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Yellow fever is an acute viral disease caused by an 
arbovirus (Orthoflavivirus flavi) of the genus Flavi-

virus. It is transmitted by vectors, specifically by he-
matophagous mosquitoes of the genera Haemagogus 
and Sabethes for the sylvatic cycle and Aedes aegypti 
for the urban cycle (1). As of 2025, there is no specific 

treatment for the disease; however, vaccination is an 
effective preventive measure (2).

Yellow Fever in the 19th and 20th Century
Yellow fever first appeared in Colombia during the 
16th and 17th Centuries. The first documented epi-
demic cases occurred in Cartagena and Santa Marta 
in 1729; later cases were identified in soldiers ar-
riving on the Atlantic coast from Spain (3). During 
1830–1900, cases were reported in the Magdalena 
and Catatumbo Valleys, characterized by notable 
clinical and epidemiologic descriptions; the popu-
lations most affected were farmers, rainforest work-
ers, soldiers, and railway workers. An outbreak in 
1830 resulted in 1,800 deaths out of 4,000 inhabit-
ants in Ambalema, Tolima Department (4). At the 
beginning of the 20th Century, outbreaks were 
reported in Soto’s Valley (now in the Santander 
department) during 1910–1912 and in 1923 (Table 
1) (4–7). Those cases were characterized as a syl-
vatic outbreak, with the presence of Haemagogus 
spp. mosquitoes (5). Until the 1930s, yellow fever 
cases were associated with Ae. aegypti mosquitoes 
as the vector; the paradigm shifted with Franco’s 
work in Muzo in 1907 (8) and Soper’s work in 1937 
(3), which revealed that yellow fever infections in 
Colombia were part of the sylvatic cycle. In 1929, 
the last urban cases of the disease, which involves 
human–vector–human transmission through the 
bite of the Ae. aegypti mosquito, were reported in 
Socorro, Santander (Figure 1) (9).

Gast Galvis (5) analyzed 38,275 liver samples 
collected during 1934–1956, identifying 594 positive 
cases in the Amazon region, the foothills of the East-
ern plains, the Magdalena Valley, and the Catatumbo 
River basin. The cases were not clinically diagnosed 
before death. Limited information is available on cas-
es collected during the remaining years of the 20th 
Century (Table 2) (10–13).
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Yellow fever, a zoonotic arboviral disease, has re-
emerged in Colombia, triggering a major outbreak in the 
country. During 2024 through mid-2025, a total of 132 
human cases and 68 infections in nonhuman primates 
were confirmed, primarily in the department of Tolima, 
historically considered a low-risk area. We analyzed the 
historical and current epidemiology of yellow fever in 
Colombia, highlighting ecologic, social, and surveillance 
factors that contributed to the outbreak. Low vaccina-
tion coverage, insufficient epizootic and entomological 
surveillance, deforestation, habitat fragmentation, and 
limited application of One Health approaches have all 
exacerbated the situation. The high mortality rate of 
nonhuman primate species indicated a more profound 
ecologic crisis. Immediate, comprehensive measures, 
including mass vaccination, genomic surveillance, and 
integrated One Health frameworks, are urgently need-
ed. Colombia’s experience underscores the need to re-
evaluate risk stratification and preparedness strategies 
across the Americas to prevent future yellow fever out-
breaks in previously unaffected regions.
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Yellow Fever in the 21st Century
During 2000–2023, Colombia reported 216 confirmed 
cases of yellow fever in the departments of Norte 
de Santander, Magdalena, Guajira, Vichada, Meta, 
Caquetá, Putumayo, Guaviare, Chocó, Amazonas, 
Guainía, Vaupés, and Santander (Table 3) (14,15). An 
outbreak occurred in the Catatumbo region of the 
Norte de Santander department and the Sierra Ne-
vada de Santa Marta region (comprising the César, La 
Guajira, and Magdalena departments); of 216 cases, 
102 (46%) occurred in 2003 and 31(14%) in 2004 (9,16). 
The mortality rate was 44% in 2003 and 36% in 2004. 
Both Colombia and Venezuela used vaccination to 
control the outbreak on their shared border (17).

The Tolima department (within the Magdalena 
Valley) had no historical reports during 2000–2024; 
therefore, it was not considered a high-risk region 
for yellow fever (2). Nevertheless, 7 cases were 
confirmed in October 2024 in neighboring villages 
in the southwestern part of the Bosque de Galilea 
Regional Natural Park, which includes areas of 4 
municipalities in Tolima (Cunday, Prado, Villar-
rica, and Purificación) on the border with the Huila 
and Cundinamarca departments (18). The Tolima 
department was classified as low stratification 
risk in accordance with the national plan for the  

prevention and control of yellow fever in Colombia 
during 2017–2022 (2). 

As of September 18, 2025, a total of 132 confirmed 
cases of yellow fever had been reported during 2024–
2025 in Colombia, distributed across 10 departments: 
Tolima (n = 112 cases), Putumayo (n = 8), Meta (n = 3), 
Caquetá (n = 2), Nariño (n = 2), Vaupés (n = 1), Caldas 
(n = 1), Cauca (n = 1), Huila (n = 1), and Guaviare (n = 
1) (Table 4; Figure 1) (19). Those cases represent an esti-
mated incidence of 2.51 cases/1 million population for 
Colombia (0.25 cases/100,000 population), with higher 
values for the most affected municipalities (e.g., 382.6 
cases/100,000 population in Villarica, Tolima) (Table 
4); case-fatality rate was 39.4%, and cumulative mor-
tality rate was 0.99 deaths/1,000,000 population (19). 
Most cases were observed among persons residing 
in rural areas who have not received the vaccination; 
median age was 45 years, and sex distribution was 27 
women and 105 men (19). In contrast, the virus has 
been confirmed in 68 nonhuman primates (NHPs) in 4 
departments: 51 cases in Tolima, 8 in Huila, 8 in Putu-
mayo, and 1 in Meta (19). To contain this outbreak, the 
Ministerio de Salud y Protección Social of Colombia, 
by Resolution 691 of 2025, declared a health emergency 
throughout the country and adopted measures for in-
fection prevention and control (20). The measures in-
cluded declaration of a public health emergency, mass 
vaccination campaigns, intensified vector control, 
strengthened epidemiologic and epizootic surveil-
lance, and community risk communication, although 
coverage remained below optimal levels and thus in-
sufficient to fully contain transmission.

Perspectives
For decades, yellow fever has been a public health threat 
in the Americas because of its emergence and reemer-
gence (21). At the same time, it has been recognized 
that Colombia has an underreported rate, which makes 
analyzing and controlling cases difficult (10). For some 
time, the importance of improving studies and vigilance 
regarding vectors (Aedes spp., Haemagogus spp., and Sa-
bethes spp. mosquitoes) and nonhuman primate reser-
voirs (Alouatta spp., Saimiri spp., Ateles spp., Aotus spp., 
Callithrix spp., Brachyteles spp., Callicebus spp., Leonto-
pithecus spp., and Sapajus spp. monkeys) has been high-
lighted, as well as the ecologic characteristics of regions 
with medium or high risk in Colombia to strengthen 
vigilance systems (22,23). Unfortunately, epizootic and 
vector surveillance are only considered after outbreaks 
in some cases. Therefore, strong surveillance has been 
implemented since the ongoing outbreak (24).

NHPs are considered natural sentinel species 
for the early detection of yellow fever epidemics. 
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Table 1. Years of reported cases of yellow fever in Colombia, by 
department, during the 19th and early 20th Centuries noted in 
study of reemergence of yellow fever in Colombia, 2024–2025* 
Department Years 
Antioquia 1915, 1934–1956 
Atlántico 1872, 1889, 1912 
Bolívar 1856, 1865, 1866, 1872, 1885, 1912, 

1915, 1934–1956 
Boyacá 1906, 1907, 1916, 1923, 1924, 

1934–1956 
Caldas 1915, 1934–1956 
Caquetá 1934–1956 
Casanare 1919–1923, 1934–1956 
Cesar 1934–1956 
Cundinamarca 1857, 1865, 1879, 1880, 1884, 1885, 

1889, 1910, 1934–1956 
Huila 1881 
La Guajira 1945 
Magdalena 1887 
Meta 1934–1956 
Norte de Santander 1880, 1883, 1884,1886, 1887, 1888, 

1900, 1907, 1934–1956 
Putumayo 1934–1956 
Quindío 1934–1956 
Santander 1900, 1910–1912, 1919, 1923, 1929, 

1934–1956 
Tolima 1830, 1857, 1858, 1870, 1871, 1872, 

1879, 1880, 1881, 1884, 1934–1956 
Valle del Cauca 1881, 1907, 1915, 1920 
*Sources: Gast Galvis (4), Gast Galvis (5), Boshell Manrique (6), Gast 
Galvis (7). An expanded version of this table showing cases by 
municipality is available online 
(https://wwwnc.cdc.gov/EID/article/31/12/25-1209-T1.htm). 
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NHPs have a clinical course and mortality rate simi-
lar to those experienced by humans, and they have a 
substantial epidemiologic nexus in areas where out-
breaks occur. A One Health perspective would con-
sider NHPs’ conservation, the ecosystems in which 
they coexist with humans, and the effects of climate 
change on vector distribution (25). In Colombia, the 
distribution of Ae. aegypti mosquitoes in densely pop-
ulated urban centers, coupled with the presence of 
Haemagogus and Sabethes mosquito species in sylvatic 
corridors, creates overlapping transmission zones that 
vary by ecosystem. At the same time, NHPs such as 
howler monkeys (Alouatta spp.), spider monkeys (At-
eles spp.), and squirrel monkeys (Saimiri spp.) act as 
reservoirs and sentinel hosts; deaths in those animal 
populations often precede human cases. Those eco-
logic dynamics are especially evident in departments 
such as Tolima, Putumayo, and Caquetá, where ex-
panding agricultural frontiers, deforestation, and hu-
man settlement bring humans into closer contact with 
vectors and primate reservoirs, underscoring how 
ecosystem-specific interactions directly shape the dis-
tribution and risk for yellow fever outbreaks across 
the country. Such outbreaks have been associated 
with relevant declines in NHP populations, which 
endanger mammalian biodiversity and influences the 
epidemiologic behavior of yellow fever (26). 

In 2025, Brazil, Colombia, Peru, and Bolivia re-
ported cases or outbreaks outside the Amazon region, 
including cases in other ecologic corridors or ecosys-
tems (27). That information is particularly important 
in the context of the correlation between deforesta-
tion, habitat fragmentation, and the destruction of 
NHPs’ habitats because those factors increase contact 
between humans and NHPs and affect the ecology 
of emerging infectious diseases (28). Approximately 
38 species of NHPs are found in Colombia, and 10 of 
these species are endemic; their populations have de-
clined from deforestation for illegal logging, expan-
sion of the agricultural frontier, use for illicit crops, 
and mineral extraction, among other factors (2,29,30). 
At the same time, Colombia has recognized the corre-
lation between deforestation and armed conflict; that 
social aspect should be studied more deeply (31).

As for other emerging infectious diseases, eco-
logic disruptions could generate changes in the trans-
mission, epidemiology, and distribution of yellow 
fever in the region (32). On the other hand, social de-
terminants play a key role in yellow fever outbreaks, 
as they do in other neglected tropical diseases. In Co-
lombia, reported cases are correlated with indigenous 
peoples, agricultural workers, deforested regions, 
and zones of armed conflict (2,33).

Since October 2024, Colombia has been experi-
encing a significant yellow fever outbreak, character-
ized by sylvatic cycle transmission and a large num-
ber of deaths in humans and NHPs in the department 
of Tolima, compared with the low national vaccina-
tion coverage of 64% among persons 1–59 years of 
age during 1996–2024. In Tolima, vaccination cover-
age was <50% for the 15–59 age group (34). A similar 
outbreak occurred in Brazil during 2016–2018, which 
mainly affected unvaccinated persons in areas that 
were not considered endemic for yellow fever (35). 
That outbreak marked a high number of human and 
NHP deaths from this virus since 1980 (35).

Measures to contain outbreaks of yellow fever 
include achieving vaccination coverage of >95% 
in at-risk areas and strengthening entomologi-
cal and epizootic surveillance, vector control, and 
risk communication (36). Surveillance of epizootics 
through illness and death rates in NHPs in medi-
um- or high-risk areas is a measure that contributes 
to the early detection of potential outbreaks before 
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Figure. Departments of Colombia that have reported cases of 
yellow fever. Green indicates historical cases of yellow fever 
during the 19th and early 20th Centuries, yellow indicates cases 
during the current 2024–2025 outbreak, and orange indicates 
cases during both periods.
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human cases appear (37). In addition, Brazil has 
analyzed the importance of genomic epidemiology 
in understanding the dynamics and spatial corridor 
of the yellow fever outbreak in southern Brazil (38). 

Colombia must incorporate genomic surveillance 
to clarify the circulating lineages of the virus and 
their relationship with vaccination coverage and 
eco-epidemiology in different territories. Lessons 
learned would be applied to other nations in South 
America also facing similar challenges from ongo-
ing outbreaks of yellow fever (39). 

To translate those ideas into practice, we propose 
a package of complementary strategies that health au-
thorities can adopt during and after the current out-
break. First, sustained genomic surveillance of circu-
lating yellow fever strains should be institutionalized 
to detect viral lineages, mutations, and transmission 
pathways in real time. Second, permanent One Health 
monitoring networks that integrate human, primate, 
and vector data must be established, enabling early 
detection of epizootics and vector expansion across 
ecologic corridors (40). Third, vaccination strategies 
should be adapted to include not only historically 
high-risk areas but also regions newly exposed to yel-
low fever because of deforestation, migration, and 
climate change; coverage should be sustained above 
the 95% threshold. Finally, those measures should 
be supported by intersectoral collaboration of public 
health, environmental, and veterinary authorities to 
provide a coordinated response that strengthens pre-
paredness and resilience.

Discussion
The resurgence of yellow fever in Colombia during 
2024–2025, particularly in the Magdalena Valley re-
gion, underscores the enduring threat of this arbovi-
ral disease in South America. Although yellow fever 
is a vaccine-preventable illness, the outbreak has ex-
posed major gaps in Colombia’s public health infra-
structure, especially regarding vaccination coverage, 
vector and epizootic surveillance, and One Health 
preparedness. The outbreak through mid-2025, cen-
tered in the department of Tolima, represents a sig-
nificant yellow fever outbreak in Colombia in the 
21st Century with 132 confirmed human cases and 
68 confirmed infections in NHPs. The crisis reflects 
both historical patterns and novel ecologic and epide-
miologic dynamics shaped by deforestation, habitat 
disruption, climate change, and sociopolitical factors.

Historically, Colombia has faced recurrent yel-
low fever outbreaks since colonial times, with notable 
occurrences in the 19th and 20th Centuries. However, 
the assumption that some regions, such as Tolima, 
were at low or negligible risk for yellow fever has 
proven dangerously misleading. That misclassifica-
tion hindered preventive measures such as proactive 
vaccination campaigns, epizootic surveillance, and 
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Table 3. Numbers of reported cases of yellow fever in Colombia 
during 2000–2023 noted in study of reemergence of yellow fever 
in Colombia, 2024–2025* 
Year Cases 
2000 5 
2001 8 
2002 20 
2003 102 
2004 31 
2005 20 
2006 5 
2007 7 
2008 3 
2009 5 
2010 0 
2011 0 
2012 0 
2013 1 
2014 0 
2015 0 
2016 7 
2017 0 
2018 1 
2019 0 
2020 0 
2021 0 
2022 0 
2023 2 
Total cases 216 
*Source: Instituto Nacional de Salud de Colombia (14,15). 

 
 

 
Table 2. Numbers of reported cases of yellow fever in Colombia 
during 1956–1999 noted in study of reemergence of yellow fever 
in Colombia, 2024–2025* 
Years Cases 
1956–1962 ND 
1963 10 
1964 10 
1965 2 
1966 3 
1967 5 
1968 11 
1969 7 
1970 7 
1971 9 
1972 3 
1973 16 
1974 36 
1975 12 
1976 22 
1977 9 
1978 105 
1979 51 
1980 11 
1981 7 
1982 2 
1983 1 
1984 16 
1985 4 
1986–1999 5 
*Sources: Segura et al (10), Pan American Health Organization (11–13). 
ND, no data. 

 



Reemergence of Yellow Fever, Colombia

vector control programs in areas now recognized as 
vulnerable. The reappearance of yellow fever in Toli-
ma, a region not historically associated with high yel-
low fever transmission in the 21st Century, reiterates 
the critical importance of adopting dynamic, data-
driven risk stratification models that reflect ecologic 
changes and disease emergence patterns.

The current outbreak demonstrates the conse-
quences of delayed and reactive public health re-
sponses. Although Colombia’s Ministry of Health 
declared a public health emergency in 2025, the 
measures came only after widespread transmission 
among both humans and NHPs. This delayed re-
sponse highlights a persistent weakness in the inte-
gration of One Health approaches, which emphasize 
early detection through sentinel species monitoring, 
particularly among NHP populations that share eco-
logic niches with human communities. The lack of 
sustained surveillance of illness and deaths in NHPs 
as well as vector densities is a missed opportunity to 
anticipate and prevent the current outbreak.

In addition, the intersection of ecologic degra-
dation and yellow fever transmission cannot be ig-
nored. Deforestation, habitat fragmentation, and the 
displacement of NHPs have brought vectors, wild-
life, and humans into closer contact, intensifying the 
likelihood of spillover events. Those environmental 
pressures, coupled with the expansion of agricultural 
frontiers and illicit economies, have drastically altered 
the eco-epidemiology of yellow fever. Armed conflict 
further complicates access to vaccination and health-
care in many affected regions, especially in rural and 
indigenous communities. Those social determinants 
of health must be addressed as integral components 
of disease control strategies. We propose an inte-
grated framework that links genomic surveillance, 
One Health monitoring of NHPs and vectors, and 
systematic evaluation of socioecologic drivers such as 
deforestation, land-use change, and armed conflict, 
thereby offering a robust scientific basis for anticipat-
ing, preventing, and more effectively responding to 
yellow fever outbreaks in Colombia.

The low national yellow fever vaccination cover-
age—64% among those 1–59 years of age and <50% 
in Tolima for adults 15–59 years of age—constitutes a 
major vulnerability. This situation mirrors the Brazil 
outbreak of 2016–2018, when low immunization in ar-
eas previously deemed low-risk enabled widespread 
transmission. Colombia must urgently reassess its 
vaccination policies and implement a robust, nation-
wide campaign targeting not only known endemic 
areas but also ecologically sensitive regions currently 
undergoing anthropogenic change.

Conclusions
Moving forward, Colombia must institutionalize a 
truly intersectoral One Health approach that inte-
grates ecologic, veterinary, and human health sur-
veillance systems. Strengthening genomic epidemiol-
ogy capacities is also imperative for tracking yellow 
fever viral lineages, assessing transmission pathways, 
and monitoring vaccine escape or mutation events. 
Those actions, combined with risk communication 
and community engagement, will enhance outbreak 
preparedness and foster long-term resilience.

