes NR Yes NR
Armenia Yes VL Yes Yes Yes Yes Yes Yes
Austria Not known No No No No No No No
Azerbaijan NR VL, CL NR Yes NR Yes NR Yes
Belgium No No No No No Yes No No
Bosnia and No NR Yes NR No NR No NR
Herzegovina
Bulgaria NR VL NR Yes NR Yes NR Yes
Croatia Yes VL, CL Yes Yes No Yes No Not known
Cyprus Yes VL, CL Yes Yes Yes Yes No No
Czechia Not known No Yes Yes No No No No
France Yes VL, CL No No No Yes No No
Georgia Yes VL Yes Yes No Yes No Yes
Germany Not known No No No No No No No
Greece Yes VL, CL Yes Yes No Yes Yes Yes
Hungary Not known NR No NR No NR No NR
Israel Yes VL, CL Yes Yes No Yes No Yes
Italy Yes VL, CL Yes Yes Yes Yes Yes Yes
Jordan Yes NR Yes NR No NR No NR
Libya NR VL, CL NR Yes NR Yes NR Yes
Luxemburg Not known NR No NR No NR No NR
Malta NR VL, CL NR Yes NR Yes NR Yes
Moldova No NR Yes NR No NR No NR
Montenegro No VL Yes Yes No Yes Yes No
North Macedonia Yes NR Yes NR Yes NR Yes NR
Palestine Yes NR No NR No NR Yes NR
Romania Yes No No Yes No No No Not known
Serbia Yes VL, CL No No No No No Yes
Slovenia Yes No Yes Yes No Yes No No
Spain Yes VL, CL Regionally Yes Yes Yes No Yes
Turkey Yes VL, CL No Yes No Yes No Yes
Ukraine Yes VL Regionally Yes Yes Yes No No

*Data source: questionnaires survey on animal and human leishmaniases to national focal points of the European Centre for Disease Prevention and
Control, the World Health Organization, the European Food Safety Authority, and the World Organisation for Animal Health; survey conducted in 2020.

CL, cutaneous leishmaniases; NR, no response; VL, visceral leishmaniases.

Armenia, France, Georgia, Jordan, Montenegro, North
Macedonia, Romania, Slovenia, Turkey, and Ukraine.
The most important Anil. emergence risk factor is the
lack of control. Human leishmaniases are considered
emerging diseases in Cyprus, Libya and Malta and in
parts of Albania, Austria, Armenia, Azerbaijan, Geor-
gia, Israel, Italy, Montenegro, and Spain. The main risk
factors for HumL emergence are vector expansion for
L. infantum, and movement of infected persons between
countries for L. major, L. tropica, and L. donovani.

In general, the perceived increasing risk for AniL
and HumL was in line with the literature. In the EU
and its neighborhood, the risks include movement of
humans and dogs, increased number of immunosup-
pressed patients, climate warming, and other envi-
ronmental changes affecting vector and reservoir host
distribution (1,14). Limitations associated with exist-
ing surveillance and control programs, along with
the fact that leishmaniases are often regarded as a lo-
cal problem rather than a transnational problem, are
deemed major obstacles to overcome to prevent leish-
maniases emergence in the EU and its neighborhood.
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Conclusions

Leishmaniases are considered widespread, endemic,
or emerging infections in the EU and its neighbor-
hood, yet are neglected and underreported because
they are low priority at the country and EU level. Our
study revealed a clear need to strengthen leishmania-
sis prevention and control programs in the EU and its
neighborhood. We recommend analysis of leishmani-
asis incidence in the region for an objective assess-
ment of disease emergence, and also improvement of
prevention and control programs based on a robust
surveillance and following a One Health approach.
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Table 2. Declared status of endemicity of Leishmania spp.
affecting humans, by country
Leishmania species

Country L.infantum L. major L. tropica L. donovani
Albania Yes No No No
Armenia Yes No No No
Austria No No No No
Azerbaijan Yes Yes Yes No
Belgium No No No No
Bulgaria Yes No No No
Croatia Not known Not known Not known Not known
Cyprus No No Yes Yes
Czechia No No No No
France Yes No No No
Georgia Yes Yes No No
Germany No No No No
Greece Yes No No No
Israel Yes Yes Yes No
Italy Yes No No No
Libya Yes Yes Yes Not known
Malta Yes No No No
Montenegro Yes Not known Not known No
Romania No No No No
Serbia Yes Not known Yes No
Slovenia No No No No
Spain Yes No No No
Turkey Not known Not known Yes Not known
Ukraine No No No No
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Brucellosis Outbreak Traced to
Commercially Sold Camel Milk
through W hole-Genome
Sequencing, Israel

Svetlana Bardenstein, Rachel E. Gibbs, Yael Yagel, Yair Motro, Jacob Moran-Gilad

Brucellosis, a neglected zoonotic disease acquired from
contaminated food products, remains a public health con-
cern worldwide. We describe an outbreak in which com-
mercially sold camel milk containing Brucella melitensis
was distributed across Israel. Whole-genome sequencing
linked patients infected with B. melitensis to wholesale
camel milk and unregulated livestock trade.

Brucellosis, caused by bacteria of the Brucella genus,
is a neglected zoonotic disease that affects margin-
alized populations worldwide (I). Human transmis-
sion occurs mainly through consumption of unpas-
teurized, contaminated dairy products from infected,
domesticated animals. In Israel, brucellosis primarily
affects Arab populations, especially the seminomadic
Bedouin tribal communities in southern Israel (2).

Dromedary camels, which are capable of as-
ymptomatic carriage of Brucella, are valuable do-
mesticated animals in Bedouin culture, and un-
pasteurized camel milk has gained international
popularity because of its alleged medicinal proper-
ties. Few reported brucellosis outbreak investiga-
tions involving camel milk have described families
infected by milk from privately owned camels and
have used serologic testing to confirm diagnoses
(34). The standard tool for molecular typing of
Brucella has been multilocus variable-number tan-
dem-repeat analysis or multilocus sequence typ-
ing (MLST). However, whole-genome sequencing
(WGS) is increasingly used for the study of genom-
ic epidemiology of B. melitensis (5).
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We report an outbreak of human brucellosis with
unique epidemiologic characteristics, which origi-
nated from commercial, single-brand, unpasteurized
camel milk; infection was diagnosed in 19 patients
with a common exposure history over 4 months. We
demonstrate the utility of WGS for brucellosis out-
break investigations.

The Study

From July-November 2016, the Israeli Ministry of
Health noted an increase in brucellosis cases in non-
Arab patients in central and northern Israel, raising
suspicion of a common source (Figure 1). An epide-
miologic investigation noted patients were exposed
to the same brand of camel milk. A total of 20 isolates
were obtained from 19 patients across Israel (nos.
1-20; Table). Patients from shared households includ-
ed 2 pairs of siblings and 1 married couple. We stud-
ied 2 isolates (nos. 1, 2) from an infant from whom B.
melitensis was isolated from blood and cerebrospinal
fluid. We also included 1 person (isolate no. 12) who
consumed camel milk of an unknown brand.

The suspected vendor obtained milk from a Bed-
ouin camel farm in southern Israel (Figure 1). Field
investigation of the farm revealed 32 female and 2
male camels. A total of 4 female camels had positive
serologic test results for Brucella, but none were avail-
able for further testing. We sampled 6 bottles of camel
milk obtained from a natural food store carrying the
suspected brand and recovered a few colonies of B.
melitensis from 3 of the bottles.

Clinical isolates were submitted to the National
Brucellosis Reference Laboratory (Kimron Veterinary
Institute, Beit Dagan, Israel) for confirmation, and milk
samples were cultured at the same laboratory. In total,
10 B. melitensis human isolates from the outbreak and
3 camel milk isolates (nos. 21-23) from the implicated
source were available for sequencing. An additional 4
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epidemiologically unrelated isolates were sequenced
and used as outliers, including 1 isolate from camel
milk (no. 24), 2 isolates from patients with B. melitensis
with no camel milk exposure (nos. 26, 27), and 1 isolate
from an unrelated patient with B. melitensis acquired
after consuming camel milk (no. 25). Finally, we used
a B. melitensis reference genome sequence from the Na-
tional Center for Biotechnology Information Sequence
Read Archive database (no. 28).

DNA was extracted from Brucella isolates by
heat killing (80 C°, 10 min) and by using the DNeasy
Blood & Tissue kit (QIAGEN, https://www.qiagen.
com). Genomic libraries were prepared with a Nex-
tera Flex kit (Illumina, https://www.illumina.com)
and subjected to paired-end sequencing by using the
[llumina Miseq or Nextseq platforms. Sequences have
been deposited in the European Nucleotide Archive
(BioProject PRJEB43660).

® Patient residence
® Camel milk vendor
Camel milk farm

-
90

o | " I _:.:II
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Figure 1. Geographic distribution of cases of Brucella melitensis
traced to consumption of commercialized camel milk in Israel,
2016. Shown are the location of the camel farm in southern Israel
from which raw milk was obtained), the vendor in central Israel
that distributed the milk through direct online sales or other retail
stores, and the places of residence of individual case-patients
linked to the outbreak.
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We used WGS to analyze a total of 18 isolates: 10
human isolates, 3 camel milk isolates, 4 outlier iso-
lates, and 1 reference sequence. Raw sequences un-
derwent quality control using fastQC version 0.11.8
(6). We assembled sequence reads that passed QC by
the pipeline shovill version 1.0.4 with Trimmomatic
version 0.39, SPAdes version 3.13.1, and Pilon ver-
sion 1.23 with the parameters “~trim -opts -sc” (7).
We implemented in silico MLST with MLST version
2.10 per the pubMLST Brucella spp. Scheme (8,9). We
conducted core genome single-nucleotide polymor-
phism (SNP) analysis of the WGS assemblies by using
ekidna version 0.3.2 (10). The sequence from isolate
2 was selected for reference with complete assem-
bly of 3,297,563 bases (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/27/6/20-4902-App1.
pdf). We masked resulting core genome SNPs for re-
combination events using Gubbins version 2.3.4 (11)
and visualized the final SNP alignment as a mini-
mum-spanning tree created by PHYLOViZ2 (12).

We assigned all isolates to sequence type 8 by us-
ing in silico MLST. Core genome SNP analysis found
2,443 SNP sites with the sequence from isolate 2 for
reference. The phylogenetic tree demonstrated 1 main
cluster including 8 human outbreak isolates and all 3
isolates from camel milk (Figure 2). Two human out-
break isolates (nos. 4, 9) did not belong to the main
cluster, suggesting >1 clone might have caused the
outbreak. Isolate 12 clustered with outbreak isolates,
confirming that the case-patient who consumed an un-
known brand of camel milk was part of the outbreak.
Outlier sequences (nos. 25, 27, 28) were genetically dis-
tinct from outbreak isolates, expectedly. However, out-
liers (nos. 26, 24) clustered with outbreak isolates, sug-
gesting an unrecognized epidemiologic link between
Bedouin camel farming and outbreak source.

Conclusions
We describe an outbreak of brucellosis unique in its
patient population, source of infection, chain of trans-
mission, and use of WGS. Prior outbreak investiga-
tions of brucellosis have seldom used WGS to link the
outbreak with samples from the implicated source.
Here, WGS exposed genetic linkage between bottled
camel milk and 8 isolates from 7 patients, providing
conclusive evidence of this common source. Isolates
obtained from the same person (nos. 1, 2) and that
person’s sibling (no. 3) clustered tightly, providing
internal validity to the discriminative power of WGS.
WGS also associated isolate no. 12 (unknown camel
milk brand) with the outbreak.

Two isolates (nos. 4, 9) from cases clustered apart
from the outbreak strains. Because 4 female camels at the
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Table. Brucella melitensis isolates included in the study of brucellosis outbreak traced to commercially sold camel milk through whole-

genome sequencing, Israel*

Date of culture

Isolate no. Sequenced Origin Age Location Relationship  confirmation Source
Yes Human Child Jerusalem Siblings 2016 Aug 30 Blood
2 Yes 2016 Aug 30 CSF
3 Yes Human Child Jerusalem 2016 Oct 15 Blood
4 Yes Human Adult Gan Haim Married 2016 Jul 20 Blood
5 No Human Adult Gan Haim 2016 Jul 20 Blood
6 Yes Human Child Even Yehuda Siblings 2016 Oct 7 Blood
7 No Human Child Even Yehuda 2016 Jul 20 Blood
8 Yes Human Adult Tel Aviv None 2016 Aug 30 Blood
9 Yes Human Adult Jerusalem None 2016 Aug 14 Blood
10 Yes Human Adult Herzeliya None 2016 Oct 26 Blood
11 Yes Human Child Elad None 2016 Aug 3 Blood
12 Yes Human Adult Tirat HaKarmel None 2016 Nov 20 Blood
13 No Human Adult Kochav Yair None 2016 Aug 20 Blood
14 No Human Adult Kochav Yair None 2016 Aug 9 Blood
15 No Human Child Ramat Yishai None 2016 Sep 23 Blood
16 No Human Adult Kochav Yair None 2016 Jul 7 Blood
17 No Human Adult Tzalfon None 2016 Jul 15 Blood
18 No Human Adult Carmiel None 2016 Aug 8 Blood
19 No Human Adult Haifa None 2016 Aug 20 Blood
20 No Human Adult Hadera None 2016 Aug 10 Blood
21 Yes Camel milk NA Food store None 2017 Jan 15 Milk
22 Yes Camel milk NA Food store None 2017 Jan 15 Milk
23 Yes Camel milk NA Food store None 2017 Jan 15 Milk
24 Yes Camel milk outlier NA Rahat NA 2016 Jul 6 Milk
25 Yes Human outlier NA Taibe NA 2016 Jul 11 Blood
case
26 Yes Human outlier NA Hebron NA 2017 Blood
case
27 Yes Human outlier NA Haifa NA 2017 Blood
case
28 Yes Reference NA NA NA NA NA
sequence
(SRR403898471)

*CSF, cerebrospinal fluid; NA, not applicable.

tNational Center for Biotechnology Information Sequence Read Archive database.

implicated farm had positive Brucella serologic test re-
sults, they might have harbored several different strains
of B. melitensis, which could explain these results. We ac-
quired all bottles of camel milk sampled during a single
day, representing just 1 batch, and other batches were
not tested. Therefore, the presence of additional clones
implicated in this outbreak could not be ascertained.