Beyond its human toll, the current outbreak has 
important economic implications. Many of the af-
fected regions overlap with areas of agricultural 
production, oil extraction, and mining, sectors that 
are central to Colombia’s national economy. Inter-
ruptions in labor productivity caused by illness or 
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Table 4. Reported cases of yellow fever in Colombia, by 
department and municipality, noted in study of reemergence of 
yellow fever in Colombia, 2024–2025* 

Location No. cases 
No. cases/100,000 

population 
Tolima 112  
 Villarica 20 382.6 
 Cunday 19 215.9 
 Prado 17 192.8 
 Ataco 26 129.3 
 Dolores 4 46.3 
 Rioblanco 7 29.9 
 Purificación 7 29.1 
 Valle de San Juan 1 18.0 
 Chaparral 8 14.6 
 Palocabildo 1 10.2 
 Espinal 1 1.3 
 Ibagué 1 0.2 
Putumayo 8  
 Villagarzón 2 7.4 
 Orito 4 5.3 
 San Miguel 1 4.6 
 Valle del Gamuez 1 1.9 
Caquetá 2  
 El Doncello 1 2.4 
 Cartagena del Chairá 1 1.2 
Nariño 2  
 Ipiales 2 1.6 
Meta 3  
 La Macarena 1 3.4 
 San Martín 1 3.1 
 Granada 1 1.3 
Vaupés 1  
 Mitú 1 2.9 
Caldas 1  
 Neira 1 4.6 
Cauca 1  
 Piamonte 1 10.2 
Huila 1  
 Campoalegre 1 3.0 
Guaviare 1  
 San José del Guaviare 1 1.8 
Total cases 132  
*Source: Instituto Nacional de Salud de Colombia (19). Total no. cases is 
as of September 18, 2025. 
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death, combined with restrictions in high-risk zones, 
can reduce output and generate losses. In addition, 
tourism, particularly ecotourism in natural parks and 
forested areas such as Tolima and the Amazon, is sus-
ceptible to travel advisories and public perceptions of 
risk, which could cause declines in both domestic and 
international visitor numbers. Those effects highlight 
that yellow fever is not only a health issue but also 
a threat to economic stability and development. If 
outbreaks are perceived as undermining income and 
productivity, particularly in extractive and service 
industries, political motivation to strengthen vaccina-
tion, surveillance, and vector control may increase. 
Yet, sustained preparedness requires more than reac-
tive measures; it demands continuous allocation of 
resources from national budgets, complemented by 
international cooperation and multilateral support, 
to build resilient One Health infrastructure capable of 
preventing future crises.

In summary, the current yellow fever outbreak 
in Colombia is both a public health emergency and 
a warning. It reflects a failure to learn from histori-
cal precedent and to act on mounting ecologic and 
epidemiologic signals. Colombia, and other South 
America nations facing similar risks, must prioritize 
preventive vaccination, entomological and epizootic 
surveillance, ecologic preservation, and equitable 
healthcare access. Without decisive action, the cycle 
of emergence, devastation, and reactive response will 
persist, putting both human and animal populations 
at continued risk.
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Before 2015, listeriosis outbreaks linked to pro-
duce items in the United States were linked to 

melons, sprouts, and celery. At least 1 sporadic lis-
teriosis case in 2014 and 1 binational listeriosis out-
break in 2015–2016 were linked to packaged salads 
(1). We describe an unusual situation of 2 geneti-
cally unrelated outbreaks of Listeria monocytogenes 
infection in the United States (outbreak A and out-
break B), investigated simultaneously in late 2021, 
that were linked to packaged salads from 2 different 
firms. Of those outbreaks, 1 also included genetical-
ly related cases in Canada. The Centers for Disease 
Control and Prevention (CDC) and Public Health 

Agency of Canada (PHAC) regularly exchange in-
formation when an outbreak has potential to span 
national borders.

Listeria can survive in production facilities or en-
vironments for long periods. Listeriosis outbreak in-
vestigations often span multiple years before a food 
vehicle is identified because of harborage in a pro-
duction facility or persistent contamination levels in 
the environment or product, resulting in seemingly 
sporadic illnesses over long periods (2,3). Evidence of 
contamination in California watersheds connected to 
a major leafy green production region was described 
in a 2014 study conducted by the US Department of 
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We describe 2 genetically unrelated outbreaks of Liste-
ria monocytogenes infections (outbreak A and outbreak 
B) linked to packaged salads from 2 different firms that 
were investigated simultaneously in 2021. Combined, the 
outbreaks caused 30 illnesses, 27 hospitalizations, and 4 
deaths over 8 years. Those investigations led to recalls of 
product from 2 different firms and highlight how L. monocyto-
genes contamination can persist for long periods and cause 
illnesses over many years. Outbreak A was investigated 

3 times with illnesses occurring over 8 years, whereas ill-
nesses in outbreak B occurred over 5 years. Both outbreaks 
illustrate the importance of routine and epidemiologically 
directed sampling by state partners, without which these 
outbreaks likely would have gone unsolved. The outbreaks 
were the second and third multistate outbreaks of listeriosis 
linked to packaged salads, providing further documentation 
of the potential for L. monocytogenes infections from con-
sumption of contaminated packaged salads.



 L. monocytogenes Linked to Packaged Salads

Agriculture (USDA) (4) (hereafter referred to as the 
USDA study), in which investigators found that L. 
monocytogenes was prevalent in 43% of all environ-
mental samples. When water isolates from that study 
are related to clinical isolates by whole-genome se-
quencing (WGS), that link gives investigators a clue 
that leafy greens or other produce grown in that re-
gion could be a source of illness.

In listeriosis outbreaks, epidemiologic informa-
tion is often limited because of relatively low case 
numbers, long incubation periods, and severity of ill-
ness. Patients might be older, have poor food recall, 
or be too sick to provide food exposure information. 
Listeriosis outbreaks can take longer to solve than 
foodborne outbreaks caused by other pathogens and 
might rely on product or environmental sampling 
(5,6). This activity was reviewed by CDC, deemed 
not research, and conducted consistent with appli-
cable federal law and CDC policy (e.g., 45 C.F.R. part 
46.102(l)(2), 21 C.F.R. part 56; 42 U.S.C. §241(d); 5 
U.S.C. §552a; 44 U.S.C. §3501 et seq.).

Methods

Case Definition
An outbreak A case was defined as invasive listerio-
sis in a patient from whom an isolate was collected 
during August 16, 2014–January 15, 2022, and relat-
ed to the outbreak A strain within 0–21 allele differ-
ences by whole-genome multilocus sequence typing 
(wgMLST). An outbreak B case was defined as inva-
sive listeriosis in a patient whose isolate was collected 
during July 26, 2016–October 19, 2021, and related 
to the outbreak B strain within 0–7 allele differences  
by wgMLST.

Epidemiologic Data
The Listeria Initiative is a national surveillance sys-
tem coordinated by CDC that collects clinical, de-
mographic, and food exposure data for all listeriosis 
cases (7). State and local health departments inter-
view patients or surrogates about foods eaten in the 
28 days before their illness. CDC conducts case–case 
analyses using SAS version 9.4 (SAS Institute Inc., 
https://www.sas.com) to compare foods eaten by 
outbreak patients to foods eaten by sporadic liste-
riosis patients not associated with an outbreak from 
the same states. Supplemental questionnaires are 
deployed to collect more specific product informa-
tion. Investigators also request records from stores 
reported by patients for a comprehensive purchase 
history. PHAC uses similar methods to investigate 
listeriosis outbreaks (6).

Laboratory Methods
PulseNet USA, CDC’s national molecular subtyping 
network for enteric disease surveillance, detects clus-
ters of L. monocytogenes when 3 clinical isolates related 
by 0–25 allele differences by wgMLST occur within 
120 days (8). For strains with genetic diversity, CDC 
might narrow the allele range to <10 (9). Sequencing 
results and analysis were performed using BioNu-
merics version 7.6.3 (bioMérieux, https://www.
biomerieux.com). All sequenced isolates are upload-
ed to the National Center for Biotechnology Informa-
tion (NCBI) Pathogen Detection pipeline (https://
www.ncbi.nlm.nih.gov/pathogens). Before the use 
of wgMLST, pulsed-field gel electrophoresis was per-
formed on isolates uploaded during 2014–2018. Can-
ada uses similar laboratory methods to detect clusters 
but with narrower criteria (6).

Samples of leafy green products, water, or envi-
ronmental swabs were collected using standard prac-
tices and analyzed them for L. monocytogenes using the 
US Food and Drug Administration (FDA) Bacteriolog-
ical Analytical Manual (https://www.fda.gov/food/
laboratory-methods-food/bacteriological-analytical-
manual-bam). FDA and firm isolates underwent WGS 
analysis using the CFSAN SNP Pipeline (10).

Sampling
State and local public health partners conduct routine 
surveillance sampling and epidemiologically direct-
ed sampling. Routine sampling is done at regular in-
tervals, independently from outbreak investigations. 
In Michigan Department of Agriculture and Rural 
Development (MDARD) routine sampling, inspec-
tional and laboratory staff collect samples for micro-
biological testing. During a sampling event, inspec-
tors obtain samples of high-risk or empirically driven 
commodities to test for Salmonella, Listeria, and Shiga 
toxin–producing Escherichia coli. The Georgia Depart-
ment of Agriculture (GDA) Retail Risk-Based Surveil-
lance Program uses a set schedule for retail inspectors 
to obtain samples from retail locations for laboratory 
testing during routine inspections.

Epidemiologically directed sampling is conduct-
ed in multistate outbreaks when investigators suspect 
a food vehicle as the source of an outbreak but require 
additional laboratory evidence to link illnesses to a 
product. Officials visit retail locations reported by pa-
tients to sample suspected foods identified through 
interviews or collected records.

Traceback
The FDA conducts traceback in multistate outbreaks 
using previously described methods (11) to determine  
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whether suspected food products come from a com-
mon source. FDA conducts full-scope Preventive 
Controls for Human Food inspections at processing 
facilities of interest, which require facilities to have 
food safety plans, including hazard analysis and risk-
based preventive controls. Inspections also include 
collecting traceability records and samples.

Results

Outbreak A

2019–2020
On January 28, 2019, PulseNet detected a cluster of 
L. monocytogenes clinical isolates related within 0–10 
allele differences by wgMLST. Epidemiologic infor-
mation was insufficient to identify a source, and the 
investigation was closed on April 12, 2019; a total of 
5 cases were identified in 5 states (Iowa, Maryland, 
Ohio, Pennsylvania, and Texas).

On December 10, 2019, after PulseNet identified 4 
additional cases related within 0–10 allele differences 
by wgMLST to the previous cases, CDC opened a 
second investigation. PHAC identified 2 cases highly 
related to the outbreak strain in 2 Canada provinces. 
One Canada patient reported consuming brand X 
packaged coleslaw. Packaged salad exposure infor-
mation was unavailable for the second case. Grocery 
store locations were shared with the Canadian Food 
Inspection Agency, which confirmed that brand X 
packaged coleslaw, sourced from a US processing fa-
cility, was available for purchase before the patient’s 
illness onset.

Packaged salads were the most reported expo-
sure among US patients; a leafy greens supplemental 
questionnaire was deployed. All 5 patients reported 
consuming packaged salads. Among 3 patients who 
recalled the brand names of packaged salad, 2 pa-
tients reported brands of packaged salad produced 
by firm X and 1 reported packaged salad from retail 
chain K. No patients reported consuming coleslaw. 
Compared with sporadic cases, a case–case analysis 
showed outbreak case-patients were more likely to 
have consumed packaged salads before illness (odds 
ratio [OR] 24.14 [95% CI 4.33–∞]).

The Ohio Department of Agriculture conducted 
epidemiologically directed sampling and collected 31 
samples of packaged salads at retail locations report-
ed by patients. Sampling did not yield L. monocyto-
genes, but L. welshimeri was isolated from retail chain 
K–brand packaged coleslaw produced by firm X’s 
Ohio facility. The presence of Listeria bacteria suggest-
ed that conditions were also suitable for survival and 

growth of L. monocytogenes (12). On the basis of those 
sampling results and patient geographic distribution, 
FDA collected records and samples from firm X facili-
ties in North Carolina and Ohio in January 2020. No 
food safety observations of concern were noted dur-
ing the Ohio facility inspection. The North Carolina 
facility inspection noted issues related to identifying 
preventive controls, monitoring sanitation controls, 
written procedures for monitoring process controls, 
and inadequate design, cleaning, and maintenance of 
equipment and utensils. L. monocytogenes was not de-
tected in samples. One coleslaw sample collected at 
firm X’s Ohio facility yielded L. welshimeri.

Epidemiologic data suggested that packaged sal-
ads produced by firm X could have been the source of 
illness but were not confirmed as the cause. Investiga-
tors closed the second investigation on February 10, 
2020, after no additional illnesses were identified. The 
outbreak yielded a total of 11 cases from 8 US states 
(Iowa, Maryland, North Carolina, Ohio, Oregon, 
Pennsylvania, Texas, and Wisconsin) and 2 Canada 
provinces with specimen collection dates during Au-
gust 16, 2014–November 20, 2019.

2021
On October 18, 2021, GDA conducted routine sam-
pling unrelated to the outbreak investigation and 
identified L. monocytogenes in brand X packaged gar-
den salad produced at firm X’s North Carolina facili-
ty. Firm X voluntarily recalled packaged garden salad 
products on October 29, 2021 (13).

On November 1, 2021, CDC opened the investiga-
tion a third time when PulseNet identified 7 addition-
al cases. Interviews and record review showed that 
10 of 11 patients with exposure information (91%) re-
ported eating packaged salads. Of 4 patients who had 
brand information, 3 reported consuming brand X 
and 1 reported consuming brand Y. On December 3, 
2021, sequencing showed the brand X packaged gar-
den salad isolate collected by GDA was highly related 
to the outbreak strain within 0–18 allele differences by 
wgMLST. To determine whether contaminated prod-
uct was still on the market, MDARD conducted epi-
demiologically directed sampling at retail locations, 
including a store where a patient purchased pack-
aged salad, and collected 37 samples. On December 
21, 2021, MDARD identified L. monocytogenes in a bag 
of brand X packaged iceberg lettuce produced in firm 
X’s Arizona facility. The isolate was highly related to 
the outbreak strain within 0–18 allele differences by 
wgMLST.

By investigation closure, the outbreak includ-
ed 20 cases from 13 states (Iowa, Idaho, Maryland, 
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Michigan, Minnesota, North Carolina, Nevada, Ohio, 
Oregon, Pennsylvania, Texas, Utah, and Wisconsin) 
(Figure 1) and 2 Canadian provinces. Specimens were 
collected during August 16, 2014–January 15, 2022 
(Figure 2). Age range was 50–94 (median 76) years; 
17/20 case-patients were women. Seventeen patients 
were hospitalized, and 3 died. No illnesses were as-
sociated with pregnancy.

Traceback and Inspection
Because of limited exposure information, FDA did 
not conduct formal traceback analysis. Products as-
sociated with any single firm X facility could not ac-
count for the geographic distribution of patients in 
the outbreak. On the basis of additional illnesses, L. 
monocytogenes–positive samples collected by GDA 
and MDARD, and other investigational information, 
FDA ultimately conducted inspections at firm X fa-
cilities in Arizona, California, North Carolina, and 
Ohio. Firm X also initiated an internal investigation 
that included collecting product and environmental 
samples. FDA inspections at the 4 firm X facilities in-
volved collection of 60 product and environmental 
samples. FDA sampling did not yield L. monocyto-
genes, but L. welshimeri and L. innocua were detected in 
1 environmental sample and L. innocua were detected 

in 1 finished product sample, both collected from the 
North Carolina facility.

Control Measures
On December 21, 2021, after the sample collected by 
MDARD yielded L. monocytogenes, firm X halted pro-
duction at their North Carolina and Arizona facilities. 
On December 22, 2021, firm X voluntarily recalled all 
brand X and private-label packaged salads processed 
at the 2 facilities (14). CDC and FDA published an-
nouncements on December 22, 2021, warning con-
sumers not to eat recalled products (15,16).

Firm X conducted a root-cause analysis to de-
termine the source of the lettuce contamination 
and, in particular, to determine how 2 bags of pack-
aged salads, produced 7 weeks apart in separate 
facilities, could contain the same strain of L. mono-
cytogenes. That analysis was further complicated 
because iceberg lettuce in the salads was sourced 
from different regions. Firm X identified a com-
mon harvest rig used to harvest the iceberg lettuce 
in both packaged products collected by GDA and 
MDARD; environmental swab specimens from the 
harvest rig yielded the outbreak strain. Firm X’s 
root-cause analysis concluded the contaminated 
harvest rig harbored the outbreak strain and the 
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Figure 1. Cases of Listeria monocytogenes infection in outbreak A (n = 18), by state of residence, in study of 2 concurrent outbreaks 
linked to packaged salads, United States, 2014–2022. Colors indicate number of cases per state.
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harvest process enabled introduction into the sup-
ply chain (N. Dyenson, firm X, pers. comm., email, 
2023 Apr 21). After the December 2021 recall, firm 
X conducted product sampling, which yielded the 
outbreak strain. FDA analysis verified genetic re-
latedness. On January 7, 2022, after identifying the 
outbreak strain on the harvest rig, firm X conducted 
an additional voluntary recall to include all brand 
X and private-label packaged salads containing ice-
berg lettuce processed at their Ohio and California 
facilities (17).

Firm X permanently decommissioned the har-
vest rig, developed enhanced sanitation protocols, 
and implemented measures to reduce contamination 
routes. Firm X also implemented WGS as a tool for 
early surveillance, integrated microbiological sur-
veillance of incoming raw material, and proactively 
engaged industry colleagues. Firm X played a collab-
orative role with FDA and CDC during the outbreak 
investigation by providing regular updates related to 
their own investigation and sharing isolates and se-
quencing data.

Additional Laboratory Findings
Several L. monocytogenes water-sediment isolates from 
the USDA study were uploaded to the NCBI Patho-
gen Detection pipeline in 2020 and 2021 (4). Of 635 
L. monocytogenes isolates identified, 72 were related 
within 35 alleles by wgMLST to outbreak A.

Outbreak B

2021
On October 22, 2021, PulseNet identified a cluster of 
10 clinical isolates related within 1–6 allele differenc-
es by wgMLST. Investigators reviewed data in NCBI 
and found that the clinical isolates were in the same 
phylogenetic tree as water-sediment isolates collected 
as part of the USDA study (4). That finding led in-
vestigators to suspect a produce item as the source of 
illnesses given the foods grown in the Salinas Valley 
of California.

CDC conducted a case–case analysis and found 
exposure to carrots and exposure to herbs were sta-
tistically significant (OR 10.78 [95% CI 1.95–∞] for 
carrots, OR 14.71 [95% CI 1.65–179.39] for herbs). Of 
5 patients with information, all reported exposure to 
carrots and 3 reported exposure to herbs. Packaged 
salad consumption was reported by 4 of 5 patients 
and was not significantly higher than the rate of con-
sumption among sporadic cases. No common types 
or brands were reported. CDC continued to monitor 
for additional illnesses.

On December 1, 2021, MDARD collected 45 routine 
retail samples that included packaged salad products. 
On December 16, 2021, MDARD notified CDC of iso-
lates that were related to the outbreak strain within 0–7 
allele differences by wgMLST. The sample was from 
brand Z packaged romaine and butter lettuce salad 
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Figure 2. Epidemiologic curve and timeline for 2 outbreaks of Listeria monocytogenes infections linked to packaged salads, United 
States, 2021–2022 (n = 13 cases). Epidemiologic curve only shows US cases from outbreak A and B during 2021–2022. Both cases 
from Canada occurred in 2019. MDARD, Michigan Department of Agriculture and Rural Development.
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mix sourced from the Salinas Valley and produced by 
firm Z. At the time, only 1 patient reported consuming 
brand Z packaged iceberg lettuce. Two patients were 
reinterviewed using a supplemental questionnaire and 
their purchase records were collected.

By investigation closure, the outbreak included 
10 cases from 8 states (Illinois, Massachusetts, Michi-
gan, New Jersey, New York, Ohio, Pennsylvania, and 
Virginia) (Figure 3) and 2 food samples with isolates 
related within 0–7 allele differences by wgMLST. 
Specimen collection dates were July 16, 2016–October 
19, 2021 (Figure 2). Patient age range was 44–95 (me-
dian 80) years; 6 of 10 case-patients were women. All 
10 patients were hospitalized, and 1 patient died. No 
illnesses were associated with pregnancy. Four of five 
patients reported consuming packaged salads; 4 in-
cluded iceberg and 3 included romaine. Two patients 
reported consuming brand Z products: 1 reported 
packaged iceberg lettuce and the other a salad kit 
containing romaine and baby spinach. No genetically 
related illnesses were identified in Canada.

Traceback and Inspection
In December 2021, FDA initiated a traceback investi-
gation. Because of limited exposure information, only 

the positive sample collected by MDARD was includ-
ed in the traceback analysis. On the basis of harvest 
date information associated with the production code 
of the positive sample, 3 growers and their 4 respec-
tive fields were identified. Because of comingling at 
firm Z’s Illinois facility, products from each of those 
fields were used to manufacture the positive sample 
collected by MDARD.

FDA conducted an environmental investigation 
at firm Z’s Illinois facility focused on environmental 
swabbing and review of sanitation practices, proce-
dures, records, and corrective actions. During the in-
spection, 100 swabs were collected; all were negative 
for Listeria spp.

Control Measures
Upon notice of MDARD’s positive sample and the re-
lated outbreak, firm Z halted production and initiated 
a complete sanitation review at their Illinois facility. 
On December 20, 2021, firm Z voluntarily recalled 
certain varieties of its branded and private-label sal-
ad products produced at the Illinois facility (18). Re-
called product was sent to distributors and wholesal-
ers in the midwestern and northeastern United States 
and 2 Canada provinces. Product distribution aligned 
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Figure 3. Cases of Listeria monocytogenes infection in outbreak B (n = 10), by state of residence, in study of 2 concurrent outbreaks 
linked to packaged salads, United States, 2014–2022. Colors indicate number of cases per state.  
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with geographic location of patients in the outbreak. 
Firm Z’s root cause investigation and environmental 
monitoring did not identify the source of contamina-
tion but informed corrective actions.

CDC and FDA published communications on 
December 22, 2021, warning consumers not to eat re-
called products (19). CDC closed the investigation on 
March 8, 2022, after no new illnesses were identified.

Additional Laboratory Findings
Isolates in outbreak B are a rare L. monocytogenes se-
quence type (ST), 639, and exhibit a propensity for 
water (20). The strain was previously found in wa-
tersheds from the Salinas Valley (4). ST639 was not 
previously implicated in outbreaks where a source 
of illness was identified. Of the 4 fields identified 
in the traceback investigation, 1 was located in the 
same county where the strain was identified in Cali-
fornia watersheds.

Discussion
Outbreaks A and B, both multistate outbreaks of 
listeriosis linked to packaged salads, are unique be-
cause they were investigated concurrently and high-
light how illnesses can occur over multiple years 
because L. monocytogenes contamination can persist 
for long periods in the natural environment, on har-
vest equipment, and in the production environment. 
Outbreak A was investigated 3 times and illnesses 
occurred over 8 years, whereas illnesses in outbreak 
B occurred over 5 years. Both outbreaks illustrate 
the importance of routine and epidemiologically 
directed sampling by state partners, without which 
these outbreaks likely would have gone unsolved. 
Because Listeria can form biofilms and survive for 
extended periods in production facilities, contami-
nation often occurs in the production environment 
(12). Listeriosis outbreak investigations do not com-
monly identify a root cause of contamination out-
side of a production environment, such as a specif-
ic farm or growing field. The steps firm X took to 
identify the exact harvest equipment contaminated 
with the outbreak A strain is a powerful example of 
data points companies can use to identify points of 
persistent contamination. Conversely, we speculate 
that outbreak B was likely caused by environmen-
tal contamination at a single production facility. 
Both outbreaks highlight the ongoing potential for 
L. monocytogenes infections as a result of consuming 
contaminated packaged salads, especially for high-
risk consumers.

Water-sediment isolates collected in the USDA 
study (4) demonstrate the persistence of Listeria 

within an environment where produce is grown 
(14). The genetic relatedness of clinical isolates in 
the 2 outbreak strains and the California water-sedi-
ment isolates provide evidence that Listeria could be 
persistent in growing environments within the Sali-
nas Valley. Environmental sampling and WGS pro-
vide insight into the potential source and scope of 
contamination during outbreaks, which underscores 
the value of widespread microbiologic sampling of 
watersheds nationally.

In both outbreaks, leafy green exposure was 
reported in interviews, but brand information and 
purchase records needed for regulatory efforts were 
limited. Relying on available exposure data alone 
would not have solved these outbreaks. Obtaining 
complete exposure information is challenging for 
listeriosis outbreaks because patients are severely 
ill or may have died. In those instances, a surrogate 
might be interviewed who has limited knowledge of 
the patient’s food history. Patients themselves might 
have difficulty recalling food exposures and pro-
viding details like brands, purchase locations, and 
consumption dates when asked about foods eaten 
weeks or months before their illness. In the out-
breaks described, packaged salad exposure was eas-
ily identified, but narrowing the source to a single 
firm was difficult because leafy green processors are 
often associated with multiple brands and can have 
similar packaging.

Given those limitations, routine and epidemiologi-
cally directed sampling efforts by GDA and MDARD 
were key to solving both outbreaks and provided 
laboratory evidence needed to justify regulatory in-
spections and product actions. Internal sampling, root 
cause analysis, and information sharing by firm X 
played a substantial role in outbreak A’s investigation. 
Firm X encourages industry partners to leverage forms 
of routine early surveillance, including sampling raw 
materials and using WGS to compare isolates in NCBI. 
They also emphasize the importance of investigating 
outside the production facility, such as field or farm 
investigations, in response to outbreaks (N. Dyenson, 
firm X, pers. comm., email, 2023 Apr 21).

During 2015–2024, a total of 8 US listeriosis out-
breaks were linked to packaged salads (4 suspected 
and 4 confirmed) (21). During January 2015–May 
2024, FDA classified (i.e., the final determination of vi-
olation and risk) recalls of ≈240 packaged salad prod-
ucts because of potential contamination with L. mono-
cytogenes (22,23). Responsibility for food safety occurs 
along the entire farm-to-fork continuum of grow-
ing, harvesting, processing, distribution, and prepa-
ration. Research shows both romaine and iceberg  
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lettuce can potentially internalize L. monocytogenes 
(24,25), in addition to the risk associated with colo-
nization of L. monocytogenes during and after harvest. 
Although refrigerated storage supports the survival 
and growth of L. monocytogenes on both packaged 
and less processed leafy greens, packaged salads 
might be at higher risk for L. monocytogenes contami-
nation than less processed leafy greens because they 
touch a higher number of surfaces and equipment  
during processing.

Outbreaks A and B caused 30 illnesses, 27 hos-
pitalizations, and 4 deaths over 8 years. Those out-
breaks provide further evidence of the ongoing risk 
for Listeria infections associated with packaged salad. 
Routine and epidemiologically directed sampling 
conducted by state partners solved these outbreaks, 
and the actions taken by both firms likely prevented 
additional illnesses and deaths. Actions taken by the 
firms provide examples of measures other producers 
can implement to identify and prevent contamination 
from harvest to packaging. Firms should consider 
WGS as a tool that can be leveraged to prevent ill-
nesses. Sequencing pathogens identified within pro-
cessing facilities can enhance internal microbial moni-
toring programs, enabling comparison of strains over 
time against known isolates or events in NCBI. Firms 
should consider applying a similar methodology to 
incoming raw material in processing facilities. Micro-
biological surveillance of incoming product could en-
able firms to identify potential risk before introducing 
pathogens into facilities. If foodborne pathogens are 
identified, firms should consider conducting internal 
root cause analysis both at the production facility and 
further upstream at harvesting sites. Leafy greens are 
part of a healthy diet, and more research should be 
done to identify improved production methods for 
preventing contamination.
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Human granulocytic anaplasmosis (HGA) is a 
tickborne zoonosis caused by Anaplasma phagocy-

tophilum, an obligate gram-negative intracellular bac-
terium. A. phagocytophilum belongs to the order Rick-
ettsiales, family Anaplasmataceae, genus Anaplasma, 
after its separation from the genus Ehrlichia (1). For 
decades, the bacterium was known to be associated 
with equine and ruminant disease, but in 1994, HGA 
was described in 6 patients in the United States (2). 

Clinical manifestations of HGA include febrile ill-
ness occurring 7–14 days after a tick bite along with 
mild and nonspecific symptoms, including malaise, 
headaches, myalgia, arthralgia, and vomiting (3). 
Rarely, severe and life-threatening manifestations, in-
cluding pneumonia, hemophagocytosis, septic shock, 
respiratory distress syndrome, and death, can occur 
(3–6). Although uncommon, neurologic manifesta-
tions also can occur in HGA, including meningitis, 
encephalitis, stroke-like symptoms, or actual ischemic 
and hemorrhagic strokes, and represent a major cause 
of death among affected patients (7). Fatal HGA cases 
after blood transfusion have also been described (8). 

A combination of cytopenia, mostly thrombocytope-
nia, and elevated liver enzymes are the most frequent 
abnormal laboratory findings (3,9). Diagnostic confir-
mation is made on the basis of blood PCR, serology, 
blood smear observation, and culture testing (3,10). 
PCR appears to be best-suited diagnostic test and has 
a sensitivity of 74% and a specificity of 100% for A. 
phagocytophilum (10). 

Most HGA cases have been reported from the 
United States, specifically to the Centers for Disease 
Control and Prevention through the National Noti-
fiable Diseases Surveillance System (https://www.
cdc.gov/nndss), but some cases have also occurred in 
Europe and Asia (11). During 2000–2016, the number 
of HGA cases in the United States increased, rising 
from 1.4 to 7.27 cases/1 million persons/year, and 
HGA became the second most frequent tickborne dis-
ease after Lyme disease in a few US states (12–15). A 
2024 literature review (3) showed that 3,019 anaplas-
mosis cases have been reported globally, including 
2,942 HGA cases, but individual patient data were 
described in <20% of those cases (3). 
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Human granulocytic anaplasmosis (HGA), caused by Ana-
plasma phagocytophilum transmitted through tick bites, 
remains poorly documented in France. We conducted a 
retrospective, multicenter study of cases in Alsace dur-
ing 2012–2024, including 39 HGA episodes in 38 patients 
PCR positive for A. phagocytophilum. Most (63.2%) pa-
tients were men, median age was 60.5 years, and 76.3% 
lived in rural areas. A tick bite was reported in 61.6% of 
cases. Frequent symptoms included fever (97.4%), fa-
tigue (61.5%), and headache (61.5%). Laboratory findings 

showed elevated C-reactive protein (100%), thrombocyto-
penia (94.9%), leukopenia (59.0%), and cytolysis (66.7%). 
One patient had secondary hemophagocytic lymphohis-
tiocytosis. Most (87.2%) patients were hospitalized; none 
required intensive care unit admission. Doxycycline was 
administered in 29 cases, and all patients recovered. HGA 
should be considered in febrile patients with recent tick ex-
posure and cytopenia. Although often benign, rare severe 
HGA forms can occur and justify increased clinical aware-
ness, especially in A. phagocytophilum–endemic areas.
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In France, an HGA case was reported in 2003 in 
which the patient presented with atypical pneumonitis; 
since then, only a few cases had been described, most-
ly in the northeastern regions (4,10,16,17). Alsace is 
among the northeastern regions of France where HGA 
cases have been described and where Ixodes ricinus ticks 
are known to carry A. phagocytophilum (16,18). Thus, we 
aimed to describe all known cases in Alsace to clarify 
the epidemiology of HGA by focusing on clinical pre-
sentations, laboratory findings, and patient outcomes.

Materials and Methods

Study Design and Setting
We conducted a 12-year, descriptive, retrospective 
multicenter study of all A. phagocytophilum PCR tests 
performed in the bacteriology laboratory of Stras-
bourg University Hospital (Strasbourg, France). 
Patient samples were obtained during January 1, 
2012–December 31, 2024, from 4 centers in Alsace: 
Strasbourg, Sélestat, Colmar, and Mulhouse.

Case Definition and Inclusion Criteria
We included all patients with confirmed HGA, which 
we defined as an A. phagocytophilum–positive PCR 
test on blood. We only included cases diagnosed in 
a hospital setting because PCR testing was requested 
exclusively by hospital physicians for inpatients or 
patients seen in emergency departments or for hospi-
tal-based consultations.

Molecular Testing Methods
During 2012–2022, a simplex real-time PCR test tar-
geting the msp2/p44 gene of A. phagocytophilum was 
used (16). Since 2022, the laboratory has used a biplex 
PCR for simultaneous detection of Neoehrlichia miku-
rensis and A. phagocytophilum, in which the A. phagocy-
tophilum target is still the msp2 gene (19).

Data Collection and Ethics
The exclusion criteria were as follows: patients with 
a positive PCR test performed outside the 4 defined 
hospital centers, patients under legal protection, or 
patients objecting to the use of their data or for whom 
nonopposition to the use of their data could not be 
obtained. We collected the patients’ demographic 
data (age and sex), outdoor activities (forest activities, 
hunting, fishing, gardening, and hiking), existence of 
a tick bite, travel within the previous month, medical 
history, clinical symptoms, laboratory findings, in-
tensive care unit (ICU) admission, complications (in-
cluding cardiac complications, kidney and respirato-
ry failure, septic shock, multiorgan failure, secondary  

hemophagocytic lymphohistiocytosis [HLH] with an 
HScore, bleeding, splenic rupture, and death), and 
outcomes (20). The study was approved by the Ethi-
cal Committee of Medicine Odontology and Phar-
macy Faculties and Hospitals, University Hospital of 
Strasbourg (approval no. CE-2024-104).

Results

Study Population
During the study period, we noted 1,032 PCR analyses 
for A. phagocytophilum, among which 55 (5.3%) were 
positive, representing 47 patients. Nine patients met 
exclusion criteria. Thus, the analysis included a total 
of 38 patients, 1 of whom had 2 distinct Anaplasma 
spp. infections, occurring 11 months apart. Therefore, 
we analyzed a total of 39 HGA cases (Figure).

Epidemiologic and Exposure Characteristics
The patients’ mean age was 60.5 years; 63.2% were 
men and 36.8% were women (Table 1). The most fre-
quent underlying conditions were high blood pres-
sure (34.2%), tobacco use (10.5%), and a history of 
immunosuppression (10.5%). No patient had liver 
disease or was pregnant at the time of diagnosis. Only 
42.1% of patients engaged in outdoor activities, but 
most (76.3%) lived in rural areas (Table 1). 

Among the 39 HGA cases, tick bite <30 days was 
reported in 61.5% (n = 24) (Table 2). The median time 
between tick bite and symptom onset was 7 (range 
1–28) days. Only 1 patient traveled outside France, 
specifically in the United States, and 3 traveled in an-
other region of France, 1 in Brittany and 2 in the south 
of France (Table 2).

Clinical Presentation and Complications
Among HGA cases, 97.4% (38/39) of patients exhib-
ited fever, 61.5% (24/39) reported related headaches, 
61.5% (24/39) reported fatigue, and 38.5% (15/39) 
reported chills. Of note, in 23 cases (59.0%), patients 
had >1 gastrointestinal symptom, including abdomi-
nal pain (25.6%, 10/39), nausea (30.8%, 12/39), vomit-
ing (28.2%, 11/39), diarrhea (12.8%, 5/39), or anorexia 
(20.5%, 8/39). At the initial assessment, 3 patients had 
severe symptoms: 2 had hypotension and 1 had hypox-
ia. One third of patients had complications, the most 
frequent of which were acute kidney injury in 17.9% 
(7/39) of cases and rhabdomyolysis in 12.8% (5/39).

Laboratory Findings and Microbiological Tests
The most frequent abnormal laboratory finding was 
cytopenia; 94.9% (37/39) of cases showed thrombo-
cytopenia and 59.0% (23/39) showed leukopenia. 
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Other irregular findings included elevated C-reac-
tive protein (CRP) in all 39 cases and elevated liver 
enzyme levels in 26 (66.6%) cases (Table 3). Among 
case-patients, 8 had a myelogram performed, from 
which 1 secondary HLH case was confirmed, and 2 
cases had an HScore >169, a threshold that has a sen-
sitivity of 93% and a specificity of 86% for diagnos-
ing secondary HLH. 

A positive blood smear was reported in 20.5% 
(8/39) of cases. A. phagocytophilum IgM and IgG indi-
rect immunofluorescence assays were performed in 
13 cases by using Focus Diagnostics Anaplasma phago-
cytophilum IFA Test Kit (Focus Diagnostics, https://
www.focustechnologies.com) and applying a screen-
ing cutoff of 1:64 for IgG and 1:20 for IgM. Positive se-
rum samples were subsequently titrated to determine 
the exact antibody titer. Nine cases were IgM positive 
and 7 were IgG positive. One patient had a positive A. 
phagocytophilum PCR result from a cerebrospinal fluid 
(CSF) sample. CSF analysis showed no leukocytes 
(0 cells/mL), 10 erythrocytes/mL, a protein level of 
0.32 g/L (reference range 0.14–0.45 g/L), and glucose 
concentration of 0.71 g/L (within reference limits). In 

the absence of meningitis and because of mild blood 
contamination in the CSF, a false-positive PCR result 
was likely, although the patient did have neurologic 
symptoms, namely confusion.

Treatment and Outcomes
Among the 39 HGA cases, most (87.2%, 34/39) patients 
were hospitalized, but none were admitted to the ICU 
(Table 4). Most (74.4%, 29/39 cases) patients were treat-
ed with doxycycline for a median duration of 7 (range 
1–16) days. In 10 (25.6%) of 39 HGA episodes, patients 
did not receive doxycycline. Among those cases, 7 pa-
tients received no antimicrobial drug therapy, and the 
other 3 were treated with inappropriate antibiotics, in-
cluding amoxicillin/clavulanic acid (n = 1), ceftriaxone 
(n = 1), and a sequential regimen of ceftriaxone and met-
ronidazole followed by amoxicillin/clavulanic acid (n = 
1); however, all patients recovered. Persistent asthenia 
at 3 months after diagnosis was reported in 3 cases.

The patient who experienced 2 distinct infec-
tion episodes was not immunocompromised and 
received appropriate treatment with doxycycline 
for 14 days during the first episode. However, no 

Figure. Flowchart of patient inclusion in a retrospective multicenter study of human granulocytic anaplasmosis, France, 2012–2024.
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serologic testing was performed during the first 
episode, preventing comparison of antibody titers 
between episodes.

Discussion
In our study, we noted 39 cases of A. phagocytophilum 
infections occurring in 38 patients in 4 hospital cen-
ters in northeastern France over a 12-year period. The 
cases mostly occurred in patients who lived in rural 
areas and had few underlying conditions. Fever was 
the most frequent symptom and was often associated 
with other nonspecific manifestations, including as-
thenia, headaches, and digestive symptoms. Elevat-
ed CRP levels and thrombocytopenia were the most 
frequent abnormal laboratory findings and were ob-
served in almost all cases. One third of patients had 
complications develop, including 1 case of HLH, but 
no patients required ICU admission. All patients re-
covered, even those who did not receive an appropri-
ate antibiotic therapy.

Globally, most HGA cases have been described in 
the midwestern and northeastern parts of the United 
States, mainly in Minnesota, Wisconsin, and Rhode 
Island (3,12–14). Those cases were reported through 
a national surveillance system, and since 2000 a 
gradual increase in HGA incidence was noted, ris-
ing from 1.4 cases/1 million persons/year in 2000 to 
7.27 cases/1 million persons/year in 2016 (12–14). In 
Europe, most HGA cases have been reported in Bel-
gium, Poland, and Slovenia (3). However, relatively 
few confirmed HGA cases with clinical and labora-
tory findings have been reported, 156 cases from 
North America and only 46 from Europe. A 2024 sys-
tematic literature review reported only 6 published 
HGA case reports in France (3), and only 44 potential 
infections have ever been described in France, most 

in Alsace (4,10,16,17). Our study cases build on the 
reported HGA cases in France, and our investiga-
tion suggests that Alsace is an HGA hotspot, despite 
the low Anaplasma spp. prevalence rate among ticks 
(0.4% in nymphs and 1.2% in adults) (18,21). In ad-
dition, A. phagocytophilum has been detected in ticks 
elsewhere in France (22,23). The apparent absence 
of HGA cases might reflect regional variation in A. 
phagocytophilum ecotypes, and the human-pathogen-
ic ecotype might be more prevalent in Alsace (24). 
Moreover, the regional difference diagnostic rates 
might be explained by higher awareness of HGA 
among clinicians in Alsace. 

Among case-patients, we found lower rates of 
underlying conditions and immunosuppression 
compared with previously published data (3,9). 
The most common suspected route of transmission 
is a tick bite, reported in up to 95% of confirmed 
HGA cases (9). In our study, a tick bite was report-
ed for 61% (24/39) of cases, which is lower than the 
theoretical maximum, but remains notably higher 
than in several other studies on tickborne diseases, 
where most patients did not recall any tick expo-
sure (25). That relatively high percentage might re-
flect greater awareness among persons in endemic 
rural areas or improved recognition of tick bites. 
One of the main risk factors for HGA and tick bite 
is outdoor activity, which we observed in only 42% 
(6/38) of our patients. The retrospective nature 
of the study probably underestimated that factor, 
especially considering that most patients lived in  
rural areas.