Surprisingly, isolates 24 and 26 clustered with the
outbreak strains, suggesting an unrecognized epidemi-
ologic chain of transmission. This finding could reflect
patterns of unregulated animal trade in Israel in which
domesticated animals, including camels, are trafficked
from Hebron (origin of isolate 26) throughout the Ne-
gev region to Bedouin communities (in this case Rahat
[origin of isolate 24], the largest Bedouin city). Cluster-
ing of these outliers suggests that the outbreak might
have been more widespread than documented.

In contrast with traditional patterns of brucel-
losis cases and case clusters, which occur mainly in
small communities where residents consume locally
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produced unpasteurized dairy products, this out-
break resulted from web-based commercial sales of an
unregulated food product. This sales channel enabled
the spread of B. melitensis throughout Israel, similar
to a recent United States report on commercially sold
contaminated raw cow milk (13). Therefore, modern
consumer trends in small agriculture and food pro-
duction may result in new food safety risks.

The advantages of WGS in this outbreak investiga-
tion included the capacity to analyze both related and
outlier isolates. This capability enabled us to resolve
complex linkages between cases, suggesting unequiv-
ocal, temporal relationships that depict outbreak direc-
tionality and can aid future preventative measures.

In conclusion, we describe a unique B. melitensis
outbreak linking human cases with commercially sold,
unregulated camel milk. These results demonstrate
that WGS can be a powerful tool for investigating
transmission of brucellosis, a neglected zoonotic dis-
ease, in a world of modernized commercialism.
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Figure 2. Minimum-spanning tree
of core genome single-nucleotide
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melitensis outbreak traced to
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Israel, 2016. The phylogenetic tree
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polymorphisms between isolates. The
nodes are colored according to the
epidemiologic link (outbreak isolate
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according to the sample source
(clinical sample or camel milk).
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In October 2020, highly pathogenic avian influenza
A(H5N8) viruses were detected in 2 dead swans in In-
ner Mongolia, China. Genetic analysis showed that the
H5NS8 isolates belong to clade 2.3.4.4b and that the iso-
lates cluster with the H5N8 viruses isolated in Eurasia in
the fall of 2020.

Since 2008, highly pathogenic avian influenza
(HPAI) H5 clade 2.3.4 viruses with various neur-
aminidase combinations have been identified, and
these subtypes have subsequently evolved into
different subclades, including clade 2.3.4.4 (1-3).
In contrast to the 2014-2015 H5NS8 clade 2.3.4.4 vi-
ruses, which spread worldwide through wild mi-
gratory birds (4), the intercontinental spread of
clade 2.3.4.4b viruses began in fall 2016 (5). More-
over, clade 2.3.4.4b viruses have had a sustained
prevalence in Europe, Africa, and the Middle East
in recent years (https://www.oie.int/en/animal-
health-in-the-world). In January 2020, clade 2.3.4.4h
of HPAI A(H5N®6) virus was detected in whooper
swans (Cygnus cygnus) and mute swans (C. olor)
in Xinjiang (6); however, no outbreaks of H5N8 in
mainland China have been reported since 2017. We

1These first authors contributed equally to this article.
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report the reemergence of HPAI H5NS viruses from
wild aquatic birds in mainland China.

On October 17, 2020, we collected multiple or-
gans (brains, larynx, liver, lung, pancreas, kidney,
spleen, and rectum) from 2 dead swans, a whooper
swan and a mute swan, in Wuliangsuhai Lake in Bay-
annur City, Inner Mongolia, China (40.95138889°N,
108.9266667°E) (Figure). We sequenced the H5NS ge-
nomes directly from organs. We isolated 2 H5NS in-
fluenza viruses, A/whooper swan/Inner Mongolia/
W1-1/2020(H5N8) and A/mute swan/Inner Mongo-
lia/W2-1/2020(H5NS).

We sequenced the full-length genomes and
confirmed that the 2 isolates were HPAI vi-
ruses on the basis of the amino acid sequence
REKRRKR|GLFGALI at the hemagglutinin cleavage
site. The sequences of these 2 Inner Mongolia H5N8
isolates (IM-H5N8) were deposited into the GI-
SAID database (http://www.gisaid.org; accession
nos. EPI1811641-56). The receptor-binding site at
the 222-224 (H5 numbering) motif (QRG) suggest-
ed avian-like (a 2-3-SA) receptors, and the substi-
tutions D94N, S123P, and S133A (H5 numbering),
which are associated with increased binding to hu-
man-like (a 2-6-SA) receptors, were identified. The
residues Q591, E627, and D701 in the polymerase
basic 2 protein suggest that these viruses have not
yet adapted to mammalian hosts.

Sequence comparisons showed high nucleo-
tide identity across all 8 gene segments between the
2 IM-H5NS isolates (99.8%-100%). A BLAST search
(https:/ /blast.ncbi.nlm.nih.gov/Blast.cgi) performed
in the GISAID database suggested that IM-H5NS8
shares the highest nucleotide identity (>99%) with
the H5NS viruses isolated in Eurasia in fall 2020 (EA-
H5NS8) (Appendix Table 1, https:/ /wwwnc.cdc.gov/
EID/article/27/6/20-4727-Appl.pdf). These results
indicate that IM-H5N8 and EA-H5NS are descendants
of a common ancestral virus. Phylogenetic analysis
further confirmed that the 8 segments had a common
evolutionary source, clustering with EA-H5NS8 and
belonging to clade 2.3.4.4b (Appendix Figure).

Clade 2.3.44b HS5NS8 viruses were detected
mainly in poultry in Europe in early 2020 but were
not related to IM-H5N8 (Appendix Figure) (7). On
May 12 2020, IM-H5NS like virus was first detected
in poultry in Iraq (7). It might be the source of IM-
H5NS8-like viruses. Soon after, similar viruses were
reported in southern central Russia in late July 2020,
and they jumped into wild birds in September in Rus-
sia and Kazakhstan (Appendix Table 1). Migratory
birds moving within several flyways in Eurasia have
overlapping breeding areas (8), and breeding origin
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Figure. Global distribution of the influenza A(H5N8) viruses related to 2 H5N8 isolates detected in whooper swans (Cygnus cygnus)
and mute swans (C. olor) in Inner Mongolia, China, 2020. Red dot indicates sampling site in Inner Mongolia; red solid lines indicate
whooper swan migratory routes in central China. Dates refer to the day of initial HSN8 virus isolated in poultry and wild birds in each

country in 2020.

assignments suggest that migration distances vary by
a maximum of 3,500 km (9). Such a unique ecosys-
tem could be implicated as a pathway for the cross-
regional spread of HPAI viruses during the autumn
migration of waterfowl. Birds breeding in Russia that
migrate along different routes might be responsible
for the widespread transmission of H5N8 viruses in
both Europe and China in fall 2020.

The migration routes of whooper swans along
the Central Asian flyway have been identified (10);
the widely distributed lakes in western and north-
ern Mongolia (including the lakes in Russia near
Mongolia) are important breeding areas, and Inner
Mongolia (including Bayannur City, Baotou City,
and Ordos City) and Shaanxi (including Yulin City)
are the key stopover sites during the migration of
whooper swans in China. Whooper swans usually
winter along the Yellow River (e.g., in Henan [San-
menxia Reservoir area] and Shanxi [Shengtian Lake]),
and whooper swans also wander between different
wintering grounds. Despite no reported outbreak of

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

HPAI A(H5NS8) virus in Mongolia, Russia reported a
similar swan outbreak of HPAI A(H5NS8) virus on Au-
gust 28, 2020 (https:/ /www.oie.int/wahis_2/temp/
reports/en_fup_0000035737_20200915_110259.pdYf),
which could be the source of the infections in these
swans in Bayannur City in Inner Mongolia through
swan migration.

In conclusion, we detected HPAI A(H5NS8) dur-
ing the autumn migration of whooper swans through
Inner Mongolia. This finding warrants strengthening
the monitoring of HPAI A(H5NS) in swans and other
migratory waterfowl in the main stopover sites and
wintering grounds, especially in the Sanmenxia Res-
ervoir area in Henan Province.
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Detecting severe acute respiratory syndrome coronavi-
rus 2 in deceased patients is key when considering ap-
propriate safety measures to prevent infection during
postmortem examinations. A prospective cohort study
comparing a rapid antigen test with quantitative reverse
transcription PCR showed the rapid test’s usability as a
tool to guide autopsy practice.

apid detection of severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) is essential
to prevent viral dissemination. Rapid antigen tests
(RATs) have recently been approved and are now
widely used in the current coronavirus disease (CO-
VID-19) pandemic (1). Although the performance of
RATSs has been evaluated extensively in clinics (2-4),
data on postmortem testing are still lacking (5).

We performed a prospective cohort study in which
we evaluated the performance of the Roche/SD Bio-
sensor SARS-CoV-2 RAT (https://www.roche.com)
in 30 consecutive deceased COVID-19 patients at the
University Hospital, Medical University of Graz (Graz,
Austria), during November 28-December 23, 2020.
We tested each corpse with nasopharyngeal swabs
for RAT (using the manufacturer’s kit) and eSwabs
(https:/ /www.copanusa.com) for quantitative reverse
transcription PCR (qRT-PCR) targeted to the viral en-
velope (E) and nucleocapsid (N) genes of SARS-CoV-2.
Furthermore, we used virus isolation from lung tissue
swabs from an additional cohort of deceased COV-
ID-19 patients (n = 11) to compare molecular detection
and virus cultivability (Appendix, https://wwwnc.
cdc.gov/EID/article/27/6/21-0226-Appl.pdf).

All patients were Caucasian, median age was 78
years (range 62-93 years), and 51.2% were female.
The median disease duration (interval between the
first positive SARS-CoV-2 PCR and death) was 11
days (range 1-43 days). The median postmortem in-
terval (time between death and specimen sampling)
was 23 hours (range 8-124 hours; Table; Appendix).

PCR is the current standard for SARS-CoV-2 de-
tection (1,2). In our cohort, qRT-PCR targeted to the
E gene showed a higher sensitivity than qRT-PCR for
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Table. Patient characteristics and postmortem data for investigation of rapid antigen test for postmortem evaluation of SARS-CoV-2

carriage, Graz, Austria*

Characteristic

RAT cohort, n =30 Culture cohort, n =11

Age, y, median (range) 78 (62-93) 79 (65-93)
Sex, no. (%)

M 14 (47.7) 6 (56)

F 16 (53.3) 5(45.4)
Disease duration,T d, median (range) 12 (1-43) 9 (3-34)
Postmortem interval$, h, median (range) 22 (8—124) 25 (14-68)
gRT-PCR positive, no. (%) 24 (80) 11 (100)

C; value, median (range)

E gene 22.8 (14.1-37.3) 19.9 (13.7-36.0)
N gene 26.9 (18.0-34.6) 24.6 (17.3-33.7)
Cultivation positive, no. (%) NA 7 (63.6)
RAT positive, no. (%) 17 (56.7%) NA
Total RAT specificity (95% CI§), n = 30 100% (61%—100%) NA
RAT sensitivity (95% CI8), n = 30 70.8% (50.8%—85.1%) NA
Total, n =30
C;<351n=23 73.9% (53.5%—-87.5%) NA
C;<30,1n=18 94.4% (74.2%-99.7%) NA
C;<251n=16 100% (80.6%—100%) NA

*Ct, cycle threshold; E, envelope; N, nucleocapsid; NA, not applicable; qRT-PCR, quantitative reverse transcription PCR: RAT, rapid antigen test; SARS-

CoV-2, severe acute respiratory syndrome coronavirus 2.

Tinterval from first positive (antemortem) SARS-CoV-2 PCR to death.
FInterval from death to specimen sampling.

8§Determined via the hybrid Wilson/Brown method (10).