Blood transfusion is another route of transmis-
sion reported in the United States, but we had no 
cases from blood transfusion in our study (3,9). The 
lower incidence in our study cohort in comparison 
to the cohort from Europe and the systematic leuko-
reduction treatment of blood bags in France likely 
explain that difference. Infection though blood trans-
fusion is much more concerning in immunocompro-
mised patients, accounting for approximately half of 
the HGA cases in those patients (3,9). Other trans-
mission routes include contact with human or animal 
body fluids or vertical infection; however, we found 
no such cases in our study. 

Almost all (97.4%, 38/39 cases) patients in our 
study had fever and thrombocytopenia (94.9%, 37/39 
cases), and all had elevated CRP levels within 7 days 
after tick bite. The symptom frequency was higher in 
our study than in a previous report (3). In addition, of 
38 patients in our study, 23 (59%) reported >1 gastro-
intestinal symptom, which is consistent with another 
literature review (9), highlighting the importance of 

 
Table 1. Characteristics and underlying conditions among 38 
patients in a retrospective multicenter study of human 
granulocytic anaplasmosis, France, 2012–2024* 
Patient characteristics Value 
Mean age, y (range) 60.2 (34–87) 
Sex  
 F 14 (36.8) 
 M 24 (63.2) 
Participated in outdoor activities 16 (42.1) 
Lived in a rural area 29 (76.3) 
Underlying conditions  
 High blood pressure 13 (34.2) 
 Tobacco use 4 (10.5) 
 Immunosuppression 4 (10.5) 
 Diabetes mellitus 2 (5.3) 
 Chronic kidney disease, GFR <60 mL/min 1 (2.6) 
 Chronic respiratory disease 1 (2.6) 
 Chronic cardiac failure, LVEF <45% 1 (2.6) 
*Values are no. (%) except as indicated. One patient had 2 distinct 
Anaplasma spp. infections occurring 11 months apart. GFR, glomerular 
filtration rate; LVEF, left ventricular ejection fraction. 
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suspecting HGA in endemic areas when gastrointes-
tinal symptoms are associated with fever, thrombocy-
topenia, and elevated CRP levels (9). The frequencies 
of liver enzyme elevation (26/39 cases) and leukope-
nia (23/39 cases) in our study were similar to those 
of previous cohorts from Europe and North America. 
Although cytopenia and elevated liver enzyme lev-
els commonly occur in HGA patients, a 2025 study 
reported that the triad of thrombopenia, leukopenia, 
and cytolysis occurred in only 23% of HGA cases, but 
that triad was associated with an increased risk for 
hospitalization (26).

The hospitalization rate for HGA in the Unit-
ed States is 31%, but our study reported an 87.2% 
hospitalization rate (13). That difference could be 
explained by our study design because we only 
enrolled hospital-diagnosed cases, whereas the US 
surveillance data also included milder cases. How-
ever, we did not observe many of the known hos-
pitalization risk factors, including altered mental 
status, older age, underlying conditions, and im-
munosuppression (26), in our cohort. Among the 
39 HGA episodes in our study, 13 (33.3%) cases had 
complications, which was a higher percentage than 
the complication rate reported in a previous study 
from Europe but less than that of the US study 
(3,9,13). That might reflect publication bias and 
differences in the definition of complication (3). 
Several studies have suggested that the US cases 
might have been more severe than the cases from 
Europe because more deaths and ICU transfers oc-
curred in the US cohort (3,9,28). A 1996 study found 
that 3 (7%) of 41 patients required ICU admis-
sion (27). Data from US surveillance systems also 
found an HGA mortality rate of <1% (12,13). Al-
though most HGA deaths have been reported in the 
United States, primarily in immunocompromised 
and older patients, 1 death has been described in  
Europe (3,5,9,28). 

Acute kidney injury was the most frequent com-
plication in our cohort and is considered the most 
frequent complication among HGA cases, possibly in 
relation to rhabdomyolysis. We found 1 case of con-
firmed secondary HLH and 2 probable cases among 
patients with a high HScore (>169). Although rare, 
HLH is a well-described and potentially life-threat-
ening complication of HGA; the reported HLH mor-
tality rate is 23% among affected patients (3,5,29). 
HLH has also been increasingly associated with other 
tickborne infections, particularly Ehrlichia spp., A. 
phagocytophilum, and Rickettsia spp. infections (30). 
A 2024 review reported that A. phagocytophilum ac-
counted for 12.2% of HLH cases linked to tickborne  

pathogens, following ehrlichiosis (45.9%) and rickett-
sioses (14.3%) (30). Of note, the mortality rate for HLH 
in that context appears lower than for HLH overall 
(16.3% vs. 41%), largely because of the availabil-
ity of effective antimicrobial therapy when initiated 
promptly (30). Doxycycline remains the cornerstone 
treatment for HGA, but immunosuppressive agents 
could be considered in severe or refractory cases. In 
that 2024 review, 43.9% of patients received antimi-
crobial therapy alone, and 88.4% of those patients re-
covered without additional immunosuppression (30). 
Therefore, in endemic regions, A. phagocytophilum in-
fection should be considered in patients with HLH of 
unclear origin.

Despite complications, including 1 severe 
case, none of the patients in our study died, even 
though only 74.4% received appropriate antibiotic 
 
Table 2. Clinical and epidemiologic characteristics of 39 cases in 
a retrospective multicenter study of human granulocytic 
anaplasmosis, France, 2012–2024* 
Patient characteristics Value 
Tick bite <30 d 24 (61.5) 
 Median time between tick bite and symptom 
 onset, d (range) 

7 (1–28) 

Travel history <30 d  
 Outside France 1 (2.6)†  
 In France, outside the study region 3 (7.7) 
Signs and symptoms  
 Fever 38 (97.4) 
 Fatigue 24 (61.5) 
 Headache 24 (61.5) 
 Chills 15 (38.5) 
 Nausea 12 (30.8) 
 Vomiting 11 (28.2) 
 Abdominal pain 10 (25.6) 
 Myalgia 9 (23.1) 
 Anorexia 8 (20.5) 
 Cough 8 (20.5) 
 Other neurologic signs‡ 5 (12.8) 
 Diarrhea 5 (12.8) 
 Hepatomegaly 4 (10.3) 
 Arthralgia 3 (7.7) 
 Confusion 3 (7.7) 
 Constipation 2 (5.1) 
 Splenomegaly 2 (5.1) 
 Rash 2 (5.1) 
 Pneumonia 1 (2.6) 
 Gravity signs 3 (7.7) 
  Hypotension 2 (5.1) 
  Hypoxia 1 (2.6) 
No. patients with complications 13 (33.3) 
 Cardiac complications§ 1 (2.6) 
 Pneumonitis 3 (7.7) 
 Acute kidney injury 7 (17.9) 
 Rhabdomyolysis 5 (12.8) 
 Confirmed secondary hemophagocytic 
 lymphohistiocytosis on myelogram 

1 (2.6) 

 Bleeding 1 (2.6) 
*Values are no. (%) except as indicated. ARDS, acute respiratory distress 
syndrome.  
†Travel to Pennsylvania, USA. 
‡Signs included dizziness, faintness, neuritis, or diadochokinesia.  
§Complications included cardiac arrhythmia and heart failure. 
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therapy. Indeed, HGA can resolve spontaneously. 
Furthermore, a previous study showed that only 
25% of HGA patients benefitted from antimicrobial 
drug therapy (9). Our study found a higher treat-
ment rate, which was likely related to more severe 
HGA among our patients, although our patients  
had a shorter median treatment duration of 7 days 
compared with 12.9–14 days reported in previous 
literature (3,9).

Although retrospective studies are particularly 
useful for studying rare diseases, such as HGA, 

they have several limitations. First, our study de-
sign was limited by data completeness and might 
have a selection bias. Systematic HGA screening 
in febrile patients with tick exposure and cytope-
nia could improve the detection of the disease. A 
systematic search in our region during 2010–2012 
and resulted in HGA diagnosis in 19 patients from 
9 hospitals in Alsace (10). Furthermore, we chose 
to include only patients with a positive PCR test 
because PCR is the best diagnostic tool for A. phago-
cytophilum (10). However, some patients could have 
had true seroconversion because our study did not 
include that diagnostic confirmation criteria (3,10). 
Finally, a national surveillance system that includes 
the surveillance of all cases, particularly those with 
mild symptoms, would provide more precise epi-
demiologic data.

In conclusion, our study provides additional epi-
demiologic and clinical insights for HGA in Alsace, 
a region highly endemic for tickborne diseases. Al-
though HGA is infrequent, it can lead to complications 
and is likely underdiagnosed. In the northeastern re-
gion of France where HGA is endemic, information 
campaigns targeting patients and healthcare workers 
could be beneficial. In addition, routine screening of 
patients with fever, leukopenia, thrombopenia, acti-
vation syndrome, or any combination of those signs 
and symptoms could also be useful.

 
Table 4. Characteristics and outcomes for 39 cases in a 
retrospective multicenter study of human granulocytic 
anaplasmosis, France, 2012–2024* 
Patient characteristics HGA episodes 
Median delay between symptom onset and 
diagnosis, d (range) 

8.5 (2–26) 

No. hospitalized 34 (87.2) 
 Median hospitalization duration, d (range) 6 (1–13) 
 Intensive care unit admission 0 
Antimicrobial treatment  
 Ineffective therapy before doxycycline 13 (33.3) 
 No effective antibiotic therapy 10 (25.6) 
 Treatment with doxycycline 29 (74.4) 
  Median duration, d (range) 7 (1–16) 
Outcomes  
 Death <30 d after diagnosis 0 
 Recovered 39 (100) 
 Sequelae at 3 mo after diagnosis† 3 (7.7) 
*Values are no. (%) except as indicated. HGA, human granulocytic 
anaplasmosis. 
†Including asthenia. 

 

 
Table 3. Laboratory findings for 39 cases a retrospective multicenter study of human granulocytic anaplasmosis, France, 2012–2024* 
Laboratory findings Value Reference range 
Thrombocytopenia, no. (%) 37 (94.9)  
 Median cells  103/μL (range) 59 (19–316) 150–400 
Leucopenia, no. (%) 23 (59.0)  
 Median cells  103/μL (range) 3.2 (1.02–13.01) 4.1–10.5 
Anemia 8 (20.5)  
 Median hemoglobin, g/dL (range) 13.4 (8.8–15.8) 13–18 
No cytopenia, no. (%) 2 (5.1)  
Reactive lymphocytes, no. (%) 7 (17.9)  
Elevated liver enzymes, no. (%) 26 (66.6)  
 Median AST, IU/L (range) 103 (24–509) 13–40 
 Median ALT, IU/L (range) 80.5 (27–829) 7–40 
Elevated creatinine, no. (%) 7 (17.9)  
 Median creatinine, μmol/L (range) 82 (43–233) 53–97 
Elevated CRP 39 (100)  
 Median CRP, mg/L (range)  130 (10–286) 0–5 
Rhabdomyolysis, no. (%) 5 (12.8)  
 Median CK, IU/l (range) 106 (40–1,012) 40–250 
Myelogram performed, no. (%) 8 (20.5)  
 Median HScore (range)† 76 (19–208) NA 
Anaplasma phagocytophilum testing, no. (%)   
 Positive blood smear with morulae 8 (20.5) NA 
 Positive IgM at diagnosis 9 (23.1) Cutoff 1:20 
 Positive IgG at diagnosis 7 (17.9) Cutoff 1:64 
 Other PCR positive, CSF 1 (2.6) NA 
 Tickborne disease co-infection, Lyme disease‡ 1 (2.6) NA 
*ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; CK, creatine kinase; CSF, cerebrospinal fluid; NA, not 
applicable. 
†A score used for determining reactive hemophagocytic syndrome. 
‡Co-infection data are based on medical records; no further diagnostic details available. 
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Globally, among pregnant women in 2011, an es-
timated 216,000 had concurrent active tubercu-

losis (TB) (1). Untreated TB during pregnancy can 
cause pregnancy complications, nonobstetric mater-
nal death, and infant death (2–8). Even if treated, TB 
during pregnancy poses challenges. For treatment 
of drug-susceptible pulmonary TB, standard treat-
ment regimens containing isoniazid, rifampin, pyra-
zinamide, and ethambutol are highly efficacious in 
nonpregnant women, but well-controlled studies in 
pregnant women are lacking. More generally, data re-
garding safety, tolerability, and pharmacokinetics of 
TB drugs during pregnancy have not been collected 
or reported systematically, leading to inconsistencies 
in national and international treatment guidelines (9). 
For example, international guidelines recommend the 
use of pyrazinamide during pregnancy in first-line 
regimens for drug-susceptible TB (10), but US guide-
lines suggest evaluating the risks and benefits of pre-
scribing pyrazinamide on a case-by-case basis (11). 
The scarcity of high-quality evidence combined with 
the worldwide occurrence of >200,000 annual cases of 
active TB disease among pregnant women highlights 
the need for additional research in this area to expand 
treatment options for mothers and protect the health 
of their infants (9). A February 2024 consensus state-
ment strongly supports the participation of pregnant 
women in TB research (12), a statement that has been 
endorsed by community groups (13).

Tuberculosis Trials Consortium Study 31/AIDS 
Clinical Trials Group A5349 (S31/A5349) was a mul-
ticenter randomized controlled phase 3 noninferiority 

open-label trial that examined two 4-month treatment-
shortening rifapentine-containing regimens compared 
with the standard 6-month control regimen for treat-
ment of drug-susceptible pulmonary TB in nonpreg-
nant participants >12 years of age (14). One investi-
gational regimen contained rifapentine, moxifloxacin, 
and isoniazid administered for 4 months plus pyrazin-
amide administered during the first 2 months (rifapen-
tine/moxifloxacin regimen). The other investigational 
regimen contained rifapentine plus isoniazid adminis-
tered for 4 months plus pyrazinamide and ethambu-
tol administered during the first 2 months (rifapentine 
regimen). The trial demonstrated that the 4-month 
rifapentine/moxifloxacin regimen had efficacy that 
was noninferior to that of the control and was safe and 
well-tolerated. The rifapentine regimen did not meet 
the noninferiority criteria for efficacy (14). The World 
Health Organization and the US Centers for Disease 
Control and Prevention (CDC) now recommend the 
4-month rifapentine/moxifloxacin regimen for treat-
ment of drug-susceptible TB in nonpregnant patients 
>12 years of age (15,16). The regimen is not recom-
mended in pregnant women because they were not 
included in enrollment for the S31/A5349 study.

Although pregnant women were not eligible for 
enrollment in S31/A5349, some participants became 
pregnant during their participation in the study, 
some during study treatment, and some in the follow-
up period. We conducted a secondary data analysis to 
describe pregnancy outcomes and safety among S31/
A5349 study participants who became pregnant dur-
ing the trial.
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A previous study demonstrated noninferior efficacy of 
4-month rifapentine/moxifloxacin regimen for tuberculosis 
(TB) treatment compared with the standard regimen. We 
analyzed pregnancy outcomes of women who became 
pregnant during the study. Among 740 women, 97 (13.1%) 
became pregnant. Of 102 pregnancies (in 97 participants), 
30 (29.4%) participants were exposed to study drugs. Fe-
tal loss was reported for 3/13 (23.1%) in the control regi-

men, 1/9 (11.1%) in the rifapentine/moxifloxacin regimen, 
and 1/8 (12.5%) in the rifapentine regimen. Among 21 live 
births in exposed pregnancies (7 in each arm), 1 infant 
with a congenital anomaly was reported in a participant on 
the rifapentine regimen. Among women receiving a short 
rifapentine/moxifloxacin regimen for tuberculosis who be-
came pregnant, we observed no elevated rates of fetal 
losses or congenital anomalies.



 Pregnancy Outcomes after Exposure to TB Treatment

Methods

Study Design
Full details of the S31/A5349 study design, eligibility 
criteria, enrollment and randomization, safety moni-
toring, and study outcomes have been published 
previously (14,17). Pregnant or breastfeeding women 
were not eligible for enrollment because of uncertain-
ties about the safety of rifapentine, moxifloxacin, and 
pyrazinamide in those groups (14,17). We required 
negative urine or serum pregnancy test results for all 
women of childbearing potential who were not surgi-
cally sterilized or who did not meet the study defi-
nition of postmenopausal at or within 7 days before 
screening. Participants of childbearing potential who 
were not surgically sterilized had to agree to practice 
an adequate method of contraception (barrier method 
or nonhormonal intrauterine device) or abstain from 
sexual activity that can lead to pregnancy during 
study treatment, regardless of the study regimen (17). 
Pregnancy tests during study follow-up were not re-
quired by the study protocol. We asked participants of 
childbearing potential during study visits about their 
last menstrual period, and a pregnancy test could be 
conducted at the discretion of clinician investigators.

Analysis of Population, Procedures, and Definitions
We included in this secondary analysis all women 
who were randomized in S31/A5349, took >1 dose 
of assigned treatment, and became pregnant during 
participation in the trial. We defined a participant 
of childbearing potential as a woman 15–49 years 
of age (18).

For participants who reported pregnancy or were 
determined to be pregnant while receiving study 
therapy, including participants in the control arm, we 
permanently stopped their study treatment (regard-
less of assigned regimen) and treated their TB accord-
ing to their respective national TB program or local 
guidelines (local standard of care). Pregnant partici-
pants continued to receive scheduled study follow-
up except for study-specific chest radiographs (14,17). 
Those participants were followed by the site until the 
pregnancy outcome was known. We did not collect 
nonstudy TB treatment outcomes in this study.

We advised sites to make efforts to estimate a true 
conception date to the best of their ability and provided 
sites with guidance on using and prioritizing informa-
tion available for the estimation of the conception date 
to determine if conception took place during study 
treatment and the fetus had been exposed to study 
drugs (19) (Appendix, https://wwwnc.cdc.gov/EID/
article/31/12/25-0492-App1.pdf). We considered the 

participant to be exposed to a study drug during preg-
nancy if the estimated date of conception (EDC) was 
on or before the last study dose date. Each pregnancy 
report was reviewed in real-time by the safety officer 
(possessing an MD degree) at the Clinical Research 
Branch, Division of Tuberculosis Elimination, at CDC’s 
National Center for HIV, Viral Hepatitis, STD, and Tu-
berculosis Prevention.

Sites reported pregnancies on an adverse event 
(AE) case report form. The form included an EDC as 
the adverse event onset date. We captured pregnancy 
outcomes on an AE follow-up case report form and 
included live birth, fetal death (pregnancy loss at >20 
weeks of gestation), spontaneous abortion (pregnan-
cy loss at <20 weeks of gestation), or elective abortion. 
We defined adverse pregnancy outcomes as fetal loss 
(fetal death or spontaneous abortion) or infants with 
a congenital anomaly.

The primary efficacy outcome in the parent trial 
was TB disease-free survival 12 months after random-
ization. For each participant, we assigned a primary 
efficacy outcome status of favorable, unfavorable, or 
not assessable, as described previously; we further 
classified unfavorable outcomes as TB-related or not 
TB-related (14,17). We considered participants with 
unfavorable and not assessable outcomes to have a 
not favorable outcome.

The primary safety outcome in the parent trial 
was the proportion of participants with grade >3 
AEs during treatment (with onset up to 14 days after 
the last dose of study medication). Severity of AEs 
was graded by the site investigators according to 
the National Cancer Institute common terminology 
criteria for adverse events version 4.03 (20), which 
requires classification of pregnancy as an AE with a 
grade of >3; therefore, every participant who became 
pregnant had >1 AE that was grade >3. We excluded 
the pregnancy AEs from the analysis of safety out-
comes. Tolerability was a secondary safety outcome, 
which we defined as premature discontinuation of 
the assigned regimen for any reason other than mi-
crobiologic ineligibility.

The trial was approved by CDC’s Institutional 
Review Board and by local ethics committees, and 
all participants provided written informed consent. 
The study data were monitored by the Data Safety 
Monitoring Board.

Data Analysis
We calculated length of exposure to the study drugs 
as the number of days between EDC and the date of 
the last study dose. We report frequency of pregnancy 
outcomes (live birth, fetal loss [death or spontaneous  
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abortion], or elective abortion) among pregnant partici-
pants exposed to the study drugs (exposed pregnancies) 
in the 2 investigational arms compared with the control 
arm and among participants who became pregnant af-
ter study treatment was completed (unexposed preg-
nancies). We calculated unadjusted risk difference for 
fetal loss and congenital anomaly comparing investiga-
tional regimens to control with exact 95% CIs based on 
the 2-sided score test. We used SAS 9.4 for those calcu-
lations (21). We describe study TB treatment outcomes 
and AEs experienced by pregnant participants.

Results
We enrolled a total of 740 female participants in S31/
A5349 during January 25, 2016–October 30, 2018 (we 
completed study follow-up in July 2020); 97 (13.1%) 
of those 740 participants became pregnant during 
study treatment or follow-up. Five (5%) of those 
97 participants became pregnant twice during trial 
participation, resulting in a total of 102 pregnancies. 
Of 102 pregnancies, 30 (29.4%) were exposed to the 
study drugs (either investigational or control arms). 
Median age of those 30 participants was 24 years 
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Table 1. Baseline demographic characteristics of participants who became pregnant during a TB treatment-shortening trial, 
Tuberculosis Trials Consortium Study 31/AIDS Clinical Trials Group A5349, January 2016–July 2020* 

Characteristic 

Exposed to study drugs during pregnancy, N = 30 

 

Unexposed to study drugs during pregnancy, N = 67 
Control,  
n = 13 

RPT/MOX, 
n = 9 

RPT,  
n = 8 

Total,  
N = 30 

Control,  
n = 22 

RPT/MOX, 
n = 24 

RPT,  
n = 21 

Total,  
N = 67 

Age at conception, y, 
median (range) 

24 (19–35) 24 (19–29) 24 (21–33) 24 (19–35)  28 (22–38) 25 (16–44) 23 (18–41) 26 (16–44) 

Age at conception group, y 
 12–17† 0 0 0 0  0 1 (4.2) 0 1 (1.5) 
 18–34  11 (84.6) 9 (100.0) 8 (100.0) 28 (93.3)  18 (81.8) 20 (83.3) 17 (81.0) 55 (82.1) 
 >35  2 (15.4) 0 0 2 (6.7)  4 (18.2) 3 (12.5) 4 (19.0) 11 (16.4) 
Race‡  
 Asian 0 0 1 (12.5) 1 (3.3)  2 (9.1) 1 (4.2) 0 3 (4.5) 
 Black or African  
 American 

12 (92.3) 7 (77.8) 5 (62.5) 24 (80.0)  18 (81.8) 19 (79.2) 18 (85.7) 55 (82.1) 

 White 0 0 0 0  0 2 (8.3) 0 2 (3.0) 
 >1 race 0 2 (22.2) 2 (25.0) 4 (13.3)  1 (4.5) 2 (8.3) 3 (14.3) 6 (9.0) 
 Other 1 (7.7) 0 0 1 (3.3)  0 0 0 0 
 Not reported 0 0 0 0  1 (4.5) 0 0 1 (1.5) 
Geographic region 
 Africa 9 (69.2) 7 (77.8) 5 (62.5) 21 (70.0)  12 (54.5) 16 (66.7) 17 (81.0) 45 (67.2) 
 Asia 0 0 1 (12.5) 1 (3.3)  2 (9.1) 1 (4.2) 0 3 (4.5) 
 North America 3 (23.1) 2 (22.2) 1 (12.5) 6 (20.0)  7 (31.8) 5 (20.8) 3 (14.3) 15 (22.4) 
 South America 1 (7.7) 0 1 (12.5) 2 (6.7)  1 (4.5) 2 (8.3) 1 (4.8) 4 (6.0) 
HIV-positive§  0 1 (11.1) 0 1 (3.3)  1 (4.5) 3 (12.5) 2 (9.5) 6 (9.0) 
CD4 among HIV-
positive, median (IQR) 

NA 511  
(511–511) 

NA 511  
(511–511) 

 331  
(331–331) 

355  
(158–678) 

382  
(374–389) 

365  
(331–389) 

Cavitation on baseline chest radiograph¶ 
 Absent 5 (38.5) 3 (33.3) 3 (37.5) 11 (36.7)  10 (45.5) 7 (29.2) 7 (33.3) 24 (35.8) 
 <4 cm 6 (46.2) 3 (33.3) 3 (37.5) 12 (40.0)  7 (31.8) 7 (29.2) 9 (42.9) 23 (34.3) 
 >4 cm 2 (15.4) 3 (33.3) 2 (25.0) 7 (23.3)  5 (22.7) 9 (37.5) 5 (23.8) 19 (28.4) 
 Missing 0 0 0 0  0 1 (4.2) 0 1 (1.5) 
WHO sputum smear grade 
 Negative 0 0 0 0  1 (4.5) 2 (8.3) 1 (4.8) 4 (6.0) 
 Scanty or 1–9 AFB 2 (15.4) 2 (22.2) 2 (25.0) 6 (20.0)  5 (22.7) 2 (8.3) 5 (23.8) 12 (17.9) 

 1+ 2 (15.4) 3 (33.3) 1 (12.5) 6 (20.0)  4 (18.2) 4 (16.7) 1 (4.8) 9 (13.4) 
 2+ 7 (53.8) 4 (44.4) 2 (25.0) 13 (43.3)  6 (27.3) 11 (45.8) 7 (33.3) 24 (35.8) 
 3+ 2 (15.4) 0 3 (37.5) 5 (16.7)  6 (27.3) 5 (20.8) 7 (33.3) 18 (26.9) 

Participant weight, kg, 
median (range) 

49 (42–80) 49 (43–56) 51 (43–58) 50 (42–80)  51 (42–73) 50 (40–88) 50 (40–70) 50 (40–88) 

BMI, kg/m2, median 
(range) 

19 (18–32) 19 (17–23) 19 (16–22) 19 (16–32)  20 (16–25) 19 (15–32) 19 (15–27) 20 (15–32) 

Current smoker 2 (15.4) 0 2 (25.0) 4 (13.3)  3 (13.6) 3 (12.5) 3 (14.3) 9 (13.4) 
Diabetes mellitus history 2 (15.4) 0 0 2 (6.7)  2 (9.1) 1 (4.2) 1 (4.8) 4 (6.0) 
Prior episode of TB 
treatment 

0 0 1 (12.5) 1 (3.3)  1 (4.5) 2 (8.3) 1 (4.8) 4 (6.0) 

*Values are no. (%) except as indicated. Participants who had >1 pregnancy during trial are shown by exposure to the study drugs for their first 
pregnancy. AFB, acid-fast bacillus; ART, antiretroviral therapy; BMI, body mass index; IQR, interquartile range; MOX, moxifloxacin; NA, not applicable; 
RPT, rifapentine; TB, tuberculosis; WHO, World Health Organization. 
†Minimum age of eligibility for the trial was 12 years. No pregnancies were reported in female participants 12–15 years of age. 
‡Race was self-reported by trial participants.  
§HIV-positive persons were required to be on efavirenz-based ART for a minimum of 30 days at the time of enrollment, or, if not on ART at enrollment, 
planned initiation of efavirenz-based ART before or at study week 8. 
¶Cavity size refers to aggregate diameter of all cavities. 
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(range 18–35 years); 1 participant was living with 
HIV (Table 1).

Among 30 pregnancies considered exposed, the 
median number of days of study drug exposure was 
39 days (range 11–103 days) in the control regimen, 36 
days (range 13–119 days) in the rifapentine/moxifloxa-
cin regimen, and 39 days (range 16–114 days) in the ri-
fapentine regimen. Outcomes of 30 exposed pregnan-
cies were 21 (70%) live births, 5 (16.7%) fetal loss (fetal 
death or spontaneous abortion), and 4 (13.3%) elected 
abortions. Fetal loss was reported for 3/13 (23.1%) 
pregnancies in the control regimen, 1/9 (11.1%) preg-
nancies in the rifapentine/moxifloxacin regimen, 

and 1/8 (12.5%) pregnancies in the rifapentine regi-
men (unadjusted risk difference [RD] −12.0% [95% 
CI −43.8% to 27.7%] for rifapentine/moxifloxacin vs. 
control arm; unadjusted RD −10.6% [95% CI −42.7% to 
29.8%] for rifapentine vs. control arm) (Table 2). Four 
of 5 fetal losses occurred in pregnancies of <20 weeks’ 
gestational age. Among 21 live births in exposed preg-
nancies (7 in each arm), 1 infant (overall 4.8% of live 
births) with a congenital anomaly was reported in the 
rifapentine arm (1/7 live births) (unadjusted RD 14.3% 
[95% CI −26.0% to 53.3%] for rifapentine vs. control). 
That infant had congenital musculoskeletal disorder, 
including clubfeet and myopathy (Table 3).
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Table 2. Duration of study drug exposure during pregnancy and pregnancy and infant outcomes in the TB treatment-shortening trial, 
Tuberculosis Trials Consortium Study 31/AIDS Clinical Trials Group A5349, January 2016–July 2020* 

Drug exposure and 
outcome 

Pregnancies with exposure to study drugs, N = 30 

 

Pregnancies without exposure to study drugs, N = 72 
Control,  
n = 13 

RPT/MOX, 
n = 9 

RPT,  
n = 8 

Total,  
N = 30 

Control,  
n = 24 

RPT/MOX, 
n = 26 

RPT,  
n = 22 

Total,  
N = 72 

Total no. study drug 
doses received, 
median (range) 

157 
(27–184) 

118 
(54–133) 

107 
(81–119) 

118 
(27–184) 

 181 
(146–195) 

119 
(55–121) 

118 
(36–131) 

119 
(36–195) 

Duration of study drug 
exposure during 
pregnancy, d, median 
(range) 

39 
(11–103) 

36 
(13–119) 

39 
(16–114) 

37 
(11–119) 

 NA NA NA NA 

Pregnancy outcome 
 Live birth, no. (%) 7 (53.8) 7 (77.8) 7 (87.5) 21 (70.0)  18 (75.0) 20 (76.9) 16 (72.7) 54 (75.0) 
 Fetal death, no. (%) 1 (7.7) 0 0 1 (3.3)  1 (4.2) 0 2 (9.1) 3 (4.2) 
 Spontaneous  
 abortion, no. (%) 

2 (15.4) 1 (11.1) 1 (12.5) 4 (13.3)  0 1 (3.8) 2 (9.1) 3 (4.2) 

 Elective abortion,  
 no. (%) 

3 (23.1) 1 (11.1) 0 4 (13.3)  4 (16.7) 4 (15.4) 1 (4.5) 9 (12.5) 

 Fetal loss by fetal  
 death/spontaneous  
 abortion, no. (%) 

3 (23.1) 1 (11.1) 1 (12.5) 5 (16.7)  1 (4.2%) 1 (3.8) 4 (18.2) 6 (8.3) 

 Unadjusted risk  
 difference† from 
 control in % with  
 fetal loss (95% CI)‡ 

Referent −12.0 
(−43.8 to 

27.7) 

−10.6 
(−42.7 to 

29.8) 
  Referent −0.4  

(−18.4 to 
16.7) 

14.0  
(−5.9 to 

35.4) 
 

 Unknown, no. (%) 0 0 0 0  1 (4.2) 1 (3.8) 1 (4.5) 3 (4.2) 
Infant outcomes 
 Congenital anomaly, 
 no. (% of live births) 

0/7 (0.0) 0/7 (0.0) 1/7 (14.3) 1/21 (4.8)  0/18 (0.0) 1/20 (5.0) 0/16 (0.0) 1/54 (1.9) 

 Unadjusted risk  
 difference§ (95%  
 CI)‡ 

Referent 0 14.3  
(−26.0 to 

53.3) 
  Referent 5.0  

(−13.8 to 
24.2) 

0  

*MOX, moxifloxacin; NA, not applicable; RPT, rifapentine; TB, tuberculosis. 
†Difference from control in percentage with fetal loss. 
Exact 95% CI based on a 2-sided score test (21). 
§Difference from control in percentage of live births with congenital anomaly. 

 

 
Table 3. Infants with congenital anomalies born to participants who became pregnant during the TB treatment-shortening trial, 
Tuberculosis Trials Consortium Study 31/AIDS Clinical Trials Group A5349, January 2016–July 2020* 

Case 
Description of 

congenital anomaly 
Study 

regimen 
Mother’s age at 

enrollment, y 

Total no. study 
doses mother 

received 

Total no. study 
doses fetus 

exposed 
EDC calculation 

method 

Infant’s 
gestational  
age, wks 

1 Musculoskeletal 
disorder, including 

clubfeet and myopathy 

RPT 26 118 41 LMP + 14 d and 
ultrasound in 

second 
trimester 

39 

2 Umbilical hernia and 
right inguinal hernia 

RPT/MOX 22 121 0 LMP + 14 d 30 

*EDC, estimated date of conception; LMP, last menstrual period; MOX, moxifloxacin; RPT, rifapentine; TB, tuberculosis. 
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Of 72 pregnancies considered unexposed, fetal 
loss was reported in 1/24 (4.2%) pregnancies in the 
control regimen, 1/26 (3.8%) pregnancies in the ri-
fapentine/moxifloxacin regimen, and 4/22 (18.2%) 
pregnancies in the rifapentine regimen. One infant 
with a congenital anomaly was reported in the ri-
fapentine/moxifloxacin regimen (1/20 live births 
[5.0%]). That infant had congenital umbilical hernia 
and right inguinal hernia (Table 3).

Among 29 participants with exposed pregnan-
cies in the microbiologically eligible analysis popula-
tion, study treatment outcome was assigned as un-
favorable for 7/13 (53.8%) participants in the control 
regimen, 4/9 (44.4%) participants in the rifapentine/
moxifloxacin regimen, and 3/7 (42.9%) participants in 
the rifapentine regimen (Table 4). All 14 unfavorable 
outcomes in this population were in the not assessable 
category (all were withdrawn from study treatment 
because of pregnancy).

Of 30 participants with exposed pregnancies in-
cluded in the safety analysis population, 5/30 (16.7%) 
experienced grade >3 AEs (excluding pregnancy it-
self, which was always reported as an AE) during 
study treatment: 2/13 (15.4%) in the control regimen, 
3/9 (33.3%) in the rifapentine/moxifloxacin regimen, 
and 0/8 (0%) in the rifapentine regimen (Table 5; Ap-
pendix Table). No deaths occurred among partici-
pants in the study who became pregnant.

Discussion
This analysis examined pregnancy outcomes among 
women who became pregnant during participation in 

the S31/A5349 trial of treatment of drug-susceptible 
pulmonary TB. We observed no excess fetal losses 
among pregnant participants in the rifapentine/
moxifloxacin arm compared with the control arm, al-
though the numbers were small. We noted no infants 
with congenital anomalies among those considered 
exposed to study drugs during pregnancy in the ri-
fapentine/moxifloxacin arm. The overall percentages 
of fetal loss (16.7%) and congenital anomalies (4.8% of 
live births) in pregnancies exposed to the study drugs 
we observed in this trial were similar to those esti-
mated for the United States (19.7% for fetal loss and 
3% of live births for congenital anomalies) (22,23).

Because multiple antibiotics are used concomi-
tantly during TB treatment, isolating the effects of 
individual drugs on pregnancy outcomes is chal-
lenging. With regard to rifapentine use in pregnant 
animals, previous developmental toxicity studies in 
rats and rabbits suggested that rifapentine produced 
fetal harm and was teratogenic (24). This description 
is similar to that of rifampin, which was teratogenic 
in high doses in animal models (25); however, on the 
basis of extensive use and years of clinical experi-
ence, the use of rifampin to treat TB during preg-
nancy has benefits greater than safety concerns with 
respect to curing TB. Studies of rifapentine during 
human pregnancy and lactation have been limited. 
In 6 patients randomized to rifapentine for initial 
treatment of TB in humans and who become preg-
nant during this trial, no episodes of teratogenicity 
occurred; 2 patients had normal deliveries, 2 had 
first-trimester spontaneous abortions (1 patient had 
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Table 4. TB treatment outcomes in the microbiologically eligible population of the TB treatment-shortening trial, Tuberculosis Trials 
Consortium Study 31/AIDS Clinical Trials Group A5349, January 2016–July 2020* 

Outcome 

Pregnancies with exposure to study drugs,  
N = 29  

Pregnancies without exposure to study drugs,  
N = 67 

Control, 
n = 13 

RPT/MOX, 
n = 9 

RPT, 
n = 7 

Total, 
N = 29  

Control, 
n = 22 

RPT/MOX, 
n = 24 

RPT, 
n = 21 

Total, 
N = 67 

Favorable, total† 6 (46.2) 5 (55.6) 4 (57.1) 15 (51.7)  21 (95.5) 23 (95.8) 19 (90.5) 63 (94.0) 
Not favorable, total‡ 7 (53.8) 4 (44.4) 3 (42.9) 14 (48.3)  1 (4.5) 1 (4.2) 2 (9.5) 4 (6.0) 
 Unfavorable outcome, total 0 0 0 0  1 (4.5) 0 1 (4.8) 2 (3.0) 
  TB-related unfavorable  
  outcome, total 

0 0 0 0  1 (4.5) 0 0 1 (1.5) 

   Not seen at month 12;  
   last culture positive 

0 0 0 0  1 (4.5) 0 0 1 (1.5) 

  Not TB-related unfavorable  
  outcome, total 

0 0 0 0  0 0 1 (4.8) 1 (1.5) 

   Treatment changed  
   because of adverse event 

0 0 0 0  0 0 1 (4.8) 1 (1.5) 

 Not assessable outcome, total 7 (53.8) 4 (44.4) 3 (42.9) 14 (48.3)  0 1 (4.2) 1 (4.8) 2 (3.0) 
  Not seen at month 12;  
  last culture negative 

0 0 0 0  0 0 1 (4.8) 1 (1.5) 

  Withdrawn from treatment  
  because of pregnancy 

7 (53.8) 4 (44.4) 3 (42.9) 14 (48.3)  0 1 (4.2) 0 1 (1.5) 

*Values are no. (%). Microbiologically eligible analysis population included the subset of all enrolled participants who receive a treatment assignment who, 
in addition, have culture confirmation of drug-susceptible TB at study entry. MOX, moxifloxacin; RPT, rifapentine; TB, tuberculosis. 
†All participants with favorable outcome had culture-negative status at month 12. 
‡Participants with unfavorable and not assessable outcomes were considered to have a not favorable outcome. 
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alcohol use disorder, and the other patient was living 
with HIV), 1 had an elective abortion, and 1 was lost 
to follow-up (24). In analysis evaluating safety and 
pregnancy outcomes among pregnant women who 
were inadvertently exposed to study medications in 
2 Tuberculosis Trials Consortium Study latent tuber-
culosis treatment trials (PREVENT TB and iAdhere), 
evaluating 3 months of weekly rifapentine (900 mg) 
with isoniazid and 9 months of daily isoniazid, fetal 
loss or congenital anomalies were at similar rates to 
the general population (26). Among 50 women en-
rolled in the IMPAACT 2001 trial, designed to as-
sess 3 months of weekly rifapentine with isoniazid 
for TB prevention in pregnant women during the 
second or third trimester, with or without HIV, no 
drug-related serious AEs, treatment discontinua-
tions, or TB cases were reported, although 1 case of 
fetal death was related to maternal physical trauma 
(27). The DOLPHIN-Moms trial, assessing 1 month 
of daily isoniazid and rifapentine versus 3 months of 
once-weekly rifapentine and isoniazid in pregnancy, 
is currently enrolling (28).

Concerning fluoroquinolone use in pregnancy, 
animal studies showed delayed skeletal development 
in fetal rats and rabbits when exposed to moxifloxa-
cin and toxic cartilage effects in immature dogs when 
exposed to temafloxacin (9,29). However, in human 
studies, a metaanalysis that included 5 studies on use 
of quinolones during the first trimester of pregnancy 
did not find an increased risk for major malformations, 
stillbirths, preterm births, or low birthweight (30). A 
small case series of pregnant women with drug-re-
sistant TB treated with second-line drugs, including 
fluoroquinolones, suggested that favorable pregnancy 
outcomes are achievable (31–34). A systematic review 
and metaanalysis of outcomes of pregnancies exposed 
to quinolone and fluoroquinolones, involving 8 cohort 
and 2 case–control studies, showed no statistically sig-
nificant increases in rates of major malformations for 
quinolone and fluoroquinolone exposures (35).