{IDetermined via E gene qRT-PCR.

the N gene (Appendix Figure 1). Consequently, we
used E gene qRT-PCR as the reference in subsequent
evaluations. Results showed that 80% (24/30) of cases
were qRT-PCR positive, whereas 56.7% (17/30) were
RAT positive (Figure, panel A). RAT had an overall
specificity of 100% (95% CI 61%-100%) and an over-
all sensitivity of 70.8% (95% CI 50.8%-85.1%) when
using E gene qRT-PCR as the reference. RAT nega-
tive cases showed significantly higher C, values in
qRT-PCR compared with RAT positive cases (mean
38.24 [SD 7.01] vs 20.74 [SD 3.46]; Figure, panel B).
Correspondingly, RAT sensitivity increased when
cases were stratified according to C, values (C, <35,
sensitivity 73.9% [95% CI 53.5%-87.5%]; C, <30, sensi-
tivity 94.4% [95% CI74.2%-99.7%]; C, <25, sensitivity
100% [95% CI 80.6%-100%]; (Table; Appendix Table
1). Furthermore, when we compared qRT-PCR results
from nasopharyngeal swabs of patients in which vi-
ral culture was performed (from corresponding lung
tissue swabs of an additional cohort), cultivability
was restricted to cases with C, values <23.7, which is
below the threshold of false-negative RAT cases (C,
values >25.8; Figure, panels B, C). These results are
in line with most clinical RAT studies that also used
virus culture (2-4,6), in which cultivability is exceed-
ingly rare in cases with low viral loads determined
with qRT-PCR. We used cultivation from lung tissue
swab specimens for this analysis because the lung of-
ten shows increased SARS-CoV-2 loads in deceased
patients (7; Appendix Table 2) and therefore repre-
sents a major infection source during autopsy.
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Furthermore, we determined parameters that
influenced test performance. We noted a significant
positive correlation between disease duration and C,
values (Figure, panel D). Such correlation was also
evident in RATs; all cases with disease courses >17
days were RAT negative (Figure, panel E). Postmor-
tem intervals did not correlate with C, values or RAT
results (Figure, panels G, H). Thus, a long disease du-
ration rather than a long postmortem interval seems
to be the main factor for increased C, values and nega-
tive RATs. RAT and cultivation results closely mir-
rored each other with respect to viral load (Figure,
panels B, C), disease duration (Figure, panels E, F),
and postmortem interval (Figure, panels H, I).

Although RAT had an overall lower sensitivity
than qRT-PCR in this study, our data suggest that
viral loads of false-negative RAT cases are probably
below the threshold of cultivability. Because culture
is regarded as a measure of virus viability and infec-
tivity (8), these cases likely pose only minimal risks of
SARS-CoV-2 transmission during postmortem exam-
inations. However, each corpse having a postmortem
evaluation must be treated as potentially infectious.
Even a PCR-negative nasopharyngeal swab specimen
does not exclude the presence of viable virus in other
body sites, as shown in COVID-19 (7), thus empha-
sizing the general application of appropriate autopsy
safety measures.

In conclusion, RAT should not be seen as a po-
tential replacement for but rather as an addition to
of current postmortem testing strategies. Especially
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when qRT-PCR is not readily available, RAT might About the Author

be useful in selecting the most hazardous corpses that ;. zacharias is a physician-scientist at the Diagnostic and

Should be examined under special conditions (e.g., Research Institute of Pathology, Medical University of
Biosafety Level 3 [9]). RAT could therefore be a valu- Graz, Graz, Austria. His main research interests include

able adjunct tool in guiding autopsy practice. pulmonary and infectious disease pathology.
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We documented 4 cases of severe acute respiratory syn-
drome coronavirus 2 reinfection by non—variant of con-
cern strains among healthcare workers in Campinas, Bra-
zil. We isolated infectious particles from nasopharyngeal
secretions during both infection episodes. Improved and
continued protection measures are necessary to mitigate
the risk for reinfection among healthcare workers.

Coronavirus disease (COVID-19) is caused by se-
vere acute respiratory syndrome coronavirus
2 (SARS-CoV-2), which emerged in Wuhan, China,

These authors contributed equally to this article.
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in late 2019. As of April 8, 2021, COVID-19 has af-
fected >132 million persons and caused >2.87 million
deaths around the world (https://covid19.who.int).
Whether the immune response elicited by an initial
infection protects against reinfection is uncertain. The
Pan American Health Organization provisionally de-
fines reinfection as a positive SARS-CoV-2 test result
>45 days after initial infection, given that other infec-
tions and prolonged shedding of SARS-CoV-2 or vi-
ral RNA have been ruled out (1). Healthcare workers
(HCWs) are consistently exposed to SARS-CoV-2 and
are therefore susceptible to reinfection.

We investigated 4 cases of SARS-CoV-2 rein-
fection among HCWs at the Hospital das Clinicas
da Unicamp, a tertiary public hospital at the Uni-
versity of Campinas (Campinas, Brazil). This study
was approved by the Research Ethical Committee
of the University of Campinas (approval no. CAAE-
31170720.3.0000.5404). The 4 HCWs, consisting of
3 nurses and 1 staff member, were women with an
average age of 44 years (range 40-61 years) (Figure
1, panel A). For the initial infections, symptom onset
ranged from April 5-May 10, 2020, and lasted 10-23
days. We identified SARS-CoV-2 RNA in nasopha-
ryngeal swab samples using real-time quantitative
reverse transcription PCR (qQRT-PCR) 2-4 days after
symptom onset (2). All 4 HCWs had mild COVID-19
signs and symptoms and recovered (Table). After
signs and symptoms resolved, the HCWs tested neg-
ative by qRT-PCR, Elecsys Anti-SARS-CoV-2 (Roche

Onsetof  End of Onset of

Diagnostics, https://diagnostics.roche.com), or both.
Reinfection, confirmed by a nucleic acid amplification
test using the GeneFinder COVID-19 Plus Real Amp
Kit (3), developed 55-170 days after symptom onset
of the first infection. Signs and symptoms of reinfec-
tion lasted 9-23 days. Only 1 HCW had a concurrent
condition (chronic bronchitis), and none were immu-
nosuppressed. None required hospitalization during
the initial or reinfection episodes (Table). After recov-
ering from their initial infections, all HWCs continued
to use the same types of personal protective equip-
ment (i.e., disposable surgical masks, gloves, gowns,
and goggles) in accordance with recommendations
from the Ministry of Health of Brazil (https://coro-
navirus.saude.gov.br/saude-e-seguranca-do-trabal-
hador-epi).

To assess whether infectious SARS-CoV-2 par-
ticles were shed in nasopharyngeal secretions dur-
ing both COVID-19 episodes, we conducted viral
isolation in Vero cells (ATCC no. CCL-81) (W.M.
de Souza, unpub. data, http://dx.doi.org/10.2139/
ssrn.3793486) (Appendix). We inoculated Vero cells
with isolated SARS-CoV-2 virions from nasopha-
ryngeal swab samples collected during the first and
second infections; we observed a cytopathic effect
3-4 days after inoculation. On day 4, we obtained cell
culture supernatant by centrifugation and conducted
qRT-PCR selective for the envelope gene to confirm
the presence of SARS-CoV-2 RNA; we found the su-
pernatants had 2.8 x 10>-1.4 x 10° RNA copies/mL (2).

@ Reverse transcription PCR (+)

symptoms symptoms symptoms
Healthcare worker 1 (Apr5)  (Apr17) (May 30) @ Reverse transcription PCR ()
MNurse, female, 35y ¥ + ; 1gM/1gG (+) @ serologic assay IgM/IgG (+)
. . Symptomatic
Asymptomatic
Aprg Apr 22 Jun 10 Jul 21
Onset of End of Onset of
symptoms symptoms symptoms
Healthcare worker 2 {Apr11) (May 4) (Sep 28)
MNurse, female, 61y v ¥ lgM/1gG (-) v
Apr 14 Jul 16 Sep2 Oct 1
Onset of End of Onset of End of
symptoms symptoms symptoms symptoms
Healthcare worker 3 (May 10)  (May 21) (Sep 18)  (Sep 29)
Hospital staff, female, 40y + v 1gG (<) v v 1gM/IgG(+)
May 13 Jul 17 Sep 22 Oct 13
Onset of End of Onsetof  End of
symptoms  symptoms symptoms symptoms
Healthcare worker 4 (May 10}  (May 20) (Sep 30)  (Oct9)
Nurse, female, 40 y + + 1gM/1gG (-) v v
May 12 Jul & Qct 5
Apr May Jun Jul Aug Sep Oct
2020

Figure. Timeline of severe acute respiratory syndrome coronavirus 2 reinfections (SARS-CoV-2) among healthcare workers, Brazil,

2020. (+), positive; (—), negative.
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Table. Characteristics of healthcare workers with severe acute respiratory syndrome coronavirus 2 reinfections, Brazil, 2020*

Healthcare worker

Characteristic 1 2 3 4
Underlying conditions None Chronic bronchitis None None
Hospitalized No No No No
Symptoms

First infection Fever, headache, chills,
sheezing, coryza, and
myalgia

Second infection Headache, nasal
congestion, odynophagia,
ageusia, and anosmia

Headache, cough,
myalgia, odynophagy,
coryza, diarrhea, and

ageusia
Cough, myalgia,
odynophagia, anosmia,
and diarrhea

Fever, headache,
myalgia, coryza, dry
cough, vomiting, and

malaise
Odynophagia, dry cough,
myalgia, malaise, coryza,
and headache

Nasal congestion,
coryza, cough, ageusia

Odynophagia, sneezing,
coryza, diarrhea,
ageusia, and anosmia

Cycle threshold values

First infectiont E gene: 35.24; N gene:
40.12

E gene: 31.14; N gene:

31.3; RdRp gene: 32.58

Second infectionf

E gene: 31.8

E gene: 20.45; N
gene: 20.52; RdRp
gene: 22.65

E gene: 35.15 E gene: 34.80; RdRp
gene: 39.86
E gene: 23.72; N
gene: 23.48; RdRp

gene: 25.67

E gene: 26.04; N
gene: 26.88; RdRp
gene: 28.40

Time between symptom 55
onsets, d

170

131 148

*E gene, envelope gene; N gene, nucleoprotein gene; RdRp gene, RNA dependent RNA polymerase gene.
tReal-time quantitative reverse transcription PCR selective for the envelope gene (2).
FNucleic acid amplification test using the GeneFinder COVID-19 Plus RealAmp Kit (OSANG Healthcare Co. Ltd., http://www.osanghc.com) (3).

We confirmed viral isolation by the increased number
of RNA copies per milliliter and the decreased cycle
threshold values after passage into Vero cells. The
isolation of SARS-CoV-2 shows that nasopharyngeal
swab samples contained infectious particles during
both COVID-19 episodes.

SARS-CoV-2 variants of concern (VOCs; i.e.,
lineages B.1.1.7, B.1.351, and P.1.), and particularly
their mutations in the spike protein, have been as-
sociated with reinfection (4,5). To investigate this
association, we sequenced SARS-CoV-2 genomes
from samples or isolates in this study using the
ARTIC version 3 protocol (https://artic.network/
ncov-2019) with MinlON sequencing (Oxford Nano-
pore Technologies, https://nanoporetech.com).
We obtained sequences with 66%-99% genome
coverage (mean depth >20-fold) for 3 of 4 HCWs
(Appendix Figure, https://wwwnc.cdc.gov/EID/
article/27/6/21-0558-Appl.pdf). We submitted the
sequences to GISAID (https://www.gisaid.org; ac-
cession nos. EPI_ISL_1511399, EPI_ISL_1511603,
EPI_ISL_1511641, and EPI_ISL_1511644). We used
the Pangolin COVID-19 Lineage Assigner tool (6) to
classify samples as members of lineages B.1.1.28 (n =
3) and B.1.1.33 (n = 1); 3 of these samples were taken
during the reinfection episodes of HCWs 1, 2, and
4 and 1 during the first episode of HCW 1 (Appen-
dix Figure). These lineages have circulated in Brazil
since early March 2020 (7) and have not been associ-
ated with reinfection or long-term infection. In addi-
tion, we found the D614G mutation in the spike pro-
tein in samples from both episodes of HCW 1 and
the second episode of HCW 2. The D614G mutation

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021

has been associated with enhanced viral replication
in the upper respiratory tract and increased suscep-
tibility of the virus to neutralization by antibodies
(8). In addition, we found the V1176F mutation in
the spike protein in samples from both episodes of
HCW 1 and the second episode of HCW 4; however,
the effects of this mutation remain unclear. None of
the genomes had the mutations in spike proteins de-
scribed in 3 recent VOCs (https:/ /cov-lineages.org).
Other cases of SARS-CoV-2 reinfection by strains
without mutations in the spike protein were docu-
mented in India; those infections were associated
with lineages B.1.1.8 and B.1.1.29 (9). Our results
provide additional evidence of SARS-CoV-2 reinfec-
tion by non-VOC strains.

In conclusion, we report cases of SARS-CoV-2 re-
infection among HCWs. We observed the shedding
of infectious viral particles during both infection epi-
sodes of each HCW. Hence, the continuation of pro-
tective measures, as well as efforts to monitor, track
exposures, and identify areas at high risk for infec-
tion, are critical to reducing SARS-CoV-2 reinfection,
especially among HCWs.
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In Japan, a 51-year-old man had minimally symptomatic
severe acute respiratory syndrome coronavirus 2
infection. Multisystem inflammatory syndrome was
diagnosed =5 weeks later; characteristics included severe
inflammation, cardiac dysfunction, and IgG positivity.
Clinicians should obtain detailed history and examine IgG
levels for cases of inflammatory disease with unexplained
cardiac decompensation.
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ver the course of the coronavirus disease pan-

demic, severe inflammatory syndromes have
been reported in children (1-3). Since June 2020, the
same syndrome has also been reported in adults. The
Centers for Disease Control and Prevention has been
collecting case reports of multisystem inflammatory
syndrome in adults (MIS-A) and published a case se-
ries of MIS-A reported from the United Kingdom and
United States in November 2020 (4).