Our study expands the scientific literature with 
additional data on rifapentine, moxifloxacin, pyrazin-
amide, and isoniazid early in pregnancy. We found 
that relatively brief exposures to rifapentine and  
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Table 5. Safety and tolerability among participants with pregnancies in the safety population of the tuberculosis treatment shortening 
trial, Tuberculosis Trials Consortium Study 31/AIDS Clinical Trials Group A5349, January 2016–July 2020* 

Outcome 

Pregnancies with exposure to study drugs, 
n = 30  

Pregnancies without exposure to study 
drugs, N = 67 

Control, 
n = 13 

RPT/MOX, 
n = 9 

RPT, 
n = 8 

Total, 
n = 30  

Control, 
n = 22 

RPT/MOX, 
n = 24 

RPT, 
n = 21 

Total, 
n = 67 

Primary safety outcome 
 Participants with grade >3 AE  
 during study treatment† 

2 (15.4) 3 (33.3) 0 5 (16.7)  5 (22.7) 2 (8.3) 0 7 (10.4) 

Secondary safety outcomes 
 Participants with treatment-related  
 grade >3 AE during study  
 treatment† 

0 1 (11.1) 0 1 (3.3)  2 (9.1) 1 (4.2) 0 3 (4.5) 

Other safety outcomes 
 Participants with any serious AE  
 during study treatment† 

1 (7.7) 1 (11.1) 0 2 (6.7)  3 (13.6) 1 (4.2) 0 4 (6.0) 

 Participants died 0 0 0 0  0 0 0 0 
 Participants with any AE resulting in 
 discontinuation of study treatment 

0 0 0 0  1 (4.5) 0 1 (4.8) 2 (3.0) 

 Participants with any grade >3 AE  
 during 28 wks after randomization† 

3 (23.1) 5 (55.6) 1 (12.5) 9 (30.0)  8 (36.4) 5 (20.8) 5 (23.8) 18 (26.9) 

 ALT or AST 5-fold ULN‡ 0 0 0 0  1 (4.5) 0 0 1 (1.5) 
 ALT or AST 10-fold ULN 0 0 0 0  0 0 0 0 
 Serum total bilirubin 3-fold ULN§ 0 0 0 0  0 0 0 0 
 ALT or AST 3-fold ULN plus serum  
 total bilirubin 2-fold ULN (Hy’s law) 

0 0 0 0  0 0 0 0 

AEs during pregnancy¶ 
 Participants with grade >3 AE 1 (7.7) 2 (22.2) 0 3 (10.0)  0 0 0 0 
 Participants with treatment-related  
 grade >3 AE 

0 0 0 0  0 0 0 0 

 Participants with any AE 1 (7.7) 1 (11.1) 0 2 (6.7)  0 0 0 0 
Tolerability (microbiologically eligible analysis population) 
 Discontinuation of assigned  
 treatment for any reason 

7 (53.9) 4 (44.4) 3 (42.9) 14 (50.0)  1 (4.6) 1 (4.2) 2 (9.5) 4 (6.0) 

*ALT, alanine aminotransferase; AST, aspartate aminotransferase; MOX, moxifloxacin; RPT, rifapentine; ULN, upper limit of normal range. 
†Pregnancies were excluded from this analysis (all pregnancies were reported as grade >3 AE in this trial). 
‡>5-fold ULN corresponds to grade >3. 
§>3-fold ULN corresponds to grade >3. 
¶Includes AEs (other than pregnancy) with onset date from estimated date of conception through date of pregnancy outcome. 
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moxifloxacin early in pregnancy were not associated 
with adverse fetal or maternal outcomes. However, the 
effect of longer exposures to rifapentine and moxifloxa-
cin and effect of exposures later in pregnancy on ma-
ternal and fetal outcomes remains unknown, given that 
the trial specified immediate study treatment discon-
tinuation and transition to local standard of care when 
a pregnancy was recognized. Our findings can help 
support and accelerate the participation of pregnant 
women in TB drug trials. In addition, publication of the 
detailed methodology used in this study to estimate the 
date of conception and total period of drug exposure 
during pregnancy might inform other clinical trials and 
thus help develop much needed harmonized reporting 
of safety outcomes among pregnant trial participants.

One limitation of our study is that the number 
of participants who became pregnant during study 
treatment was small, probably because of rigorous 
education of study participants of childbearing po-
tential about contraception and preventing preg-
nancy during study treatment. The small number of 
pregnant participants limited the ability to detect rare 
events that can only be detected in larger trials and 
through pharmacovigilance efforts in the future. In 
addition, in participants who became pregnant, dura-
tions of exposures to study drugs were short, given 
that the protocol required immediate study treatment 
discontinuation in pregnancy. Adverse pregnancy 
events that require a higher cumulative exposure to 
study drugs to occur might not have been observed, 
so results should be interpreted in light of the short 
exposures. However, an average of 30 days of drug 
exposure during first trimester is a relatively long pe-
riod of drug exposure and should not be dismissed. 
Furthermore, because fetal organogenesis primar-
ily occurs in the first trimester, it is reassuring that 
only 1 infant with a congenital anomaly was observed 
among pregnancies exposed to rifapentine. In addi-
tion, because the study protocol required permanent 
discontinuation of the study treatment if a participant 
became pregnant (and transition to local standard of 
care), most participants who became pregnant dur-
ing study treatment had their primary study TB treat-
ment efficacy outcome classified as not assessable. 
Although final pregnancy outcomes were collected 
in the database for all participants, final TB treatment 
outcomes (after permanent stop of study treatment 
and switching to the local standard of care regimen) 
were not. Moreover, the study did not assess con-
genital anomalies among fetal deaths or spontane-
ous abortions. Finally, because study arms contained 
multiple study drugs, we cannot determine the effect 
of any single drug on adverse pregnancy outcomes. 

However, anti-TB drugs are commonly used in preg-
nancy, given the urgency of providing swift, full 
treatment for TB as soon as it is diagnosed.

In conclusion, among exposed pregnancies in this 
large phase 3 drug-susceptible pulmonary TB treat-
ment trial, we did not observe a higher risk for fetal 
loss or infants with congenital anomalies among those 
participants who became pregnant while receiving a 
rifapentine/moxifloxacin regimen compared with the 
standard 6-month regimen. Those data can be used 
by clinicians and patients as they engage in shared 
decision-making and weigh the risks and benefits of 
using a shorter-duration 4-month rifapentine/moxi-
floxacin regimen versus a 6-month standard-of-care 
regimen in pregnancy, especially in the circumstance 
where an on-treatment pregnancy occurs. Future tri-
als of rifapentine/moxifloxacin-containing regimens 
should consider allowing reconsent for participants 
who become pregnant during study treatment so 
that they can continue these study drugs with care-
ful follow-up if there is potential benefit and there are 
no contraindications (36). The data from our study 
contribute to the growing body of information about 
the safety of rifapentine-containing regimens in preg-
nancy, which should support fuller participation of 
pregnant women in future TB clinical trials that in-
clude these antibiotics.
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Prion diseases, or transmissible spongiform en-
cephalopathies (TSE), are fatal neurodegen-

erative disorders that occur naturally in various 
mammalian species, including sheep (scrapie), 
cervids (chronic wasting disease), and humans 
(Creutzfeldt-Jakob disease [CJD]). A key event in 
the pathogenesis of TSEs is the conversion of the 
normal cellular prion protein (PrPC), encoded by the 
PRNP gene, into an abnormal disease-associated 

isoform (PrPSc) within the tissues of those affected. 
PrPC is completely degraded after controlled diges-
tion with proteinase K (PK) under nondenaturing 
conditions, whereas PrPSc is N terminally truncated 
under such conditions, leaving a PK-resistant core 
termed PrPres (1).

In 1985, classical bovine spongiform encepha-
lopathy (c-BSE), a new prion disease affecting cat-
tle, was identified in the United Kingdom (2). The 
number of c-BSE cases in cattle rapidly increased 
because of the recycling of infected carcasses into 
the feed chain in the form of meat and bone meal 
(MBM) (3). Over the next 2 decades, c-BSE dissemi-
nated to >28 countries, mostly in Europe but also in 
the United States, Canada, and Japan, through the 
export of infected live animals and contaminated 
MBM and livestock feed.

Experimental oral or parenteral exposure to 
c-BSE demonstrated its transmissibility to sheep 
(4). Because MBM was also distributed to small 
ruminants, the potential spread of c-BSE in the 
sheep population became a major concern for 
health authorities. The emergence of variant CJD  
(vCJD) in humans, because of dietary exposure to 
the c-BSE agent, further reinforced those concerns, 
making the prevention of any potential spread  
of c-BSE to small ruminants a top priority in  
Europe (5,6).

In sheep, susceptibility to prion diseases is 
determined principally by polymorphisms in the 
PRNP gene. The major polymorphic sites influenc-
ing susceptibility to classical scrapie are located at 
codons 136 (A or V), 154 (R or H), and 171 (R, Q, or 
H) (7,8), which also strongly influence susceptibil-
ity to BSE. Sheep with the AHQ/AHQ and ARQ/
ARQ PrP genotypes are highly susceptible to c-BSE 
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Selection for the A136R154R171 PRNP allele is known to 
curb classical scrapie in sheep, and we expected it to 
minimize the risk for classical bovine spongiform en-
cephalopathy (c-BSE) propagation. We orally chal-
lenged newborn ARR/ARR and ARQ/ARQ lambs with 
ovine-passaged c-BSE. Contrary to our expectations, 
prion disease developed in all ARR/ARR lambs after 
markedly longer incubation times (≈50 months) than 
ARQ/ARQ controls (≈20 months). Tissue distribution of 
the abnormal isoform of prion protein (PrP) in clinically 
affected ARR/ARR sheep largely mirrored tissue distri-
bution seen in ARQ/ARQ animals. Bioassays in bovine- 
and human-PrP transgenic mice showed that passage 
through ARR/ARR sheep did not increase the agent’s 
zoonotic potential.  Transmission efficiency in human 
normal cellular isoform PrP-expressing mice remained 
similar to cattle c-BSE and lower than ARQ-passaged c-
BSE. Our data reveal the limitations of breeding exclu-
sively for ARR when the objective is to mitigate c-BSE 
risk and underscore the need to maintain specific-risk-
material removal and surveillance programs.
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infection when exposed through intracerebral or 
oral routes (4).

In contrast, intracerebral inoculation of ARR/
ARR sheep with cattle c-BSE resulted in an inefficient 
transmission of the disease (incomplete attack rate), 
and oral inoculation failed to transmit disease or 
cause detectable accumulation of prion infectivity or 
abnormal PrP in the peripheral tissues or central ner-
vous system (9). Those findings led to the conclusion 
that the ARR/ARR PrP genotype confers strong, if not 
complete, resistance to c-BSE infection in sheep. Selec-
tion for the ARR allele was originally conceived as a 
tool to control classical scrapie in farmed sheep popu-
lation, but it also appeared to protect against possible 
c-BSE transmission (10). In this study, we experimen-
tally exposed ARQ/ARQ and ARR/ARR newborn 
lambs orally to c-BSE passaged in ARQ/ARQ sheep 
to determine transmission efficiency of the disease.

Materials and Methods

Ethics Statement
All animal experiments were performed in compli-
ance with institutional and French national guide-
lines (directive no. 2010/63/EU). Sheep BSE ex-
perimental transmission was approved by the local 
National Research Institute for Agriculture, Food 
and Environment committees, and mouse experi-
ments (national registration no. 01734.01) were ap-
proved by the Ecole Nationale Veterinaire Toulouse 
ethics committees.

Lamb Inoculation
We sourced sheep from New Zealand that were 
considered free of classical scrapie (11). ARQ/ARQ 
and ARR/ARR ewes were produced under TSE-
free conditions in the United Kingdom. They were 
mated with ARQ/ARQ and ARR/ARR rams and 
exported to France. Lambs were born and raised 
within an A3 biosecure unit. We sequenced the 
PRNP gene of each sheep and lamb (12). We pre-
pared the c-BSE inoculum by using the brainstem 
of 3 ARQ/ARQ sheep (at the clinical stage of the 
disease) that were inoculated through the intrace-
rebral route with cattle BSE.

Lambs received 2 doses of inoculum (each equiv-
alent to 2.5 g of brain tissue) through natural suck-
ling. The first inoculation was received within the 
first 24 hours of life, and the second dose was deliv-
ered 14 days after birth. Lambs and ewes of both gen-
otype groups were housed in a single pen. A total of 
6 ARQ/ARQ and 8 ARR/ARR lambs were included 
in the experiment.

Protein Misfolding Cyclic Amplification and  
Seeding Activity Titration
We used brain tissue from transgenic mice express-
ing the ovine ARQ PrP variant (tgShXI) (13) to pre-
pare the protein misfolding cyclic amplification 
(PMCA) substrates, as previously described (14). 
We performed PMCA amplification as previously 
described (14). We included 1 to 2 unseeded controls 
for every 8 seeded reactions in each run. Each PMCA 
run included a reference ovine BSE sample (1/10 di-
lution series of a 10% brain homogenate) as a control 
for amplification efficiency. We analyzed the PMCA 
reaction products for the presence of PK-resistant 
PrP by using Western blot.

For each dilution and each sample, we tested 
>4 replicates in 2 independent runs. For each sam-
ple, we determined the last dilution showing >50% 
positive replicates (presence of Western blot–de-
tectable PrPres).

We established the seeding activity titer in a ref-
erence 10% (wt/vol) frontal cortex homogenate from 
a clinical c-BSE ARQ/ARQ sheep by endpoint titra-
tion (intracerebral route) in bovine PrP expressing 
(tgBov) mice (15). We estimated the infectious titer 
(median lethal dose [LD50]/g IC in tgBov) by using 
the Spearman-Kärber method (16).

Western Blot Detection of Abnormal PrP
We detected PrPres by using Western blot. We con-
ducted immunodetection by using 2 different PrP-
specific monoclonal antibodies: Sha31 (1 µg/mL), 
which recognizes the amino acid sequences YE-
DRYYRE (amino acids 145–152) (17), and 12B2 (1 µg/
mL) (18), whose epitope corresponds to amino acid 
sequence WGQGG (amino acids 89–93).

Mouse Bioassays
We performed mouse inoculations while the mice 
were under anesthesia. Mice displaying clinical man-
ifestations were anesthetized with isoflurane before 
being euthanized by using CO2 inhalation. We con-
ducted bioassays to characterize the c-BSE strain phe-
notype by using tgBov mice (15).

We characterized c-BSE isolates’ abilities to 
propagate in hosts expressing human PrP by using 
mice expressing the methionine 129 human PrP vari-
ant (tg340-tgMet), the valine 129 human PrP variant 
(tg361-tgVal), and their crossbred (tgMet/Val), as 
previously described (19). We observed the inocu-
lated mice daily and assessed their neurologic status 
weekly. When clinically progressive TSE symptoms 
were evident, or at the end of the mice lifespan, we 
euthanized the mice. We expressed survival time as 
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the mean number of days postinoculation (dpi) of 
all the mice scored positive for PrPres, with a corre-
sponding SD. In cages where no clinical signs were 
observed, mice were euthanized at the end of their 
natural lifespan (600–800 days). In those cases, incu-
bation periods reported in the table as >600 dpi corre-
sponded to the survival time observed in >3/6 mice.

Lesion Profiling
We established vacuolar brain lesion profiles accord-
ing to methods previously described (20). We created 
each lesion profile on the basis of data obtained from 
5–6 animals. 

Infectious Titer Estimates
We intracerebrally inoculated (20 μL) a series of 1/10 
dilutions of a reference 10% (wt/vol) brain stem  
homogenate from an ovine-BSE (ARQ/ARQ) isolate 
into 6 tgBov mice. We estimated the prion infectious 
titer by using the Spearman-Kärber method (16).

Results

BSE Transmission
We exposed 24-hour-old ARQ/ARQ and ARR/ARR 
lambs to a dose of 2.5 g of infected brain (derived from 
cattle c-BSE intracerebrally inoculated into ARQ/

ARQ sheep) through natural suckling. We adminis-
tered a second dose of inoculum by the same route at 
14 days of age. In each inoculated animal, we collect-
ed blood samples at different time points during the 
incubation phase. We euthanized animals from each 
genotype at 4 months postinoculation (mpi) (n =  2) 
and 10 mpi (n = 2 ARQ/ARQ sheep and n = 3 ARR/
ARR sheep).

We observed clinical signs compatible with TSE 
disease in the remaining c-BSE–exposed ARQ/ARQ 
animals after 19 mpi and ARR/ARR animals after 
48 mpi. We euthanized those animals upon showing 
locomotor difficulties (ARQ/ARQ at 20 mpi, ARR/
ARR at 50 mpi). At necropsy, we collected brain, spi-
nal cord, and a panel of lymphoid tissues.

Irrespective of the genotype, Western blotting 
confirmed the presence of PrPres in the posterior brain-
stem of each animal. The PrPres Western blot banding  
profile displayed the typical features of the BSE 
agent in sheep: a 19-kDa nonglycosylated band, a 
dominant di-glycosylated PrPres band, and an ab-
sence of immunoreactivity to the 12B2 monoclonal 
antibody (Figure 1).

Ovine c-BSE PMCA Detection
PMCA is an in vitro methodology that mimics 
prion replication in an accelerated form, enabling  
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Figure 1. Detection of 
proteinase K–resistant core PrP 
in study of oral transmission 
of classical bovine spongiform 
encephalopathy in ARR/ARR 
sheep. Western blot was used 
for the detection of anti-PrP 
monoclonal antibodies Sha31 
(epitope 145-YEDRYYRE-152) 
or 12B2 (epitope 
89-WGQGG-93). BSE, bovine 
spongiform encephalopathy; ov, 
ovine; PrP, prion protein. 
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amplification of minute amounts of PrPSc and prion 
infectivity (21). To determine the relative sensitivi-
ty of our optimized ovine c-BSE agent amplification 
PMCA protocol, we endpoint titrated a reference 
sample (10% cerebral cortex homogenate from an 
ARQ/ARQ BSE-affected sheep) by using a bioassay 
in tgBov mice via an intracerebral inoculation route 
(Appendix Table, http://wwwnc.cdc.gov/EID/
article/31/12/25-0501-App1.pdf) and by PMCA by 
using substrates from ovine ARQ PrP-expressing 
mice (tgARQ/tgShXI).

The infectious prion titer of the sheep-passaged 
c-BSE isolate was ≈107.2 LD50/mL IC in tgBov mice. 
Amplification of a 10-fold serial dilution of the same 
sample (12 individual replicates per dilution point) 
demonstrated that 2 PMCA rounds (24 h/round) 

were sufficient to reach the maximal sensitivity level 
of the assay. Additional PMCA rounds neither im-
proved the analytical sensitivity of the assay nor in-
creased the number of positive replicates (Appendix 
Figure). The estimated prion seeding titer (SA50) was 
≈1010.13 SA50/mL by using tgARQ as substrate. Con-
sidering that mice were inoculated by using a 4-fold 
higher amount of material compared with the mate-
rial used to seed PMCA reactions, this methodology 
can be considered ≈1,500-fold more sensitive than the 
bioassay in tgBov mice.

c-BSE Agent Levels in Solid Tissues and Blood
We used the optimized PMCA protocol to character-
ize the levels of prion seeding activity in the central 
nervous system (CNS), lymphoid tissues, and blood 
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Figure 2. Protein misfolding cyclic amplification (PMCA) seeding activity levels in ARR/ARR and ARQ/ARQ sheep tissues after classical 
bovine spongiform encephalopathy challenge in study of oral transmission of classical bovine spongiform encephalopathy in ARR/ARR 
sheep. A) ARQ/ARQ sheep. B) ARR/ARR sheep. Protein misfolding cyclic amplification products were analyzed by using Western blot 
for proteinase K–resistant core prion protein detection. Each symbol represents a different animal and the associated tissue tested. 
Cerv, cervical; duo, duodenum; jeju, jejunum; LN, lymph node; lumb, lumbar; med, medial; mesen, mesenteric; Neg, negative; pp, 
Peyer’s patches; prescap, prescapular; thor, thorasic.
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collected from the c-BSE orally challenged lambs. We 
stored leukocytes isolated from blood samples col-
lected from all the c-BSE-challenged animals during 
their incubation period (5 mL original blood equiv-
alent) as dry pellets. We prepared 10-fold dilution 
series from the different samples collected from the 
ARR/ARR and ARQ/ARQ sheep, either 10% tis-
sue homogenates or leukocyte pellets homogenized 
in PMCA buffer, and subjected them to 2 rounds of 
PMCA (Figure 2). We tested the presence of PrPres in 
the amplification products from each round by West-
ern blot (Figures 3 and 4).

ARQ/ARQ Lambs
We detected seeding activity in all the tested lym-
phoid organs as early as 4 mpi. In older lambs (10 
mpi and clinically affected animals), prion seeding 
activity in the lymphoid tissues was generally 1–4 
log10 higher than those observed in 4-month-old ani-
mals. However, in Peyer’s patches, spleen, and ton-
sil, the levels of seeding activity detected at 10 mpi 
were higher than those measured at the clinical stage 
of the disease. In the CNS, seeding activity was first 
observed in lambs euthanized at 10 mpi. The levels 
of seeding activity in the CNS increased by 1–2 log10 

in clinically affected animals (20 mpi). Of note, at the 
clinical stage of the disease, seeding activity in spleen, 
tonsil, and lymph nodes was equivalent to activity 
levels detected in the spinal cord and ≈2 log10 lower 
than observed in the posterior brainstem. In the blood 
of some animals, c-BSE seeding activity was detected 
as early as 2 months of age, and all animals tested at 
4 months or older showed detectable levels of prion 
seeding activity in leukocyte samples.

ARR/ARR Lambs
We observed low but consistent levels of seeding ac-
tivity in the tonsil or cecal Peyer’s patches of the 2 eu-
thanized 4 mpi animals. At 10 mpi, we detected seed-
ing activity in most of the tested lymphoid organs in 
2 of 3 lambs. At those stages, we detected no seed-
ing activity in the tested CNS samples. At the clini-
cal stage of the disease (50 mpi), we detected prion 
seeding activity in the posterior brainstem and spinal 
cord segments of the 3 tested sheep. We detected no 
seeding activity in the leukocytes collected at 1–10 
months of age. We found positive seeding activity in 
3 of 5 animals tested at 10 months of age. In animals 
>20 months of age, BSE seeding activity was detected 
in all the tested leukocyte samples.
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Figure 3. Detection of proteinase K–resistant core prion protein after 2 PMCA rounds of ARR/ARR and ARQ/ARQ sheep tissues after 
classical BSE challenge in study of oral transmission of BSE in ARR/ARR sheep. A) ARQ/ARQ sheep samples. B) ARR/ARR sheep 
samples. Western blot results from protein misfolding cyclic amplification products showing a detectable proteinase K–resistant core 
prion protein in >2 of 4 replicates for each tissue and animal. BSE, bovine spongiform encephalopathy; LN, lymph node; mesen, 
mesenteric; mpi, months postinoculation; prescap, prescapular.
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Of note, seeding activity in the CNS of the ARR/
ARR sheep was similar to those observed in affected 
ARQ/ARQ animals (20 mpi). At that point, we also 
detected seeding activity in most of the lymphoid 
organs. However, the levels of seeding activity were 
generally 1–3 log10 lower than those observed in the 
same tissues of the ARQ/ARQ affected animals.

In both ARR/ARR (10 mpi and older) and ARQ/
ARQ (3 mpi and older) animals, the level of seeding 
activity associated with leukocyte displayed a rapid 
increase and then a plateau that maintained during 
the clinical phase. At the plateau, the levels of seed-
ing activity in the ARR/ARR sheep leukocyte were 

generally lower (limit of dilution 10−1 to 10−2) than in 
the ARQ/ARQ sheep (limit of dilution 10−2 to 10−3).

Strain Properties and Zoonotic Potential
To characterize the potential effect of passage in ARR/
ARR sheep on the strain properties of the original BSE 
prions, we transmitted 1 ARR/ARR and 1 ARQ/ARQ 
isolate (both from clinical-stage sheep, prepared as 
10% posterior brainstem homogenates) to tgBov mice 
and performed 2 iterative passages (Table 1). On first  
passage, we observed some differences in survival 
time between the mice. However, after second pas-
sages, the survival times associated with the 2 ovine 
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Figure 4. Protein misfolding 
cyclic amplification seeding 
activity levels in leukocytes of 
orally challenged ARR/ARR and 
ARQ/ARQ sheep in study of oral 
transmission of classical bovine 
spongiform encephalopathy in 
ARR/ARR sheep. A) ARQ/ARQ 
sheep. B) ARR/ARR sheep. We 
euthanized sheep at 4 mpi, 10 
mpi, or at the clinical stage of 
infection. Leukocytes from 5 mL 
of whole blood collected at each 
month from birth until euthanasia 
were used to seed quadruplicate 
protein misfolding cyclic 
amplification reactions with a 10% 
wt/vol serial dilution from 10−1 to 
10−5. Each symbol represents 
a different animal. mpi, months 
postinoculation; neg, negative.

 
Table 1. Results of intracerebral inoculation of transgenic mice expressing bovine prion protein with a panel of bovine and ovine prion 
isolates in a study of oral transmission of classical bovine spongiform encephalopathy in ARR/ARR sheep* 

Inoculum 
Passage 1 

 
Passage 2 

No. positive/no. tested Survival, dpi ±SD No. positive/no. tested Survival, dpi ±SD 
Cattle BSE 6/6 295 ±12  6/6 265 ±35 
ARQ Ov-BSE 6/6 229 ±11  6/6 237 ±5 
ARR Ov-BSE 6/6 375 ±78  6/6 238 ±9 
Negative brain 0/6 >750  0/6 >750 
Phosphate buffered saline control 0/6 >750  0/6 >750 
*BSE, bovine spongiform encephalopathy; dpi, days postinoculation; ov, ovine.  
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BSE isolates converged, and the vacuolar lesion pro-
files observed in the brains of all inoculated mice 
were identical to those observed in tgBov mice in-
oculated with cattle c-BSE isolates (Figure 5). Those 
results support the conclusion that passage of the 
c-BSE agent in ARR/ARR sheep did not alter its  
strain phenotype.

We examined the capacity of c-BSE agents origi-
nating directly from cattle or after passage in ARQ/
ARQ- and ARR/ARR-genotype sheep to replicate in 
humanized mice that overexpress the 3 main human 
PrP codon-129 variants: tgMet (Table 2), tgVal (Table 
3), and tgMet/Val (Table 4). We used the same inocu-
lum used for the tgBov experiment. We detected no 
transmission events (clinical disease or PrPres deposi-
tion) in tgVal or tgMet/Val mice after 2 serial intra-
cerebral passages with any of the 3 c-BSE sources. In 
tgMet mice, first-passage transmission was most ef-
ficient with the ARQ/ARQ-derived inoculum (4/6 
mice, mean survival 560 ± 83 dpi), whereas only sin-
gle, very late cases were seen with the cattle (1/6, sur-
vival >750 dpi) and ARR/ARR (1/7, survival 737 dpi) 

isolates. After a second passage the overall attack rate 
increased for all groups, but subtle kinetic differences 
remained: ARQ/ARQ BSE produced 100% transmis-
sion (6/6, mean survival 569 ± 55 dpi), cattle-derived 
BSE 50% transmission (3/6, mean survival 572 ± 64 
dpi), and ARR/ARR BSE 83% transmission (5/6, 
mean survival 616 ± 83 dpi). Nevertheless, the PrPres 
glycoform profile of all positive tgMet brains was in-
distinguishable across isolates (Figure 6), indicating 
that strain properties converged after adaptation.

Our observations demonstrate that passage 
through ARR/ARR sheep does not abolish the zoo-
notic capacity of c-BSE but appears to impose a mod-
est additional barrier. That barrier is manifested by 
a lower first-passage attack rate and a slight prolon-
gation of incubation time relative to the ARQ/ARQ 
derived agent.

Discussion
The efficient transmissions observed in orally chal-
lenged ARR/ARR animals demonstrate that this gen-
otype does not provide substantial resistance against 
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Figure 5. Transmission of ARR/ARR and ARQ/ARQ ovine c-BSE to tgBov mice in study of oral transmission of c-BSE in ARR/ARR 
sheep. A) Vacuolar lesion profiles in tgBov mice inoculated with ARQ/ARQ and ARR/ARR c-BSE isolates. B) Profiles from tgBov 
mice inoculated with cattle-derived c-BSE were used as controls. Lesion scoring evaluated 9 grey matter regions and 3 white matter 
regions. White triangles represent mice inoculated with ARQ/ARQ c-BSE isolates. Black triangles represent mice inoculated with ARR/
ARR c-BSE isolates. Black circles represent mice inoculated with cattle-derived c-BSE isolates. c-BSE, classical bovine spongiform 
encephalopathy; G, grey matter region; tgBov, bovine prion protein–expressing mice; W, white matter region. 

 
Table 2. Intracerebral inoculation of tgMet humanized mice with a panel of human, bovine, and ovine prion isolates in a study of oral 
transmission of classical bovine spongiform encephalopathy in ARR/ARR sheep* 

Isolate 
Passage 1 

 
Passage 2 

No. positive/no. tested Survival, dpi ±SD No. positive/no. tested Survival, dpi ±SD 
Cattle BSE 1/6† >750  3/6 572 ±64 
ARQ Ov-BSE 4/6 560 ±83  6/6 569 ±55 
ARR Ov-BSE 1/7 737  5/6 616 ±83 
Negative brain 0/12 >750  0/12 >750 
Phosphate buffered saline control 0/18 >800  0/12 >650 
*BSE, bovine spongiform encephalopathy; dpi, days postinoculation; ov, ovine. 
†Abnormal prion protein isoform positive brain in a found dead animal without clinical manifestations of transmissible spongiform encephalopathies. 
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the ovine c-BSE agent. Our results strongly contrast 
with those previously obtained in ARR/ARR and 
ARR/ARQ sheep orally challenged with cattle c-BSE, 
where no clinical signs and no or limited PrPSc accu-
mulation has been evidenced, whereas positive trans-
mission occurred in ARQ/ARQ sheep (22–24).

The inoculation doses used in this study (5 g 
of brain equivalent material) were similar to those 
used in studies that concluded the absence of cattle 
c-BSE transmission through the oral route in ARR/
ARR sheep. However, in the absence of an endpoint 
titration establishing the c-BSE titer in our inoculum, 
the hypothesis that differences in the infectious titer 
in the inoculum account for, or at least contribute to, 
the discrepancies observed between studies cannot  
be ruled out.

In sheep, the age at the time of inoculation does 
appear to affect the efficacy of c-BSE transmission in 
orally exposed ARQ/ARQ sheep (25). Transmission 
efficiency is much higher in animals challenged be-
fore weaning (<3 weeks) than in animals inoculated 
after weaning (>3 months). In our study, lambs were 
orally challenged 24 hours after birth and at the age of 
2 weeks, whereas in previous studies, where no c-BSE 
transmission to ARR/ARR animals was observed, the 
age at inoculation varied from 3–6 months (26,27) or 
5–8 months (22).

Experimental oral exposure early after birth is po-
tentially more relevant to a scenario where maternal 
lateral transmission (via milk and contact with placen-
ta) would play a central role in the disease transmis-
sion, as observed in classical scrapie–infected flocks 
(28,29). Experimental oral challenge after weaning is 
certainly a relevant model to mimic a scenario where 
sheep would be exposed to the c-BSE agent through 
the ingestion of contaminated feedstuffs (meat  

and bone meal), as observed in cattle during the c-
BSE epidemics.

The last major difference between our transmis-
sion experiment and those reported in previous stud-
ies was the use of an ovine-adapted c-BSE rather than 
cattle c-BSE as inoculum. The apparent higher capac-
ity of ARQ/ARQ sheep-passaged c-BSE (when com-
pared with cattle c-BSE) to cross transmission barriers 
(transmission to porcine and human PrP-expressing 
hosts) is a well-documented phenomenon. The use 
of such ovine-passaged c-BSE as inoculum could, at 
least partly, explain the efficient transmission of the 
c-BSE agent to ARR/ARR sheep.

During the past 20 years, a breeding for resis-
tance policy relying on the progressive increase of 
the ARR allele frequency in sheep has been imple-
mented by certain member states of the European 
Union (EU). That policy’s original objectives were 
to reduce the global incidence of TSEs and to pre-
vent c-BSE emergence and spread in sheep popu-
lations. The most recent analysis of the small ru-
minants’ TSE epidemiologic situation in the EU 
confirmed that the breeding for resistance policy 
is an efficient means to reduce classical scrapie 
prevalence in sheep populations (10). However, the 
transmission of the c-BSE agent to ARR/ARR sheep 
reported in this study suggests that ARR allele se-
lection could have a more limited effect than origi-
nally expected on the risk for c-BSE propagation in 
the sheep population.

At the clinical stage of the disease, the distribu-
tion and levels of c-BSE prions in the peripheral tis-
sues of both ARR/ARR and ARQ/ARQ experimen-
tally challenged animals were broadly similar. The 
main differences observed between both genotypes 
were a slower dissemination of the c-BSE agent in the 
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Table 3. Intracerebral inoculation of tgVal humanized mice with a panel of human, bovine, and ovine prion isolates in a study of oral 
transmission of classical bovine spongiform encephalopathy in ARR/ARR sheep* 

Isolate 
Passage 1 

 
Passage 2 

No. positive/no. tested Survival, dpi ±SD No. positive/no. tested Survival, dpi ±SD 
Cattle BSE 0/6 >750  0/6 >750 
ARQ Ov-BSE 0/6 >750  0/6 >750 
ARR Ov-BSE 0/6 >750  0/6 >750 
Negative brain 0/12 >750  0/6 >750 
Phosphate buffered saline control 0/12 >750  0/6 >750 
*BSE, bovine spongiform encephalopathy; dpi, days postinoculation; ov, ovine. 

 

 
Table 4. Intracerebral inoculation of tgMet/tgVal humanized mice with a panel of human, bovine, and ovine prion isolates in a study of 
oral transmission of classical bovine spongiform encephalopathy in ARR/ARR sheep* 

Isolate 
Passage 1 

 
Passage 2 

No. positive/no. tested Survival, dpi ±SD No. positive/no. tested Survival, dpi ±SD 
Cattle BSE 0/6 >750  NA NA 
ARQ Ov-BSE 0/6 >750  NA NA 
ARR Ov-BSE 0/6 >750  0/6 >750 
Negative brain 0/12 >750  0/6 >650 
Phosphate buffered saline control 0/12 >750  0/6 >650 
*BSE, bovine spongiform encephalopathy; dpi, days postinoculation; NA, not available; ov, ovine. 
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organism and a longer incubation period in the ARR/
ARR animals.

In the humanized transgenic mouse panel, 
both ARR/ARR- and ARQ/ARQ-derived c-BSE 
remained transmissible to mice expressing methio-
nine 129 human PrPC, confirming that neither ovine 
genotype eliminates zoonotic potential. However, 
the ARR/ARR isolate exhibited modestly reduced 
transmission efficiency, evident as a lower pri-
mary attack rate and longer mean survival times, 
compared with its ARQ/ARQ counterpart. Those 
kinetic differences were largely lost after a single 
adaptation passage, however, suggesting that once 

the species barrier is crossed, the underlying strain 
behaves similarly. 

In 2001, specific risk material (SRM) measures 
were implemented throughout the EU, consisting of 
the systematic removal of cattle and small ruminants’ 
tissues susceptible to contain critical levels of prion 
infectivity from the food and feed chains. The SRM 
measures are key for ensuring the protection of con-
sumers against exposure to prions present in farmed 
animals. Current SRM measures applied to small ru-
minants in the EU consist of the removal of the spleen 
and the ileum and, in animals over 12 months of age, 
the skull (including the eyes and brain), spinal cord, 
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Figure 6. Western blot detection of 
proteinase K–resistant core PrP in 
the brains of tgBov, tgMet, (tgVal), or 
tgMet/Val mice inoculated with ARR/
ARR or ARQ/ARQ c-BSE isolates in 
a study of the oral transmission of 
c-BSE in ARR/ARR sheep. A) ARQ/
ARQ sheep. B) ARR/ARR sheep. 
Original c-BSE isolates from ARQ/
ARQ or ARR/ARR sheep and a 
scrapie isolate were included as 
controls. Proteinase K–resistant 
core PrP was detected by using 
the monoclonal Sha31 anti-PrP. 
c-BSE, classical bovine spongiform 
encephalopathy; pass, passage; 
PrP, prion protein; tgBov, transgenic 
mice bovine PrP–expressing mice; 
tgMet, transgenic mice expressing 
human Met129; tgMet/Val, 
transgenic mice expressing human 
Met/Val129; tgVal, transgenic mice 
expressing human Val129.
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and tonsils. Because of the large distribution of TSE 
infectivity in the lymphoid tissues of small ruminants, 
SRM measures applied to sheep and goats are consid-
ered to have a more limited effect on the protection of 
consumers than they have in the cattle c-BSE context 
(30). However, mathematical modeling of the effect 
of the SRM measures on the different prion diseases 
susceptible to occur in small ruminants (atypical scra-
pie, classical scrapie, and c-BSE) confirmed the strong 
positive effect of the SRM measures on the final con-
sumer exposure to these different prions (31).

In conclusion, although the capacity of the c-BSE 
agent to propagate in ARR/ARR sheep can be consid-
ered unfortunate news, the continuation of the TSE 
surveillance and SRM measures currently in force for 
small ruminants in the EU will continue to ensure ef-
ficient protection against the risk for exposure to this 
zoonotic agent. c-BSE infection in ARR/ARR sheep 
can still pose a public-health risk, but the quantitative 
probability of successful cross-species transmission 
might be lower than transmission associated with 
ARQ/ARQ sheep cases.
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Scrapie is a fatal infectious neurodegenerative dis-
ease inherent to sheep and goats that falls within 

the spectrum of transmissible spongiform encepha-
lopathies (TSEs) or prion diseases. Of note, various 
mammals, including cattle with bovine spongiform 
encephalopathy (BSE), mink with transmissible 
mink encephalopathy, cervids with chronic wast-
ing disease, and humans with Creutzfeldt-Jakob 
disease, can also succumb to TSEs. The hallmark of 
those diseases is posttranslational conversion of the 

host cellular prion protein (PrP), PrPC, into a mis-
folded pathologic isoform causing scrapie, PrPSC, 
which accumulates within the central nervous sys-
tem of affected individuals (1).

Infection with TSEs in an organism is influenced 
by 2 main factors: the similarity between the primary 
PrP sequence of the host (recipient) and the donor 
(inoculum), and the prion strain (2). Together, those 
factors define the concept of the transmission barrier. 
Sheep and goats share the same PrP primary sequence, 
although polymorphisms differ between the animals. 
In sheep, high susceptibility to classical scrapie is as-
sociated with the V136R154Q171 and A136R154Q171 alleles, 
whereas the A136R154R171 genotype is linked to resis-
tance (3–8). To control and decrease classical scrapie 
in sheep, European Union member states have estab-
lished breeding programs on the basis of the selection 
of the resistant A136R154R171 allele, although the variant 
does not confer resistance against the atypical/Nor98 
scrapie strain (9). In goats, some polymorphisms, 
such as I142M (10–13) and N146S (14), have been associ-
ated with resistance to scrapie infection.