A healthy 5l-year-old man in Japan tested
positive for severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) by PCR on a saliva
sample after his wife was infected with SARS-CoV-2.
The positive result was obtained 37 days before
hospital admission. During the course of his SARS-
CoV-2 infection, his only symptom was olfactory
disturbance; he had no respiratory symptoms or fever.
He became aware of swelling in the right side of his
neck and fatigue 3 days before admission. He visited
an internal medicine clinic 2 days before admission
for sore throat and fever in the range of 38°C and was
prescribed levofloxacin for pharyngitis.

He initially came to the emergency department
of National Hospital Organization Tokyo Medical
Center because of fever and sore throat, which did
not improve. On examination, we noted enlargement
of the right cervical lymph nodes, and cervical
contrast-enhanced computed tomography revealed
lymph nodes swollen to 20 mm localized in the right
side of the neck and swelling of the posterior wall
of the middle pharynx. The patient was admitted
with a diagnosis of lymphadenitis, and we initiated
ampicillin/sulbactam.

Table. Laboratory studies performed at intensive care unit
admission of patient with multisystem inflammatory syndrome
after mild severe acute respiratory syndrome coronavirus 2
infection, Japan

Laboratory test Result  Reference range
C-reactive protein, mg/dL 36.77 <0.14
Procalcitonin, ng/mL 3.67 <0.05
Interleukin 6, pg/dL 565 <4
Leukocyte count, x 10° cells/L 224 3.0-8.6
Neutrophil count, x 10° cells/L 21.0 1.5-5.8
Lymphocyte count, x 10° cells/L 1.0 1.0-3.0
Hemoglobin, g/dL 13.2 13.7-16.8
Platelets, x 10%L 180 158-348
Serum creatinine, mg/dL 2.54 0.65-1.07
Albumin, g/dL 25 4.1-51
Aspartate aminotransferase, U/L 19 13-30
Alanine aminotransferase, U/L 37 1042
Ferritin, ng/mL 1563 17.9-464
Fibrinogen, mg/dL >900 200400
D-dimer, ng/mL 5.7 <1
Creatine phosphokinase, U/L 37 59-248
Troponin T, ng/mL 0.861 <0.014
B-type natriuretic peptide, pg/mL >2000 <18.4
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The patient became acutely hypotensive with
blood pressure of 73 /45 mm Hg 2 days after admission.
He was treated with noradrenaline and dobutamine,
but blood pressure did not increase despite crystalloid
fluid infusion. We changed antibiotics to meropenem
and vancomycin, and 100 mg hydrocortisone was
administered empirically to treat septic shock. An
electrocardiogram showed a negative T wave and
sinus tachycardia. Echocardiography showed ejection
fraction of 42% and overall decreased left ventricular
contraction. No pericardial effusion was observed.
Systemic computed tomography showed enlarged
lymph nodes only in the right side of the neck and
no pneumonia in the lung fields. The patient was
admitted to the intensive care unit (ICU) (Table).

The patient’s circulation stabilized, and the
swollen cervical lymph nodes improved a few
days after ICU admission. During his stay in the
ICU, we observed generalized edema. However, as
inflammation improved, his urine volume increased,
and the edema improved. We observed conjunctivitis
8 days after admission. No skin rash or desquamation
was observed. Echocardiography performed 11 days
after admission showed improvement in cardiac
contraction to 64%, and the duration of fever >38°C
was 8 days.

Cultures of blood collected at admission yielded
negative results. Coronary computed tomography
angiography showed no aneurysms or other
abnormalities in the coronary arteries.

The case definition of MIS-A in the Centers
for Disease Control and Prevention report (4) lists
the following 5 criteria: 1) severe illness requiring
hospitalization in a person >21 years of age; 2) a
positive testresult for current or previous SARS-CoV-2
infection (nucleic acid, antigen, or antibody) during
admission or in the previous 12 weeks; 3) severe
dysfunction of >1 extrapulmonary organ systems
(e.g., hypotension or shock, cardiac dysfunction,
arterial or venous thrombosis or thromboembolism,
or acute liver injury); 4) laboratory evidence of severe
inflammation (e.g., elevated C-reactive protein,
ferritin, D-dimer, or interleukin-6); and 5) absence
of severe respiratory illness (to exclude patients in
which inflammation and organ dysfunction might
be attributable simply to tissue hypoxia). This case
meets all of these criteria.

Whether MIS-A is associated with acute SARS-
CoV-2 infection or is a reaction after acute infection is
unclear. In this case, the case-patient’s positive SARS-
CoV-2 test result occurred 37 days before the onset of
MIS-A, and IgG levels were already elevated at the
time of admission. This fact supports the notion that
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MIS-A can occur after the acute phase of SARS-CoV-2
infection. The only symptom at the time of infection
was olfactory disturbance, which is similar to other
case reports of MIS-A occurring in asymptomatic or
minimally symptomatic patients (5).

It has been reported that MIS-A can cause
symptoms similar to those of Kawasaki disease
(6). This case did not meet the American College of
Cardiology criteria for Kawasaki disease (7) but did
meet the definition of incomplete Kawasaki disease.
Conjunctivitis persisted for 4 weeks after the onset of
MIS-A and gradually improved.

In February 2021, a case definition was proposed
for reporting cases of multisystem inflammatory
syndrome in adults and children after vaccination (8).
Considering the possibility that the disease develops
after asymptomatic SARS-CoV-2 infection and that
increased IgG levels can be involved, MIS-A is rare,
but the disease concept of MIS-A should be widely
acknowledged. Clinicians should consider obtaining
detailed history and examining SARS-CoV-2 IgG
levels for cases of severe inflammatory disease with
unexplained cardiac decompensation.
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Hepatitis A virus (HAV) genotype IA was most common
among strains tested in US outbreak investigations and
surveillance during 1996-2015. However, HAV genotype
IB gained prominence during 2016—2019 person-to-per-
son multistate outbreaks. Detection of previously uncom-
mon strains highlights the changing molecular epidemiol-
ogy of HAV infection in the United States.

epatitis A virus (HAV) is transmitted primarily

through person-to-person contact or exposure to
contaminated food or water. After the introduction of
hepatitis A vaccine recommendations in the United
States in 1996, reports of hepatitis A cases decreased
progressively from 1999 to 2011 by a total of ~95%
(1,2). However, we recently showed that hepatitis A
cases increased 294% during 2016-2018 compared
with 2013-2015 among persons who use drugs (injec-
tion or noninjection), persons experiencing homeless-
ness, or men who have sex with men (3,4).

HAV strains infecting humans are genetically
classified into genotypes I, II, and III. Genotype I is
further divided into subtypes A, B, and C, and geno-
types Il and III are divided into subtypes A and B. In
this study, we investigated HAV genotype and strain
distributions in the United States during 1996-2019.

Genetic testing was performed by using DNA se-
quencing, and we included HAV sequences obtained
from 9,203 specimens collected during outbreak inves-
tigations and surveillance activities conducted by the
Centers for Disease Control and Prevention (CDC) or
state health departments during 1996-2019 (Appendix
Table, https://wwwnc.cdc.gov/EID/article/27/6/20-
3036-Appl.pdf). We performed phylogenetic analysis
of a 315 base-pair fragment of the HAV viral protein 1-
amino terminus of 2B genomic region amplified from
serum specimens (Appendix Figure 1).

We found that during 1996-2015, HAV genotype IA
was most common among specimens collected through
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surveillance (93%; 1,587/1,706) and outbreak investi-
gations (84.4%; 706/836;); genotype IB was detected
among only 6.4% (110/1,706) of surveillance and 15.2%
(127/836) of outbreak specimens. Genotype IIIA was
detected in <0.5% of both collections (Table). During
2016-2019, a total 6,661 outbreak specimens were col-
lected from many states across the country (Appendix
Figure 2). Sequences from these outbreaks represented
~19% of all HAV cases reported to CDC through the
National Notifiable Diseases Surveillance System (4),
=3 times more specimens than were collected during
1996-2015. Among the 6,661 specimens collected dur-
ing 2016-2019, genotype 1A was identified in 15.7% of
specimens, IB in 82.8%, and IIIA in 1.5% (Table).

Among all 9,203 tested specimens, we identified
1,055 HAV strains that we defined as having unique
genetic variants; 352 (33.4%) HAV strains were iden-
tified from specimens collected during 2016-2019
(Figure). Genetic analyses demonstrate that 63.4%
(n = 102) of genotype IB strains and 40% (n = 6) of
genotype IIIA strains identified during 2016-2019 be-
longed to 2 large genetic clusters or groups of closely
related HAV strains (Figure), but genotype IA strains
were distributed among many small genetic clusters.

The CDC-developed Global Hepatitis Outbreak and
Surveillance Technology (GHOST) system improved
molecular testing capabilities of state and local health
departments during the 2016-2019 multistate outbreaks.
Molecular epidemiologic methods have helped clarify
HAV transmissions within networks of persons with
similar risk factors (5). By using genetic testing, CDC has
assisted in 25 outbreak investigations associated with a
common source transmission by contaminated food
(6,7) and person-to-person transmissions (8,9).

For 20 years (1996-2016), during the national
decrease in HAV cases attributed to increased vac-
cination, genotype IA was the most detected geno-
type. However, genotype IB cases associated with

Table. Genotype distribution of HAV specimens collected through surveillance programs and outbreak investigations, United States,

1996-2019*
No. (%) HAV surveillance specimens T No. (%) HAV outbreak specimenst No. (%) HAV specimens
Year Total 1A 1B 1A Total 1A B 1A Total 1A 1B 1A
1996-2015 1,706 1,587 110 9(0.5) 836 706 127  3(0.4) 2,542 2,293 237 12
(93.0) (6.4) (84.4) (15.2) (90.2)  (9.3) (0.5)
2016-2019 ND 6,661 1,046 5,518 97 6,661 1,046 5,518 97
(15.7) (82.8) (1.5 (15.7) (82.8) (1.5

*Since 2014, the United States has not had established HAV surveillance programs in place to provide specimens for molecular testing of surveillance
cases. Specimens collected as part of outbreak investigations during 2016—-2019, might include some sporadic cases. During 1996—2015, ~130 HAV
specimens/year were tested; During 2016-2019, 1,660 specimens/year were tested. HAV, hepatitis A virus; ND, no data.

TSurveillance specimens tested by the Centers for Disease Control and Prevention (CDC) during 1996-2013 included sentinel county surveillance (n =
1,234) during 1996-2006; the Emerging Infectious Disease Program (n = 418) during 2007-2013; and the Border Infectious Disease Surveillance (n = 54)
system during 2007-2013.

FOutbreak specimens sequenced during 1996-2015 (n = 836) were tested by CDC. Outbreak specimens sequenced during 2016—2019 (n = 6,661)
included data from CDC testing (n = 5,068) and data captured through technical assistance offered to sites, which included data from Sanger sequences
reported to CDC for technical assistance and analysis from state and local public health laboratories (n = 341) and the Food and Drug Administration (n =
3); data from ultradeep sequencing and submission to the Global Hepatitis Outbreak and Surveillance Technology portal by state and local public health
laboratories (n = 1,249).
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Figure. Genetic relatedness among hepatitis (HAV) strains, United States, 1996—2019. A) IA strains; B) IB strains; C) IlIA strains. Nodes
represent HAV strains, and the size of node is proportional to the frequency of the strain; larger nodes denote more frequent detection.
Distance between nodes approximates genetic closeness of HAV strains. Genetic clusters of closely related HAV strains encompassing
a large fraction of all strains in HAV genotypes IB and IlIA are circled. Visualization created by using Gephi software (https://gephi.org).

outbreaks in multiple states increased during 2016-
2019. During that time, IB became the most common
genotype, detected in 83% of specimens collected
across many states (Appendix Figure 2).

Findings from the National Health and Nutrition
Examination Surveys during 1999-2012 revealed that
despite the overall increase in HAV antibody among
children, prevalence of HAV antibody among US-
born adults was low (24%), indicating decreasing im-
munity to HAV (10). However, our molecular data
indicate that the increase in number of HAV cases
observed in outbreaks during 2016-2019 might not be
attributable solely to the decline in the population’s
HAV immunity. Because HAV genotype IA was
dominant in the United States for years, the large per-
son-to-person outbreaks during 2016-2019 reason-
ably could be expected to be caused by genotype IA
strains widely circulating in the country, but our ge-
netic analysis shows predominance of the previously
rare HAV genotype IB strains. Identification of 1 large
cluster and several small genetic clusters suggests >1
introduction of genotype IB to the affected popula-
tion in multiple states during 2016-2019. On the ba-
sis of these findings, we hypothesize that genotype
IB was introduced from regions of the world where
these strains are endemic and could be responsible
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for initiation of the outbreaks among vulnerable pop-
ulations (Appendix Figure 3). GHOST was instru-
mental in identifying changes in molecular epidemi-
ology of HAV infections and is an example of novel
emerging technologies that can be used for national
viral hepatitis molecular surveillance program.

Our observations are hallmarks of a change in
HAV molecular epidemiology in the United States.
GHOST technology is improving hepatitis detection
at the state and local level. Our findings emphasize
the need for systematic HAV surveillance for strain
characterization, timely detection of transmission
clusters, and assistance in guiding public health in-
terventions and vaccination efforts.
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We collected 10 Burkholderia mallei isolates from equids
in 9 districts in India during glanders outbreaks in 2013—
2016. Multilocus variable-number tandem-repeat analysis
showed 7 outbreak area—related genotypes. The study
highlights the utility of this analysis for epidemiologically
tracing of specific B. mallei isolates during outbreaks.

B urkholderia mallei is the etiologic agent of the con-
tagious and fatal infection in equids known as
glanders. It is one of the most ancient diseases and
is distributed worldwide. B. mallei infections are fre-
quently reported in South America, the Middle East,
South Asia, and some countries in Africa. Equine
glanders is a notifiable zoonotic disease; surveillance
measures are enforced by the World Organisation for
Animal Health (1).

Since 2006, equine glanders has been reported in
India with consistently higher numbers from the Ut-
tar Pradesh state (2,3). Regular glanders surveillance
programs revealed presence of the disease in 14 states
and, during 2015-2018, fresh B. mallei infections were
reported in 6 states: Jammu and Kashmir, Gujarat, Ra-
jasthan, Delhi, Madhya Pradesh, and Tamil Nadu (4).
Epidemiologic investigations indicated that trading
of equids from Uttar Pradesh to other states played
a major role in spreading glanders (2). However, B.
mallei isolates were not genotyped, which is necessary
for understanding the epidemiologic association be-
tween glanders outbreaks across India.

Our study describes molecular typing of 10 B.
mallei isolates recovered from horses (n = 4) and mules
(n = 6) during 2013-2016 (Table; Appendix 1 Figure,
https:/ /wwwnc.cdc.gov/EID/article/27/6/20-
3232-Appl.pdf). All the affected equids were used for
cart pulling and kept in small household stables. Five
isolates (3324, 3478, 3701, 3711, and 3712), originat-
ing from 3 horses and 2 mules, were from adjoining

districts of Uttar Pradesh state, which is regarded as a
glanders hotspot zone (2). Three isolates (3076, 3081,
3595) from mules were located in 2 districts of Him-
achal Pradesh. Available information from the equine
keeper suggested that these animals were traded from
Uttar Pradesh and were responsible for the reported
glanders incidence in this state. One isolate was re-
covered from a mule (3880) in Gujarat and 1 from a
horse (3897) in Haryana state; both animals had no
recent travel history.

The isolates were recovered from different types
of biologic samples (Table) as described previously
(3) and identified as B. mallei by real-time PCR (1). Ge-
nomic DNA was extracted by using the PureLink ge-
nomic DNA isolation kit (Invitrogen, https:/ /www.
thermofisher.com) and used for PCR-based multilo-
cus sequence typing (MLST) and multilocus variable-
number tandem-repeat (VNTR) analysis (MLVA). We
typed all 10 B. mallei isolates as sequence type (ST)
40 by the B. pseudomallei MLST scheme and ST734 by
the B. cepacia MLST scheme (5-6); Appendix 2 Tables
1, 2, https:/ /wwwnc.cdc.gov/EID/article/27/6/20-
3232-App2.xlsx).

We conducted MLV A by PCR amplification and se-
quencing of 23 loci using previously described primers
(7). We determined sequence length and repeat number
for each locus using Geneious software version 6.1.8
(https:/ /www.geneious.com). A distance matrix giv-
ing the number of VNTR loci differing between isolates
was used for analysis applying the minimum-evolution
method implemented in MEGA X software version
10.0.5 (https:/ /www.megasoftware.net).

MLVA assigned the 10 isolates to 7 genotypes,
indicating considerable variability among B. mallei
isolates in India (Figure, panel A). Identical MLVA
patterns were observed for isolates 3076 and 3081
from Himachal Pradesh and isolate 3324 from Uttar

Table. Location, host, and isolation year of 10 Burkholderia mallei isolates included for molecular typing, India

Place of origin (district,

B. mallei isolate state) Year isolated Host species Salient clinical signs Sample type
India3076 Solan, Himachal Pradesh 2013 Mule Blood tinged nasal discharge, Nasal swab
respiratory distress
India3081 Solan,Himachal Pradesh 2013 Mule Respiratory distress, nasal discharge, = Nasal swab
cutaneous nodules
India3324 Hardoi,Uttar Pradesh 2014 Horse Nasal discharge, hind limb ulcer, liver Liver abscess
abscess
India3478 Agra, Uttar Pradesh 2014 Horse Hind limb ulceration, lacrimation Lesion swab
India3595 Mandi, Himachal Pradesh 2015 Mule Labored breathing, nasal discharge Nasal swab
India3701 Kasganj,Uttar Pradesh 2015 Mule Nasal discharge, cutaneous nodules  Lesion swab
India3711 Etah, Uttar Pradesh 2015 Mule Respiratory distress, cutaneous Nasal swab
nodules
India3712 Ghaziabad, Uttar Pradesh 2015 Horse Ulcerous nodules on body surface Nasal swab
India3880 Banaskantha, Gujarat 2016 Mule Mucopurulent nasal discharge Nasal swab
India3897 Yamunanagar, Haryana 2016 Horse Ulcerous nodules on hind limb and Lesion swab
forelimb, purulent nasal discharge
1746 Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 6, June 2021
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Figure. Minimum evolution trees based on 23 VNTR loci of 10 Burkholderia mallei isolates from Himachal Pradesh, Uttar Pradesh, Gujarat,
and Haryana states, India, compared with reference sequences. A) Comparison of Himachal Pradesh—Uttar Pradesh cluster isolates (blue
circles) with 6 older B. mallei isolates from India. B) Comparison of Himachal Pradesh—Uttar Pradesh cluster isolates (red branches) with 77
previously published B. mallei isolates, including the 6 others from India (blue branches). Scale bars indicate allelic differences.

Pradesh. These findings correlate with epidemiologic
investigations regarding the spread of a particular
strain of B. mallei by equine movement, emphasizing
the need to control equine trade between states. An
identical pattern was also observed for B. mallei 3701
and 3712, which were isolated from Kasganj and Gha-
ziabad districts, 190 km apart in Uttar Pradesh state.
The isolates 3897 and 3880 from Haryana and
Gujarat differ clearly from the isolates from Himach-
al Pradesh-Uttar Pradesh cluster (Figure, panel A).
However, isolates 3712, 3880, and 3897 were previ-
ously grouped into the L2B2sB2 branch by HRM-PCR
analysis (8), which indicates superiority of MLVA for
better epidemiologic resolution of glanders outbreaks.
Comparative MLVA between old and recent iso-
lates from India revealed that most of the earlier iso-
lates Mukteswar, BMQ, NCTC3708, NCTC3709, and
India 86-567-2 are distantly related, whereas the iso-
late SAVP1 showed the highest similarity to the new
isolates (Figure, panel A; Appendix 2 Table 3).
Further analysis of these B. mallei isolates plus 77
from other countries revealed that the 10 recent iso-
lates of our study form a cluster that is most similar
to isolates from Pakistan, followed by isolates from
Turkey (Figure, panel B). This finding suggests that
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B. mallei strains prevalent in geographically close
countries might have originated from an ancestral
clone and gradually disseminated to different areas.
Of interest, adoption of a strict regulatory movement
policy at the beginning of the 19th century for con-
trol and eradication of glanders might have resulted
in establishing specific B. mallei lineages at different
ecologic settings. Our finding confirms previous ob-
servations regarding circulation of different B. mallei
MLVA types in the Middle East (9,10).

In summary, MLVA proved useful as a genetic
tool for classifying B. mallei isolates and tracing pos-
sible infection chains of glanders outbreaks in equids.
VNTR information from more B. mallei isolates from
India and other countries would be helpful to draw an
epidemiologic conclusion between outbreaks.
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We describe the isolation of atypical Brucella inopinata—
like species and unique clinicopathologic findings in 2
adult marine toads (Rhinella marina), including oophori-
tis in 1 toad. These findings represent a novel emerging
disease in toads and a possible zoonotic pathogen.

‘Brucellosis is a worldwide zoonosis caused by
gram-negative, intracellular Brucella coccobacilli.
Expanding from 6 species classically associated with
abortion in mammals (B. melitensis, B. suis, B. abortus,
B. ovis, B. canis, and B. neotomae), the genus now in-
cludes novel strains from marine mammals (B. ceti, B.
pinnipedialis), baboons (B. papionis), and foxes (B. vul-
pis). Two of these (B. ceti, B. pinnipedialis) are also con-
sidered atypical Brucella species similar to B. microti and
B. inopinata (1). Atypical Brucella lesions in humans,
wild mammals, amphibians, and fish range from lo-
calized manifestations to systemic infection with high
death rates (2-8); however, reproductive lesions more
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typical of mammalian brucellosis are rare in amphib-
ians. Previous reports of Brucella in amphibians have
also included asymptomatic infections, suggesting
that Brucelln may be a commensal microorganism or
opportunistic pathogen (9). The precise epidemiol-
ogy, pathogenesis, and zoonotic potential of Brucella
in amphibians remains largely unknown. We report
atypical Brucella infection in 2 marine toads.

Cases 1 and 2 originated from the same captive
breeding marine toad (Rhinella marina) colony; the 2
toads cohabited before toad 1’s transfer to a differ-
ent zoological institution, resulting in a 4-year period
with no contact before death. Case 1 was in an adult
female marine toad with a 1.5-cm subcutaneous mass
near the parotid gland. A second mass was palpated
within the coelom, and ultrasound suggested ovarian
origin. The toad was anesthetized for exploratory ce-
liotomy, and both masses were excised and submitted
for histopathology and culture. The coelomic mass
was encapsulated within the left ovary, measured
3 x 2 x 2 cm, and contained purulent material (Fig-
ure). Histologically, the masses contained multifocal
regions of necrosis and amorphous eosinophilic ma-
terial with sheets of macrophages containing numer-
ous intracytoplasmic, gram-negative, non-acid-fast
coccobacilli (Appendix Figure, https://wwwnc.cdc.
gov/EID/article/27/6/20-4001-Appl.pdf). Diagno-
sis led to euthanasia; postmortem findings included
mild coelomic effusion, lymphohistiocytic pericardi-
tis, and fibrinous peritonitis. Case 2 was in an adult
male marine toad, which was submitted for necropsy
after being found dead in its enclosure. The toad was
in poor body condition with no other lesions found
on gross and histologic examination.

We used fresh ovarian tissue from the female toad
and pooled fresh tissues (liver, kidney, and spleen)
from the male toad for bacterial culture. We incubated
duplicate culture plates at 37°C with 5% CO, and in
ambient conditions (21 + 2°C, no CO,). After 24 hours
of ovarian mass culture incubation, we observed nu-
merous pure bacterial colonies on blood and MacCon-
key agar at both 37°C and ambient conditions (colony
size was smaller at ambient temperature). The pooled
samples from the male toad contained mixed bacteri-
al cultures after 24 hours of incubation. We identified
the bacterial colony from the female toad with ma-
trix-assisted laser desorption ionization-time of flight
mass spectrometry (Microflex LT; Bruker Daltonics,
https:/ /www .bruker.com) as Brucella sp. (isolate no.
3278), whereas we identified bacterial colonies from
the male toad as Brucella sp. (isolate no. 5043). Both
Brucella isolates grew on MacConkey, Thayer-Martin,
and blood agar at both 37°C and ambient conditions.
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o b,
Figure. Celiotomy to remove ovarian mass in a marine toad (case 1).
The mass was later diagnosed as Brucella inopinata—like oophoritis.

The isolates were positive for catalase, oxidase, urease
(<5 min), and hydrogen sulfide production and nega-
tive on gel formation test (Appendix). We used the
DNA from isolates 3278 and 5043 for the Brucella Lab-
oratory Response Network real-time PCR; the DNA
tested positive for all 3 targets. We performed partial
16S rDNA PCR assays on isolates 3278 and 5048 and
partial recA PCR on isolate 3278. For both isolates, the
16s rDNA sequences had 100% sequence similarity to
an atypical Brucella sp. isolated from a big-eyed tree
frog in Germany (GenBank accession no. HE608873)
(5). The sequences from both isolates had only 95%
coverage and 99.8% sequence similarity to B. inopinata
strain BO1 (GenBank accession no. NR116161) (10).
The recA sequence of isolate 3278 had 100% sequence
similarity to the Brucella sp. isolated from a big-eyed
tree frog (GenBank accession no. HE608874). The
recA sequence had only 64% coverage and 98.71% se-
quence similarity to B. inopinata strain BO1 (GenBank
accession no. FM177719). We submitted the DNA se-
quences from isolates 3278 and 5043 to GenBank (ac-
cession nos. MT471347, MT471348, and MT482342).
Weisolated atypical Brucella inopinata-like sp. from
2 adult marine toads, one an asymptomatic carrier and
the second with oophoritis, a classic lesion described
in mammalian Brucella infections. Our results suggest
that marine toads are another amphibian species sus-
ceptible to atypical Brucella bacteria and that infection
can result in long-term asymptomatic carriers as well
as more typical reproductive lesions. Furthermore, this
organism was isolated in 2 toads from different zoo-
logical institutions but with identical origin, suggest-
ing that infection originated from a common source
at least 4 years previously. After leaving the breeding
colony, all toads were housed only with conspecifics
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and, for a short period of time, with one other species
group. Skin swab specimens from all other contacted
amphibians at the zoos tested negative for Brucella.
Diet consisted of a variety of insect species, making
2 separate introductions of Brucella from an outside
source possible but unlikely. These findings highlight
the need for additional testing of atypical Brucella spp.,
a potential emerging disease in amphibians, and war-
rants precautions when handling amphibians because
of the potential for zoonoses.
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Highly pathogenic avian influenza A(H5N8) virus was de-
tected in mute swans in the Netherlands during October
2020. The virus shares a common ancestor with clade
2.3.4.4b viruses detected in Egypt during 2018-2019 and
has similar genetic composition. The virus is not directly re-
lated to H5N8 viruses from Europe detected in the first half
of 2020.

|

ntroduction of highly pathogenic avian influ-
enza (HPAI) H5 clade 2.3.4.4 viruses in Europe

caused substantial losses to the poultry industry
during 2014-2020. Migratory waterfowl are impli-
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cated in the distribution of HPAI H5 viruses along
flyways from breeding grounds in northern Rus-
sia to wintering sites in Europe (1-3). During 2016,
clade 2.3.4.4b HPAI H5NS viruses were introduced
in Europe (4,5) and the Netherlands (6,7). More re-
cent introductions of these viruses were detected in
eastern Europe, Germany, and Bulgaria in the first
half of 2020 (8,9).

RESEARCH LETTERS

On October 17, 2020, two mute swans (Cygnus olor)
were found dead in the province of Utrecht, the Neth-
erlands. The swans were diagnostically tested as part of
the wild bird surveillance program for avian influenza
virus. Swab samples from the trachea and cloaca were
PCR-positive for avian influenza virus. The virus was
subtyped as HPAI H5N8 and contained the hemagglu-
tinin (HA) cleavage site sequence PLREKRRKR*GLF.
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Figure. Phylogenetic analysis of the hemagglutinin (HA) segment of highly pathogenic avian influenza A(H5N8) virus, the Netherlands,
October 2020. A) Optimal phylogenetic tree was generated by using the maximum-likelihood method (RAxML version 8.2.12; https://
racm-ng.vital) with 100 bootstrap replicates and is shown and drawn to scale. GISAID (https://www.gisaid.org) accession numbers

of the viruses are shown in the trees. Scale bar indicates nucleotide substitutions per site. B) Schematic representation of molecular
dating of the HA gene segment. The Bayesian coalescent method was used to estimate the time to the most recent common ancestor
of the novel H5N8 virus (numbers corresponding to nodes in the Table). Red branches indicate H5N8 virus isolated in the Netherlands
in 2020;, green, H5N8 viruses isolated in eastern Europe, Germany, and Bulgaria in 2020; orange, viruses detected in Egypt during
2018-2019; and blue, viruses found in Eurasia during 2016-2018. EU, European Union.
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Table. Calculated tMRCA with 95% HPD and posterior value for highly pathogenic avian influenza A(H5N8) virus, the Netherlands,

October 2020*

tMRCA
Segment Nodet Year Date Height 95% HPD Posterior value
PB2 1 ND ND ND ND
2 2016.67 Sep 2016 2016.43-2016.88 0.61
3 2016.47 Jun 2016 2016.20-2016.68 0.97
4 2012.70 Sep 2012 2010.50-2014.43 0.96
PB1 1 ND ND ND ND
2 2017.00 Jan 2017 2016.79-2017.14 0.95
3 2016.56 Jul 2016 2016.35-2016.76 0.94
4 2011.21 Mar 2011 2007.91-2013.81 1.00
PA 1 ND ND ND ND
2 2016.67 Sep 2016 2016.442016.88 0.01
3 2016.48 Jun 2016 2016.30-2016.67 1.00
4 2008.70 Sep 2008 2005.77-2011.20 1.00
HA 1 2018.58 Jul 2018 2018.15-2018.91 1.00
2 2017.18 Mar 2017 2016.88-2017.44 1.00
3 2016.62 Aug 2016 2016.46-2016.78 1.00
4 2015.97 Dec 2015 2015.68-2016.23 0.97
NP 1 ND ND ND ND
2 2016.89 Nov 2016 2016.52-2017.13 0.87
3 2016.43 Jun 2016 2016.08-2016.69 1.00
4 2014.71 Sep 2014 2013.32-2015.77 0.95
NA 1 2018.42 Jun 2018 2017.87-2018.88 1.00
2 2016.98 Dec 2016 2016.80-2017.12 0.99
3 2016.71 Sep 2016 2016.51-2016.86 1.00
4 2016.15 Feb 2016 2015.77-2016.40 1.00
M A 2016.39 May 2016 2015.84-2016.63 0.19
NS 1 ND ND ND ND
2 2016.92 Dec 2016 2016.70-2017.03 0.01
3 2016.48 Jun 2016 2016.00-2016.79 0.96
4 2015.77 Oct 2015 2014.74-2016.40 1.00

*HA, hemagglutinin; HPD, highest posterior density interval; M, matrix protein; NA, neuraminidase; ND, not determined; NP, nucleoprotein; NS,

nonstructural protein; PA, polymerase acidic, PB1, polymerase basic 1; PB2,
ancestor.
tNodes of the time-scaled phylogenetic tree.

polymerase basic 2; tMRCA, median time of the most recent common

We performed full-genome sequencing as de-
scribed (6) and classified the virus genetically as H5
clade 2.3.4.4b. We performed detailed phylogenetic
analyses to study the origin of the novel H5N8 virus
(A/mute_swan/Netherlands/20015931-001/2020,
GISAID accession no. EPI591075; https://www.gi-
said.org). For HA (Figure) and neuraminidase (NA)
(Appendix 1 Figure 1, https://wwwnc.cdc.gov/
EID/article/27/6/20-4464-Appl.pdf), the closest ge-
netic relative was isolated from a duck in Egypt dur-
ing January 2019 (EP1399644; only HA /NA sequences
are available). The virus also shares a common ances-
tor with other viruses detected in Egypt during 2018-
2019 and with viruses detected in the Netherlands
and Eurasia during 2016-2018. The HA and NA gene
segments of the novel H5N8 virus do not cluster with
the H5NS8 viruses that caused widespread outbreaks
in eastern Europe and Germany earlier in 2020 or
with viruses detected in Bulgaria during 2020.

For the other gene segments of the novel H5N8
virus, except for the matrix (M) protein segment, clus-
tering was also observed with H5N8 viruses that circu-
lated in Egypt during 2018-2019 and in Eurasia during
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2016-2018 (Appendix 1 Figure 1). However, the M seg-
ment clusters with HPAI H5NS viruses isolated in Asia
and Egypt in 2016-2018 but also with the viruses found
in eastern Europe and Germany during 2020, which
suggests that reassortment with those viruses probably
occurred for the M segment. No reassortments with low
pathogenicity avian influenza viruses were observed
for any of the segments. The genetic distance between
the novel H5N8 virus and related viruses detected in
Egypt and Eurasia appears relatively large, as demon-
strated by the long branch lengths in phylogenetic trees
(Appendix 1 Figure 1). This finding suggests long-term,
undetected circulation of the virus or that intermediate
virus sequences were not available in public databases.
We performed molecular dating by using BEAST
(10) to estimate the time to the most recent common
ancestor (Table; Appendix 1 Figure 2). For the H5 seg-
ment, a common ancestor of the novel H5NS8 virus and
the Egypt 2019 virus (accession no. EPI399644) was
dated to July 2018 (node 1; Appendix 1 Figure 2) and
with the cluster of viruses from Egypt to approximately
March 2017 (node 2; Appendix 1 Figure 2). The common
ancestor for the viruses from Eurasia detected during
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2016-2018 was dated to August 2016 (node 3; Appen-
dix 1 Figure 2) and with the viruses from eastern Eu-
rope and Germany detected in 2020 to approximately
December 2015 (node 4; Appendix 1 Figure 2). Similar
dating of ancestral viruses was observed for other gene
segments, except for M (Appendix 1 Figure 2), for which
the common ancestor for the viruses from eastern Eu-
rope and Germany detected during 2020 was dated to
approximately May 2016 (node A; Appendix 1 Figure 2).

Molecular dating analysis suggests that the an-
cestor of the novel H5NS virus detected in the Neth-
erlands during October 2020 has circulated in this
genetic form since March 2017 and caused influenza
outbreaks in Egypt during 2018-2019. The novel virus
incursion is not related to viruses detected in eastern
Europe, Germany, and Bulgaria earlier in 2020 but
was probably associated with fall migration of wild
birds to wintering sites in the Netherlands. Although
no HPAI viruses or deaths were observed at wild bird
breeding sites in northern Russia, HPAI H5NS8 virus-
es were reported in southern Russia and northern Ka-
zakhstan in September 2020. Some waterfowl species,
such as Eurasian wigeon (Anas penelope), tufted duck
(Aythya fuliqula), and white-fronted goose (Anser albi-
frons), are known to migrate from these regions to the
Netherlands (Dutch Centre For Field Ornithology,
https:/ /vogeltrekatlas.nl/soortzoek2.html).

The novel virus was first detected in 2 mute swans
that do not migrate over long distances. However, a
few days later, virus was also detected in a dead Eur-
asian wigeon, suggesting that this bird species might
have been involved in the incursion of the virus into
the Netherlands. Because sequences of the viruses
detected in Russia and Kazakhstan are unknown, the
relationship between these viruses and the virus de-
tected in the Netherlands remains to be determined.
During October, wild bird migration is ongoing, and
millions of wild birds will reach their wintering sites
in Europe in the coming months. This early detection
of HPAI H5NS virus in the Netherlands predicted a
high risk for the poultry industry in Europe during
the 2020-2021 winter season.
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Retrospective Identification
of Early Autochthonous
Case of Crimean-Congo
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Spain, 2013
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Before this report, 7 autochthonous human cases of
Crimean-Congo hemorrhagic fever had been reported in
Spain, all occurring since 2016. We describe the retro-
spective identification of an eighth case dating back to
2013. This study highlights that the earliest cases of an
emerging disease are often difficult to recognize.

Crimean-Congo hemorrhagic fever (CCHF) is
a widely distributed tickborne disease in hu-
mans, emerging in different parts of the world (1). In
Western Europe, the first and currently only coun-
try affected by this disease is Spain, where the etio-
logic agent, Crimean-Congo hemorrhagic fever virus
(CCHEFV) (family Nairoviridae, genus Orthonairovirus),
was first identified in ticks in 2010 (2). Of note, the
first autochthonous cases of CCHF were reported in
2016. In this hitherto first incidence, the index case-
patient presumably acquired the infection from a tick
bite, whereas a nurse (secondary case-patient) be-
came infected while caring for the index patient (3).
Since then, 5 more CCHF cases have been reported
(Table): 21in 2018 (1 of them retrospectively diagnosed
in 2019) and 3 more in 2020 (4,5). All these cases (ex-
cept the nosocomial case in 2016) arose in summer in
rural areas of west-central Spain; 5 occurred in the
southernmost part of the autonomous community of

1These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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Table. Human cases of Crimean-Congo hemorrhagic fever
reported to date, in chronological order, Spain
No.

Year  cases Autonomous community/province  Reference
2013 1 Castile and Ledn/Avila This study
2016 2 Castile and Ledn/Avila (index 3)
case); community of
Madrid/Madrid (secondary case)
2018 2 Extremadura/Badajoz; Castile and 4)
Leén/Salamanca
2020 3 Castile and Leén/Salamanca (5)

Castile and Leon. Field studies have confirmed that
these areas are at risk for CCHF occurrence because
of the abundance of Hyalomma lusitanicum tick vec-
tors; CCHFV has been verified in specimens collected
there, and high seroprevalences have been observed
in wild and domestic animals (4).

In August 2020, we were contacted by a person
who recovered from a severe disease in May 2013, de-
scribed as “caused by a tick bite,” that occurred in the
high-risk region referenced previously, and the eti-
ology remained unknown. The patient’s occupation
did not expose her to animals, and she stated that she
had not noticed any tick bites since then. The case was
suggestive enough to warrant review of the patient’s
medical history: 3 days after being bitten by a tick
during a walk through the mountains (40°18'26.8"N,
5°40'40.7"W), the patient (then a 32-year-old previ-
ously healthy woman) sought medical care after ex-
periencing fever and chills. The patient’s general con-
dition worsened the next day (arthromyalgia, nausea,
vomiting, and diarrhea), and she was admitted to a
local hospital. Physical examination revealed ery-
thema (Figure, panels A, B) and a necrotic lesion on
the patient’s back in the area of the tick bite (Figure,
panel C). Platelet count dropped from 136,000/ uL to
17,000/ uL in 3 days, accompanied by remarkable leu-
kopenia and neutropenia. Her general condition de-
teriorated rapidly and she experienced anasarca, gum
bleeding, petechiae, and melena; she was transferred
to a tertiary hospital.

Laboratory findings included pancytopenia, hy-
poalbuminemia, and hyperbilirubinemia with elevat-
ed transaminases (aspartate aminotransferase [AST]
<4,000 U/L [reference range 0-33U/L] and alanine
aminotransferase [ALT] <1,000 U/L [reference range
0-32 U/L]). Intracytoplasmic inclusions (morulae)
were described in buffy coat examination.

Despite treatment, septic shock occurred, and
supportive treatment was started in the intensive care
unit. After 10 days of hospitalization, the patient re-
covered and was discharged.

Final laboratory diagnostic tests ruled out infec-
tion by most common tickborne illnesses (i.e., Rickettsia
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Figure. Retrospectively identified
early autochthonous case of
Crimean-Congo hemorrhagic
fever in a woman in Spain, 2013.
A, B) Erythema in the patient’s
ankle (A) and knee (B) 3 days
after a tick bite during a leisure
walk. C) Necrotic lesion on
patient’s back at site of tick bite.

spp., Borrelia burgdorferi, Anaplasma spp., and Ehrlichia
spp.) and other suspected etiologies (i.e., cytomegalo-
virus, Coxiella spp., hepatitis C virus, hepatitis B virus,
HIV). Stool and blood cultures were negative.

At the time of discharge CCHF was not suspect-
ed, probably because this disease had never occurred
in Spain or other nearby countries, and buffy coat
examination suggested ehrlichiosis. Evidence indi-
cates CCHFV was present in 2010 in ticks #150 km
from the location where the patient was bitten (2),
but this finding was not deemed medically relevant
at that time. However, examined retrospectively, and
with the perspective of 7 CCHF cases in 4 years in
Spain, 5 of them in the same area, the case strongly
suggested CCHFV infection. In agreement with the
patient, a new serum sample was collected and tested
by the ID Screen CCHF Double Antigen Multi-species
ELISA (ID-Vet, https:/ /www.id-vet.com). The serum
sample tested positive for antibodies to CCHFV, fur-
ther confirmed by Crimean-Congo fever virus Mosaic
2 indirect immunofluorescence test for CCHFV-GPC
and CCHFV-N, yielding positive results to both GPC
and N antigens (EUROIMMUN, https://www.euro-
immun.com). Meanwhile, we located and analyzed
whole blood and serum samples that were collected
10 days after symptom onset and subsequently stored.
CCHFV genome was detected in blood by nested
PCR (3) and real-time reverse transcription PCR (6),
whereas CCHFV-N-specific IgG and IgM were found
in serum by indirect immunofluorescence test as de-
scribed previously. Thus, the most likely cause of the
disease suffered by the patient in 2013 was CCHF.

This study demonstrates that the occurrence of
CCHEF cases in Spain started >3 years before the pre-
viously reported first known case (Table). This case
is the second to be identified retrospectively (4), so it
would be possible that additional CCHF cases dating
even earlier might be diagnosed in the future, since

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 27, No. 6, June 2021

antibodies seem to be long-lasting (>7 years). CCHF
should be included in the differential diagnosis after
tick bites in areas in which it is endemic. Furthermore,
awareness of CCHF is key to prevent nosocomial in-
fections among exposed healthcare workers.
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We describe an Oropouche orthobunyavirus infection in
a women 28 years of age in Colombia. We confirmed the
diagnosis by viral isolation, quantitative reverse transcrip-
tion PCR, and phylogenetic analysis of the small, medi-
um, and large genomic segments. The virus is related to
a strain isolated in Ecuador in 2016.
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Oropouche fever is an emerging zoonotic disease
caused by Oropouche orthobunyavirus (OROV;
family Peribunyaviridae, genus Orthobunyavirus). The
disease was initially reported in Trinidad and Toba-
go in 1955; since then, researchers have documented
>30 outbreaks in Brazil and Peru and isolated cases
in Panama and Ecuador (1,2). OROV infection is
characterized by acute febrile illness with symptoms
such as headache, myalgia, arthralgia, chills, pho-
tophobia, nausea, vomiting, and dizziness. Patients
with severe cases might have hemorrhaging and
aseptic meningitis (1).

The OROV virion is enveloped and composed of
a tripartite (segment lengths: 958 nt for small, 4,385 nt
for medium, and 6,852 nt for large), negative-sense,
single-stranded RNA genome (1,3,4). In 1964, Groot
(5) described antibodies against OROV in serum sam-
ples from primates studied in Magdalena Medio and
La Lizama (Colombia) in 1957. Since 2009, researchers
have identified competent vectors such as Aedes ser-
ratus, Coquillettidia venezuelensis, and Culex quinquefas-
ciatus mosquitoes on the Caribbean coast of Colombia
(6,7). We describe an OROV infection in a woman in
this region. We confirmed the diagnosis by viral isola-
tion and reverse transcription PCR (RT-PCR).

A woman 28 years of age who did domestic work
arrived at the emergency department of the E.S.E.
Local Hospital of Turbaco (Turbaco, Colombia) on
September 9, 2017. She had a 1-day history of fe-
ver, malaise, chills, myalgia, headache, retroocular
pain, photophobia, dizziness, sore throat, anorexia,
dysgeusia, and nausea. She had conjunctival injec-
tion and an axillary temperature of 38.6°C; she had
no other pathologic abnormalities and tested nega-
tive on a tourniquet test. After receiving informed
consent, we collected 12 mL of blood and stored the
sample at —80°C.

One aliquot of serum was sent to the labora-
tory of the US Naval Medical Research Unit No.
6 (Lima, Peru) as part of an ongoing collaborative
pathogen surveillance effort with the University
of Cartagena (Cartagena, Colombia). This study
protocol was approved by the Institutional Ethics
Committee in Scientific Research of the University
of Cartagena and the US Naval Medical Research
Unit No. 6 Institutional Review Board (protocol no.
NMRCD.2010.0010) in compliance with all applica-
ble federal regulations governing the protection of
human participants.

We extracted RNA from the sample; it tested
negative for dengue, Zika, and chikungunya viruses
by real-time RT-PCR. We inoculated the sample into
Vero 76 cells using a previously described technique
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(8) and observed a cytopathic effect in 50%-75% of
the cells at 4 days after inoculation. We conducted an
indirect immunofluorescence assay with pooled poly-
clonal antisera against flaviviruses (yellow fever vi-
rus and dengue virus serotype 3), alphaviruses (Ven-
ezuelan equine encephalitis virus, Eastern equine
encephalitis virus, and Mayaro virus), hantavirus (Sin
Nombre virus), arenaviruses (Allpahuayo virus and
Tacaribe virus), cardiovirus (encephalomyocarditis
virus), and bunyaviruses (Guaroa virus [GROV], car-
aparu virus, and OROV); we detected a positive sig-
nal with the bunyavirus antisera pool. We conducted
another indirect immunofluorescence assay with in-
dividual polyclonal antisera against GROV, caraparu
virus, and OROV; we detected a positive signal with
the OROV polyclonal antisera. The serum sample
tested negative for IgM against OROV, GROV, Maya-
ro virus, and Tacaribe virus by ELISA with whole vi-
rus antigen produced in-house. The original clinical
samples tested positive by OROV-specific RT-PCR at
independent laboratories in Peru and Colombia (9).

To characterize the virus at the molecular level,
we used supernatant from the viral isolation to ex-
tract, amplify, and sequence the viral genome. We
amplified the complete genome of the virus using a
modified protocol of sequence-independent single
primer amplification (10). We used the Nextera XT
DNA Library Preparation Kit (Illumina, https://
www.illumina.com) to prepare a library and se-
quenced the samples with MiSeq Reagent kit version
3 (600-cycle) (Illumina) according to the manufactur-
er’s instructions.

The phylogenetic analyses of the small, me-
dium, and large segments (GenBank accession nos.
MK643115-7) showed that the strain is closely related
to a strain isolated in Ecuador in 2016; it also forms a
clade with a strain isolated in Peru in 2008 (Figure).
We cannot posit transmission dynamics across coun-
try borders without additional sequence data. The
patient did not travel outside the municipality dur-
ing the 15 days before symptom onset, suggesting
that OROV transmission occurred in Turbaco. Aedes
serratus and Culex quinquefasciatus mosquitoes, which
are OROV-competent vectors, have been identified in
Turbaco (E. Cano-Perez, pers. comm.).

Our findings support the diagnostic use of OROV-
specific RT-PCR for patients with acute febrile illness
in this region. The increased use of this diagnostic
tool will help clarify levels of circulation of OROV,
informing decisions about Force Health Protection of
US service members. In conclusion, local transmis-
sion of Oropouche orthobunyavirus infection may be
occurring in this region.
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Figure. Maximum-likelihood phylogenetic tree based on the
small (A), large (B), and medium (C) segments of Oropouche
orthobunyavirus from a patient in Colombia, 2017 (red text),

and reference sequences. Numbers to the left of nodes indicate
bootstrap values based on 1,000 replicates. GenBank accession
numbers are given for representative strains used for comparison.
Triangles indicate phylogenetic branches compressed for size
(4,9). Faceys Paddock and Bunyamwera viruses were used as
outgroups. Scale corresponds to phylogenetic distance units
estimated by likelihood function model. IQTV, Iquitos virus; MdDV,
Madre de Dios virus.
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Mycobacterium leprae was detected by optical microsco-
py, fluorescent in situ hybridization, and molecular detec-
tion in feces collected for the diagnosis of Entamoeba coli
enteritis in a leprosy patient in Burkina Faso. This obser-
vation raises questions about the role of fecal excretion of
M. leprae in the natural history and diagnosis of leprosy.
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Leprosy caused by Mycobacterium leprae remains
endemic in Burkina Faso, a West Africa coun-
try with a level of disability 2 of 31.2% among new
patient cases (1). Laboratory diagnosis of leprosy
is determined by observation of acid-fast bacilli
after microscopic examination of a Ziehl-Neelsen-
stained nasal smears and cutaneous lesions (1).
Recently, fluorescence in situ hybridization (FISH)
was introduced as a complementary approach to
increase the specificity of microscopic observations
(1,2). We report on the specific microscopic detec-
tion of M. leprae in the stool specimen of a patient
in Burkina Faso.

A 20-year-old man originating from the vil-
lage of Bama in Burkina Faso sought care at the
dermatology department at the Centre Hospital-
ier Universitaire Souro Sanou (Bobo-Dioulasso,
Burkina Faso) for multiple infiltrated papules and
nodules on his face and ear pavilions. These symp-
toms were accompanied by rhinitis and nosebleeds,
which had been evolving for >2 months. Clinical
examination further showed nasal enlargement
(papulonodular), ulcerative-crusted lesions on the
limbs, ulnar nerve hypertrophy, and a sausage-like
appearance of the fingers, all of which suggested
a lepromatous form of leprosy. A nasal smear and
skin biopsy were performed on an infiltrative lesion
(right arm), and 3 swab specimens were collected
from a skin wound (left forearm), crusted lesions
(elbow of right arm), and ulcerative papules (left
arm). All samples were microscopically examined
after Ziehl-Neelsen staining and revealed acid-fast
bacilli in all 5 samples. Acid-fast bacilli were fur-
ther identified as M. leprae by partial PCR ampli-
fication sequencing of the rpoB gene using a vali-
dated protocol (1).

The patient also had abdominal pain, and stool
samples were collected to check for parasites. Micro-
scopic examination (at 400x magnification) of fresh
stool specimens mixed with Lugol’s solution revealed

. 5N

Figure. Optical microsc-opy.observation of Mycobacterium leprae in the stool specimens of a leprosy patient in Burkina Faso. A) Ziehl-
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cysts containing >6 nuclei, suggesting cysts of Ent-
amoeba coli. Microscopic examination of the stool
speciments filtrate after Ziehl-Neelsen staining (at 60x
magnification) revealed 2 acid-fast bacilli per 300 mi-
croscopic fields (Figure).

Identification of the pathogens was confirmed by
a PCR-based method and FISH for M. leprae (Appen-
dix, https:/ /wwwnc.cdc.gov/EID/article/27/6/20-
0748-Appl.pdf). Because M. leprae has been identi-
fied as an intra-amoebal pathogen (3), we tested the
intracystic location of M. leprae by FISH in clarified
stool specimens using sucrose-density gradients. In
brief, the cyst wall was permeabilized by incubat-
ing stool specimen in 1 mL of cellulase (Sigma Al-
drich, https:/ /www.sigmaaldrich.com) for 48 hours
at 45°C (4). After cellulase activity was stopped by
washing with physiologic water and 5 minutes of
centrifugation at 3,000 g, the pellet was incorporat-
ed into 4’,6-diamidino-2-phenylindole-FISH stain-
ing. Observation of 8 Escherichia coli cysts disclosed
nuclei stained with 4’,6-diamidino-2-phenylindole
and an absence of any detectable M. leprae by FISH
(Figure). Dynamic, dormant, and dead staining to
identify the viability of mycobacteria (5) revealed
dead mycobacteria in the skin biopsy, the 3 cutane-
ous swab specimens, and stool specimens, whereas
8 bacilli out of a total of 22 observed in a series of 6
microscopic fields in the nasal smear were dynamic
(Appendix Figure).

Previous reports relied only on Ziehl-Neelsen
staining to assess the presence of acid-fast bacilli
in stool specimens collected from patients in whom
leprosy was diagnosed, without any further formal
identification (6,7). In the patient we report, stool-
borne acid-fast bacilli were identified as M. leprae
by 2 independent methods in the presence of nega-
tive controls. These M. leprae organisms were pos-
sibly swallowed by the patient along with blood or
upper respiratory secretions during leprosy rhinitis
and epistaxis (7). This observation correlates with

C

Neelsen staining; B) fluorescence in situ hybridization. No mycobacteria were observed inside the Entamoeba coli cysts (C). Scale bars

represent 10 (A), 20 (B), and 20 (C) microns.
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a study in armadillos, an M. leprae host in some
leprosy-endemic regions, in which experimental
infection results in the extensive involvement of
the intestine and the presence of M. leprae in stools
(8). In the stool specimens of the patient described
in this study, only dead M. leprae cultures were
observed using dynamic, dormant, dead staining,
whereas dynamic mycobacteria were detected in
the nasal smear (9).

On the basis of this research, further studies are
required to confirm the prevalence of fecal excretion
of M. leprae in various leprosy populations. Because
stools are a noninvasive specimen, they could be
collected for the positive diagnosis of leprosy using
appropriate laboratory methods, as reported for the
positive diagnosis of pulmonary tuberculosis (10).
This diagnostic approach is easy to implement, in-
cluding in children, in contrast to the current biopsy
procedure, which requires a qualified staff and post-
surgical management.
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To the Editor: We read with interest the article
by Amit et al. (1), in which the authors discuss post-
vaccination symptoms as harbinger for severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection in healthcare workers (HCWs). The au-
thors conclude that in HCWs, SARS-CoV-2infection
can overlap with postvaccination symptoms caused
by high risk for exposure. We agree with the authors
regarding the dilemma posed by physical symptoms
after vaccination. However, we emphasize that this
situation extends beyond HCWs.

We report a 60-year-old previously healthy man
who had isolated, progressively worsening fatigue
starting 1 day after receiving a second dose of mRNA-
based vaccine (Pfizer/BioNTech, https://www.
pfizer.com). Reverse transcription PCR of a nasopha-
ryngeal swab sample after fatigue persisted beyond
1 week of vaccination showed a positive result for
SARS-CoV-2. The patient later showed development
of severe coronavirus disease (COVID-19) pneumo-
nia, requiring admission to an intensive care unit.

HCWs are at a higher risk for exposure and
more likely to get tested if symptoms develop after
vaccination, as in the study by Amit et al. (). Fatigue
is a common symptom after receiving the Pfizer/Bi-
oNTech vaccine (2). The dilemma associated with
persistent postvaccination symptoms is magnified
in non-HCWs because of perceived low overall ex-
posure risk. A watch-and-wait strategy with false
reassurances caused by postvaccination status in
these patients might delay PCR testing, leading to
further spread of the virus in the community (D.A.
Swan et al., Fred Hutchinson Cancer Research Cen-
ter, pers. comm., 2021 Mar 5). Thus, knowing when
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and whom to test postvaccination has major public
health repercussions.

COVID-19 vaccines are efficacious in reducing
transmission of symptomatic COVID-19 (2). Reduc-
tion in transmissibility of SARS-CoV-2 postvaccina-
tion is unclear (3). Vaccinated persons can still trans-
mit the disease even if they are asymptomatic. (4).
Testing everyone before and after vaccination for
SARS-CoV-2 is not a cost-effective strategy. Being so-
cially responsible is the key to contain the pandemic.
Thus, preventive measures such as hand hygiene, use
of facemasks, and avoiding social gatherings should
be continued irrespective of vaccination status.
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ABOUT THE COVER

Thomas Red Owl Haukaas (1950-), More Time Expected, 2002. Hand-made ink and pencil on antique ledger paper, 16.5 in x 27.5
in/41.9 cm x 69.9 cm. Tacoma Art Museum, 1701 Pacific Avenue, Tacoma, WA 98402, United States. Gift of Greg Kucera and Larry

Yocoreem in honor of Rock Hushka.

Fluid Motion and Frozen Time

Byron Breedlove

In June 1981, five cases of Pneumocystis pneumonia
in gay men were described in CDC’s Morbidity and
Mortality Weekly Report. Those cases signaled the start
of the AIDS pandemic, which now enters its fifth de-
cade and has to date resulted in more than 75 mil-
lion HIV infections and 32 million deaths worldwide.
UNAIDS estimates that in 2019, 38 million persons
were living with HIV, 1.7 million became newly in-
fected, and 690,000 died with HIV disease.

Since the beginning of the HIV/AIDS pandemic,
artists—some involved in AIDS activist organizations

Author affiliation: Centers for Disease Control and Prevention,
Atlanta, Georgia, USA

DOI: https://doi.org/10.3201/eid2706.AC2706
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and others working independently—have applied
their talents and skills to create, share, and deliver
works that depict messages calling for political action
and scientific research, documenting the impact of
AIDS among various and diverse communities and
groups, and celebrating medical breakthroughs and
advances in treating AIDS. In 2016, a traveling exhi-
bition entitled Art AIDS America examined the ongo-
ing influence and impact of the AIDS pandemic on
American art.

Among the more than 125 works featured in
that traveling exhibition was More Time Expected by
Lakota artist Thomas Red Owl Haukaas, displayed
on this month’s cover. Haukaas conveys both a sense
of fluid motion and frozen time in this image, a mod-
ern example of Native American ledger art (a genre of
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narrative drawing or painting on paper or cloth) that
developed during the Indian Wars era and continued
in the forced relocations of Plains tribes to government
reservations from the 1860s through the 1920s. Wide-
spread hunting had depleted buffalo and other game
animals that provided hides the tribes traditionally
used as canvases for recording events, ceremonies,
and exploits. As a result, Native Americans began us-
ing paper taken from ledgers and other sources and
employing ink, pencils, and watercolors rather than
bone or wooden implements dipped in mineral and
other natural pigments.

In this work, Haukaas shows a group of Native
Americans and horses sweeping from right to left
across the paper. The figures and horses are crowded,
flattened, and overlapping each other. Riders and
horses are looking straight ahead and moving in uni-
son toward a destination beyond the edge of the im-
age. The artist carefully depicts his figures of Native
Americans dressed in traditional garb and wearing
an array of bright colors and patterns. The horses are
also stylized and individualized: many are boldly col-
ored, and others are sketched with repeating patterns
and rows of stripes. Half of the horses carry either a
single rider or a pair of riders, but the other half are
riderless, including the cobalt blue horse that draws
attention to the center of the image.

Michelle Reynolds, Associate Director of Market-
ing and Communications at the Tacoma Art Museum,
which organized Art AIDS America in partnership
with the Bronx Museum of the Arts, explains how
this work is related to HIV/ AIDS: “The imagery, spe-
cifically the riderless horse, explores the complicated
issues of stigma surrounding HIV/AIDS and the Na-
tive American experience with the disease. Histori-
cally, instances of HIV on the reservation are virtually
unmentioned, a silence that only worsens an already
high rate of infection. The horse with no rider, of-
ten used as a symbol for a warrior who fell in battle,
represents individuals on the reservation who have
died of AIDS-related causes. By focusing on absence
within a group, Haukaas plays to the importance of
community and families within these settings.”

In a 2018 interview, Haukaas told writer and
editor Emily Withnall, “My pieces are meant for dia-
logue, for discussion, for thinking about.” Despite
the fluidity and motion of his work, the underly-
ing message carried by his portrayal of these rider-
less horses is the palpable sense of what has been
lost. Haukaas, whose works are featured in many
museum collections and have been part of numer-
ous exhibitions, does not have formal training in
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art, and he credits his family and friends for teach-
ing him traditional skills and practices. Known for
his talents as a ledger, beadwork, and doll artist, he
trained as a psychiatrist.

Through this image, Haukaas reconnects with
the traditional ledger art form and uses it as a plat-
form to engender thought and discussion about the
ongoing medical and social effects of HIV within
reservation communities, throughout other mar-
ginalized racial and ethnic communities around the
world, and in those regions most affected by this
ongoing pandemic. As De Cock, Jaffe, and Curran
state in their EID article Reflections on 40 Years of
AIDS, ”Although initially slow, the HIV/AIDS re-
sponse over the years has been a beacon in global
health for respect for individuals and their rights
and for health equity. More reflection is required
with regard to what the responses to HIV and Ebola
have taught us and how they might be relevant to
COVID-19 and other future epidemics.”
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Health and Social Measures, London, England

¢ Whole Genome Analysis of Streptococcus
pneumoniae Serotype 4 Causing an Outbreak of
Invasive Pneumococcal Disease, Alberta, Canada

e Triclabendazole Treatment Failure for Fasciola
hepatica Infection among Preschool and
School-Age Children, Cusco, Peru

e Plasmodium falciparum Kelch 13 Mutations, 9
Countries in Africa, 2014-2018

e Susceptibility to SARS-CoV-2 of Well-Differentiated
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¢ Prevalence of Middle East Respiratory Coronavirus
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¢ Possible Human-to-Dog Transmission of
SARS-CoV-2, Italy, 2020

¢ Qutbreak of Rabbit Hemorrhagic Disease
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Complete list of articles in the July issue at
http://www.cdc.gov/eid/upcoming.htm
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Article Title

Rocky Mountain Spotted Fever in a Large Metropolitan Center,
Mexico-United States Border, 2009-2019

CME Questions

1. You are seeing a 14-year-old girl who reports a 4-day 3. You order diagnostic testing for RMSF. What did the
history of fever and fatigue. You are aware of multiple current study find regarding such testing?

case reports of Rocky Mountain spotted fever (RMSF) A
in your community over the past several months. In '
the current study by Zazueta and colleagues, which B
of the following symptoms associated with RMSF was '
most common?

Most diagnostic assays in cases suspected for RMSF
were positive

Rates of positive indirect fluorescent antibody (IFA)
testing were more than double that of positive
polymerase chain reaction (PCR) testing

A. Myalgia C. Most patients who were hospitalized had a positive
B. Fever PCR test only
C. Headache D. IFAand PCR tests were nearly never both positive
D. Rash when ordered together
2. What should you consider regarding the 4. What was the approximate mortality rate associated
epidemiology of RMSF in the current study? with RMSF in the current study?
A. Only 10% of cases were diagnosed in the city of A. 0.2%
Mexicali B. 3%
The 11-year incidence rate of RMSF was 230 C. 7%
cases/100,000 population D. 18%

B
C. The mean age of cases was 9 years
D. Most cases occurred during summer months

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 27, No. 6, June 2021 1765



Earning CME Credit

To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-
ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers.

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org,
please click on the “Register” link on the right hand side of the website.

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award,
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national
medical association for review.

Article Title
Neurologic Disease after Yellow Fever Vaccination, Sao Paulo, Brazil, 2017-2018

CME Questions
1. Which of the following disease states are included 3. What was the most common manifestation of
in the Brighton Collaboration (BC) criteria for yellow YEL-AND in the current study?
fever vaccine-associated neurologic disease A. Aseptic meningitis

(YEL-AND) but not the Centers for Disease Control and
Prevention (CDC) criteria?

A. Aseptic meningitis

B. Meningoencephalitis

C. Encephalomyelitis

D. Guillain-Barré syndrome

2. Which of the following statements regarding clinical
characteristics of patients with YEL-AND in the current
study is most accurate?

A. The median time between vaccination and symptom
onset was 4 days

B. Most cases occurred with the booster dose of
the vaccine

C. Half of the cases had a positive cerebrospinal fluid
(CSF) immunoglobulin (Ig)M titer against yellow
fever (YF)

D. One-third of cases had a positive CSF polymerase
chain reaction (PCR) test for YF

1766

B. Encephalitis
C. ADEM
D. Guillain-Barré syndrome

4. What did the current study conclude regarding the
use of the CDC and BC criteria for the diagnosis of
YEL-AND?

A. Either criteria is sufficient in identifying YEL-AND

B. The BC criteria are more inclusive and require less
advanced diagnostic methods

C. The CDC criteria will better identify a broad range of
cases consistent with YEL-AND

D. Both criteria should be replaced by local
diagnostic criteria

Emerging Infectious Diseases *« www.cdc.gov/eid « Vol. 27, No. 6, June 2021



Earning CME Credit

To obtain credit, you should first read the journal article. After reading the article, you should be able to answer the follow-
ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers.

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org,
please click on the “Register” link on the right hand side of the website.

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award,
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national
medical association for review.

Article Title

HIV Infection as Risk Factor for Death among Hospitalized
Persons with Candidemia, South Africa, 2012-2017

CME Questions

1. Your patient is a 47-year-old man with HIV infection B. HIV-seropositive patients were significantly more

and candidemia. According to the 6-year sentinel likely than HIV-seronegative patients to be admitted to
surveillance study in South Africa by Govender the ICU

and colleagues, which of the following statements C. Among HIV-seropositive patients, significantly more
about the effect of HIV infection and other factors on patients with vs without advanced HIV disease were
mortality risk from candidemia is correct? admitted to the ICU

D. The effect of HIV seropositivity on mortality was
weakened among persons admitted to the ICU, but
HIV-seropositive patients were substantially less likely
to have received ICU care

A. Case-fatality was 37% among HIV-seronegative cases
vs 54% for HIV-seropositive cases (P <.001)

B. After adjustment for intensive care unit (ICU) care,
receipt of systemic antifungal treatment, Candida
species, and other factors, 30-day mortality was
not significantly different in HIV-positive vs
HIV-negative patients

C. Adjusted odds of 30-day mortality in HIV-positive
patients was not significantly different according to
cluster of differentiation (CD)4 count

3. According to the 6-year sentinel surveillance study
in South Africa by Govender and colleagues, which of
the following statements about clinical implications
of the effect of HIV infection on mortality risk from
candidemiais correct?

D. Survival curves for HIV-seropositive and A.  Ahigh index of suspicion for candidemia among
H|V_Seronegative patients did not diverge until 2 admitted HIV—SerOpOSlthe patlents is needed Only for
weeks after candidemia diagnosis persons with classical risk factors

B. HIV-seropositive patients with suspected candidemia

2. According to the 6-year sentinel surveillance study should be treated with watchful waiting to see if and

in South Africa by Govender and colleagues, which how symptoms develop

of the following statements about the effect of ICU C. HIV-seropositive patients with suspected candidemia

admission on mortality risk among adults with HIV should be considered for more intensive care and

infection and candidemia is correct? monitoring to lower mortality

D. Antiretroviral and appropriate early antifungal therapy
eliminates increased mortality risk in HIV-seropositive
patients with candidemia

A. Regarding mortality, there was no evidence of
interaction of HIV positivity with ICU admission
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