The most promising results of studies were in 
regard to goat-resistant polymorphisms for the goat 
Q222K polymorphism. The lysine allele (K222) was first 
reported to confer resistance in Italy (15,16), and simi-
lar results were later found in France (10) and Greece 
(17,18). Cell-free conversion assays also indicated 
that K222 provides protection against the ME7 scrapie 
strain (19). Experimental studies in goats found that 
heterozygous Q/K222 and homozygous K222 goats ei-
ther showed resistance to classical scrapie or exhibit-
ed clear delays in incubation times after intracerebral 
or oral inoculation (20–23) and reduced contribution 
of K222 to proteinase K–resistant PrP (PrPres) formation 
in Q/K222 heterozygous goats infected with scrapie 
(24). In addition, Q/K222 heterozygous goats were 
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Classical scrapie affects sheep and goats. To control 
prevalence in sheep, the European Union initiated 
breeding programs targeting resilient genotypes. Al-
though certain goat polymorphisms, such as Q222K, are 
linked to resistance, specific breeding programs have 
not been implemented. Hemizygous transgenic mice 
carrying the goat K222 cellular prion protein (PrP) allele 
(K222-Tg516) exhibited resistance to several classical 
scrapie isolates. We inoculated homozygous K222-Tg516 
and Q222-Tg501 mice with various scrapie isolates. Ho-
mozygous K222-Tg516 mice reached the end of their 
lifespan without exhibiting clinical signs; we observed 
brain proteinase K–resistant PrP accumulation in those 
mice that was lower than in Q222-Tg501 mice. Histologi-
cally, K222-Tg516 brains lacked prion-related lesions, 
except for the presence of few isolated scrapie PrP 
plaques in cases of isolates highly adapted to the K222-
PrPC environment. Our findings caution against includ-
ing that polymorphism in breeding programs, because 
it could lead to emergence of asymptomatic silent prion 
carriers of classical scrapie among goat populations.
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found to harbor a relative abundance of the natural 
α-cleaved PrPC fragment C1, which has also been 
detected in classical scrapie-resistant R171 sheep (25). 
Furthermore, Q/K222 heterozygous goats inoculated 
with goat BSE showed neither evidence of clinical 
prion disease nor PrPSc accumulation in the brain or 
peripheral tissues (26,27), but low infectivity was de-
tected after long postinoculation times (26). Finally, 
1 goat harboring the K222-PrPC variant tested positive 
for atypical/Nor98 scrapie, indicating that the geno-
type may still be susceptible to this scrapie strain (28). 
All those results were replicated using a hemizygous 
transgenic mouse line expressing the K222-PrPC allele, 
which was found to be resistant to several classical 
scrapie isolates and cattle BSE, while susceptible to 
goat or sheep BSE and atypical scrapie (29,30).

We conducted our study on the transgenic ho-
mozygous mouse line, along with its control coun-
terpart harboring the wild-type glutamine allele 
(Q222). We intracranially inoculated the mice with 
several isolates representative of different categories 
of classical scrapie strains to test whether animals 
still remained uninfected, as previously reported 
(29), or if they mimicked the results found in homo-
zygous goats (22).

Methods

Ethics Considerations
We performed animal experiments in strict accordance 
with the recommendations included in the guidelines 
of European Community Council 2010/63/UE and 
made all efforts to minimize animal suffering. The 
Committee on the Ethics of Animal Experiments of 
the Instituto Nacional de Investigación y Tecnología 
Agraria y Alimentaria and the General Directorate of 
the Madrid Community Government approved the 
study (permit nos. CEEA 2011–050, PROEX 263/15).

Prion Transmission Studies
We intracranially inoculated 20 μL of 10% (wt/vol) 
brain homogenate from previously characterized 
classical scrapie isolates (Table 1) into the right pa-
rietal lobe of 5–7 transgenic mice (6–7 weeks old), 
which expressed either the wild-type goat PrPC (Q222-
Tg501) or the K222-PrPC variant (K222-Tg516) (29,30) in 
homozygosity. PrPC expression levels of both mice 
lines were 2- to 4-fold the physiologic levels found in 
goat brain (29). We used a 25-gauge disposable hypo-
dermic needle to inoculate animals while they were 
anesthetized with isoflurane.

After inoculation, we monitored mice daily and 
assessed their neurologic status twice a week. We 

euthanized animals when the progression of pri-
on disease was evident, at the end of their lifespan 
(around 650 days postinoculation), or at previously 
established endpoints as part of a kinetic study. We 
harvested mouse brains and sliced them sagittally. 
We fixed half of each brain in 10% buffered forma-
lin for histopathologic analysis and homogenized the 
remaining portion as 10% (wt/vol) in 5% glucose to 
detect PrPres by Western blot.

We calculated survival time as the mean number 
days postinoculation for all mice that tested positive 
for PrPres in the brain, with the SD included. We ex-
pressed attack rate as the proportion of PrPres-positive 
mice among all the inoculated mice.

Western Blotting
We homogenized mouse brain tissue in 5% glucose 
solution in distilled water using grinding tubes (Bio-
Rad Laboratories, https://www.bio-rad.com) and 
adjusted to 10% (wt/vol) using a TeSeE Precess 48TM 
homogenizer (Bio-Rad) according to the manufac-
turer’s instructions. We determined PrPres presence 
in transgenic mouse brains by Western blot analysis 
of 10–100 µL of 10% (wt/vol) brain homogenate, as 
previously described (32). We incubated membranes 
with the Sha31 monoclonal antibody (mAb) (33), 
which recognizes the 148YEDRYYRE155 epitope of the 
goat PrP sequence. We detected immunocomplexes 
with horseradish peroxidase-conjugated mouse IgG 
(GE HealthCare, https://www.gehealthcare.com) 
after 1 hour of incubation. We visualized immunore-
activity by chemiluminescence with ECL Select (GE 
HealthCare). We captured images using ChemiDoc 
XRS + System (Bio-Rad) and processed them using 
Image Lab 5.2.1 software (Bio-Rad).

Histologic Analysis
To analyze brain tissue, we trimmed and dehydrated 
formalin-fixed brains, embedded them in paraffin wax, 
and cut 4-μm slices. We dewaxed and rehydrated the 
specimens by standard procedures. We established 
the vacuolar lesion profile of the brains in accordance 
with published standard methods and semiquantita-
tively scored vacuolation on a scale of 0–5 in different 
brain areas (34,35).

For immunohistochemical (IHC) demonstration 
of PrPSc accumulation, tissue sections underwent an-
tigen retrieval and hydrogen peroxide quenching as 
previously described (36). We incubated the sections 
with 2A11 mAb (37), which recognizes the 163QVYYR-
PVDQ171 epitope of the goat PrP sequence. Subse-
quently, we subjected the sections to antigen retrieval 
and inactivation of endogenous peroxidase activity 
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before incubating them with the 2A11 mAb. We used 
a commercial immunoperoxidase technique (VECTA-
STAIN Elite ABC Kit; Vector Laboratories, https://
vectorlabs.com), according to the manufacturer’s 
instructions. Finally, we counterstained the sections 
with Mayer’s hematoxylin. We used the Sha31 mAb 
(33) for paraffin-embedded tissue blotting, as previ-
ously described (38,39).

Results

Homozygous K222-Tg516 Mice and Resistance  
to Classical Scrapie PrPSc 
We intracranially inoculated homozygous K222-Tg516 
with classical scrapie isolates (Table 1) previously 
characterized as representative of different prion 
strains circulating in Europe (31, 40). Although all 
mice expressing the wild-type goat PrP (Q222-Tg501) 
developed recognizable prion disease, K222-Tg516 
mice reached the end of their lifespan without show-
ing clinical signs indicative of prion disease (Table 2). 
After second passage, survival times were still pro-
longed, even reaching the end of the mice’s lifespan 
again (Table 2). However, in both first and second 
passages, Western blot analysis showed the presence 
of PrPres in the brains of K222-Tg516 animals inoculated 
with the different classical scrapie isolates (Figure 1, 
panel A). For the 198/9 and S2 isolate, the percent-
age of PrPres-positive animals in the first passage was 
not 100% of the inoculated animals (Tables 2, 3). At 
least for the S2 isolate, 100% of the inoculated mice 

were PrPres-positive by the completion of the second 
passage (Tables 2, 3). Comparison between the PrPres 
signature of the original inoculum and the PrPres ob-
tained molecular mass for the nonglycosylated band, 
depending on the individual (Figure 1, panel A). In 
addition, brain PrPres accumulation in K222-Tg516 mice 
was remarkably reduced compared with that in Q222-
Tg501 mice for most of the inoculated isolates, with 
the exception of F14 and F10 (Figure 1, panel A).

K222-Tg516 PrPres-positive animals exhibited only a 
few vacuolations that were difficult to distinguish from 
those resulting from the physiologic aging process (Fig-
ure 2). Immunohistochemistry of K222-Tg516 mice in-
oculated with CP060146/K222 goat and F10/K222-Tg516 
inocula revealed only a few large and focalized PrPSc 
plaques and lacked any other type of deposits affecting 
neurons or microglia cells (Figures 3, 4). Those PrPSc 
deposits were restricted to the mesencephalon, thala-
mus, and hypothalamus areas (Figures 3, 4). We de-
tected no deposits for the remaining inoculations (data 
not shown). Consistent with our findings, paraffin-em-
bedded tissue blotting showed clear PrPres deposition 
only in K222-Tg516 mice inoculated with CP060146/K222 
goat (Figure 5) and F10/K222-Tg516 inocula (data not 
shown), with deposition to the exact same brain areas 
affected by IHC (Figures 3, 4). We detected no deposits 
for the remaining inoculations (data not shown).

Proteinase K Studies in K222-Tg516 Mice
The differential brain PrPres accumulation observed 
between K222-Tg516 and Q222-Tg501 mice (Figure 1, 
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Table 1. Isolates used in study of classical scrapie prions in homozygous K222 transgenic mice* 

Category Isolate Species Origin 
Goat PrP 
genotype† Description  Supplier 

I 198/9 Sheep Italy wt; S240S Classical scrapie isolate from a 
naturally infected sheep 

ISS 

II S2 Goat Spain wt; S240P Classical scrapie isolate from a 
naturally infected goat 

UNIZAR 

 CP060146 (22) Goat France wt Classical scrapie isolate from an 
experimentally infected goat 

ENVT 

 CP060146/K222 (22) Goat France K222 Classical scrapie isolate from an 
experimentally infected goat 

ENVT 

II + III UKA2 Goat United 
Kingdom 

wt; S240P Classical scrapie isolate from a 
naturally infected goat 

APHA 

 F14 Goat France wt; I142M, S240P Classical scrapie isolate from a 
naturally infected goat 

INRA 

IV F10 Goat France wt; S240P Classical scrapie isolate from a 
naturally infected goat 

INRA 

 C1 Goat Cyprus wt Classical scrapie isolate from a 
naturally infected goat 

VS 

Negative 
control 

Healthy goat brain Goat France wt Brain from a noninfected goat INRA 

*Isolates were classified as previously described (31) on the basis of prion biochemical features when transmitted in transgenic mice expressing the 
bovine PrP (Bo-Tg110) and biologic features transmitted in mice expressing the ovine PrP (Q222-Tg501). APHA, Animal and Plant Health Agency, Surrey, 
United Kingdom; ENVT, École Nationale Vétérinaire de Toulouse, Toulouse, France; INRA, French National Institute for Agricultural Research, Nouzilly, 
France; ISS, Istituto Superiore di Sanitá Animal, Rome, Italy; UNIZAR, Universidad de Zaragoza, Spain; VS, Veterinary Services, Nicosia, Cyprus; wt, 
wild-type.  
†The wt goat prion protein genotype is A136R154P240/A136R154P240. S240S, S240P and I142M refer to polymorphisms at specific codons of the PRNP gene. 
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panel A) can be attributed to 2 alternative hypotheses. 
There could be a genuine reduction in PrPres accumu-
lation for these classical scrapie isolates in K222-Tg516 
mice. Alternatively, the produced PrPres might be 
more susceptible to proteinase K treatment, resulting 
in a weaker Western-blotting signal. To distinguish 
between those 2 possibilities, we performed protein-
ase K resistance analyses using different enzyme con-
centrations in both Q222-Tg501 and K222-Tg516 mice 
inoculated with F10 (which exhibited similar PrPres 
accumulation between K222-Tg516 and Q222-Tg501 
mice) and CP060146 (which showed reduced PrPres 
accumulation in K222-Tg516 mice compared with Q222-
Tg501 mice) isolates. In all cases, proteinase K consis-
tently acted at a concentration of 50 µg/mL (which 
falls within the normal proteinase K concentration 
range for routine Western blotting); we observed the 
same pattern and signal intensity at a concentration of 

500 µg/mL (Figure 6). However, protease action did 
not achieve proper PrPres resolution at concentrations 
of 1 µg/mL and 0.1 µg/mL (Figure 6). Those results 
suggest that both isolates, when replicating in either 
Q222-PrPC or K222-PrPC contexts, retain the same pro-
teinase K sensitivity. Thus, the differences in Western 
blotting signals detected previously (Figure 1, panel 
A) truly account for reduced brain PrPres accumula-
tion in K222-Tg516 mice.

Transmission in K222-Tg516 Mice and Host-Induced 
Reversible Strain Adaptations
After the second passage in K222-Tg516 mice or adap-
tation in a K222 homozygous goat, F10 and CP060146 
isolates were transmitted back into Q222-Tg501 mice 
(Table 3). The purpose of those inoculations was to 
determine whether replication in the K222 context re-
sulted in host-induced reversible adaptations of the 
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Table 2. Transmission of classical scrapie isolates to Q222-Tg501 homozygous mice and survival of mice in study of classical scrapie 
prions in homozygous K222 transgenic mice* 

Category Isolate 

1st passage 

 

2nd passage 
Mean survival 
time ± SD, d 

No. diseased and PrPres-
positive/no. inoculated 

Mean survival 
time ± SD, d 

No. diseased and PrPres-
positive/no. inoculated 

I 198/9 592 ± 13 6/6  536 ± 46 5/5 
II S2 228 ± 15 6/6  233 ± 4 6/6  

CP060146 379 ± 31 5/5  ND NA  
CP060146/K222 goat 415 ± 40 6/6  ND NA 

II + III UKA2 245 ± 36 5/5  252 ± 8 6/6  
F14 526 ± 46 4/4  241 ± 22 4/4 

IV F10 449 ± 19 5/5  372 ± 14 6/6  
F10/K222-Tg516 495 ± 26 3/3  ND NA  

C1 483 ± 15 4/4  301 ± 10 4/4 
Negative control Healthy goat brain >650 0/6†  >650 0/6† 
*NA, not available; ND, not done; PrPres, proteinase K–resistant PrP. 
†Animals were found dead or were euthanized at the end of their lifespan without showing clinical signs of classical scrapie. 

 

Figure 1. Proteinase K–resistant PrP (PrPres) accumulation in brains of K222-Tg516 and Q222-Tg501 homozygous mice in study of 
propagation of classical scrapie prions. A) Comparison of the biochemical profile of brain PrPres from classical scrapie isolates in  
K222-Tg516 mice with that in Q222-Tg501 mice using Sha31 monoclonal antibody. Exposure time and dilution factor are specified.  
B) Comparison of the biochemical profile of brain PrPres of CP060146 and F10 isolates of classical scrapie, before (left) and after (right) 
adaptation to the K222-PrPC context, in Q222-Tg501 mice, using the Sha31 monoclonal antibody. Molecular weight markers are indicated 
on the right side of each band.
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strain, including changes in prion strain characteris-
tics such as biologic properties (mean survival time 
and proportion of PrPres-positive animals) and bio-
chemical properties (brain PrPres accumulation and 
PrPres glycosylation pattern). In both cases, the surviv-
al times were comparable to those observed for the 
primary transmission of the same inocula in Q222-
Tg501 mice. Specifically, survival time was 449 + 19 
days (5/5) for the original F10 inoculum from a wild-
type goat versus 495 + 26 days (3/3) after adaptation 
in K222-Tg516 mice and 379 ± 31 days (5/5) for the 
original CP060146 inoculum from a wild-type goat 
versus 415 + 40 days (6/6) after adaptation in a K222 
goat (Table 2). The PrPres signatures obtained were 
identical to those observed after the primary trans-
mission of these isolates in Q222-Tg501 mice (Figure 
1, panel B).

Differences between K222 and Q222 PrPres  
Formation Kinetics 
Once we confirmed the lower brain PrPres accumula-
tion in K222-Tg516 mice compared with the Q222-Tg501 

control counterparts, we conducted kinetic studies 
on PrPres formation in both transgenic lines using the 
goat isolates F10 and CP060146, which had been pre-
viously adapted for propagation in a K222-PrPC con-
text. Of interest, both K222 and Q222-PrPres appeared at 
equal levels by 300 days postinoculation (Figure 7). 
However, Q222-PrPres accumulation continued to in-
crease steadily until the time of death, whereas K222-
PrPres remained at low levels throughout the lifespan 
of the mice (Figure 7).

Discussion
Previous studies conducted in heterozygous Q/K222 
and homozygous K222 goats (20–23), as well as in 
hemizygous K222-Tg516 mice (29), have highlighted 
the Q222K polymorphism as one of the most promising 
candidates for reducing prion disease transmission in 
goats. Although the K222 allele has been consistently 
reported in certain countries in Europe, such as Italy 
(15,16), France (10), and Greece (17,42), in other coun-
tries, such as the United Kingdom, the polymorphism 
has been reported as infrequent (43). However, once 
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Table 3. Transmission of classical scrapie isolates to K222-Tg516 homozygous mice in study of classical scrapie prions in homozygous 
K222 transgenic mice* 

Category Isolate 

1st passage 

 

2nd passage 
Mean survival 
time ± SD, d 

No. diseased and PrPres-
positive/no. inoculated 

Mean survival 
time ± SD, d 

No. diseased and PrPres-
positive/no. inoculated 

I 198/9 >650 1/6†  ND NA 
II S2 >650 3/4†  >650 7/7†  

CP060146 >650 5/5†  >650 5/5†  
CP060146/K222 goat >650 4/4†  >650 6/6† 

II + III UKA2 >650 4/4†  >650 5/5†  
F14 >650 4/4†  >650 5/5† 

IV F10 >650 6/6†  >650 5/5†  
F10/K222-Tg516 >650 5/5†  >650 6/6†  

C1 >650 7/7†  ND NA 
Negative control Healthy goat brain >650 0/6†  >650 0/6† 
*NA, not available; ND, not done; PrPres, proteinase K–resistant PrP. 
†Animals were found dead or euthanized at the end of their lifespan without showing clinical signs of classical scrapie. 

 

Figure 2. Histologic analysis 
of brain tissue from K222-Tg516 
homozygous mice inoculated 
with classical scrapie in study of 
propagation of classical scrapie 
prions. Comparative analysis 
shows the vacuolar lesion profile 
in homozygous K222-Tg516 
mice inoculated with different 
scrapie isolates compared with 
noninoculated mice. G, gray 
matter; W, white matter. 
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the supposed protective effect against prion diseases 
is confirmed, the frequency of the K222 allele could 
increase across different countries through selective 
breeding programs.

Transgenic mice expressing K222-PrPC in homo-
zygosity emerge as the optimal tool for definitively 
testing the susceptibility or resistance that allele con-
fers to prions. Our model enables the testing of mul-
tiple prion strains more rapidly and cost-effectively 
than the model using goats. In our study, classical 
scrapie isolates representing different classical scra-
pie strains circulating within Europe (40–42) were 
selected and used to challenge homozygous K222-
Tg516 mice.

Once the expression level is increased, homozy-
gous K222-Tg516 mice become susceptible to all test-
ed classical scrapie isolates (Table 3). The K222-PrPC 
variant is capable of sustaining PrPSc replication 
even in the absence of the Q222-PrPC variant, which 

was identified as responsible for most accumulated 
brain PrPres in Q222K heterozygous goats (24). Fur-
thermore, K222-Tg516 mice exhibit consistently lower 
brain PrPres accumulation than Q222-Tg501 mice (Fig-
ure 1). The explanation that K222-PrPres is more sensi-
tive to proteinase K treatment and so reduced detec-
tion of brain PrPres accumulation has been ruled out 
(Figure 6). Therefore, we recommend careful analy-
sis of the general features and behavior of classical 
scrapie K222-PrPres.

K222-Tg516 mice inoculated with classical scrapie 
did not develop typical prion pathology and showed 
no clinical signs of prion disease, which suggests that 
classical scrapie K222-PrPres might not be toxic or might 
not induce the signaling pathways leading to neuro-
nal death. Those conclusions are not only caused by 
insufficient time for the onset of neuronal death path-
ways within the animal lifespan; second passages in 
K222-Tg516 yielded identical results to the first ones.  
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Figure 3. Immunohistochemistry results of brain tissue in study of propagation of classical scrapie prions. Images are of tissue 
specimens from K222-Tg516 mice inoculated with F10 goat scrapie isolate at second passage. Results are visualized using the Sha31 
monoclonal antibody. A) Thalamus specimen. B) Hippocampus specimen. C) Midbrain specimen. Original magnification ×40.

Figure 4. Immunohistochemistry 
results of brain tissues in study 
of propagation of classical 
scrapie prions. Images are of 
tissue specimens from K222-
Tg516 mice inoculated with 
CP060146/K222 goat isolate. 
Results are visualized using the 
Sha31 monoclonal antibody. 
A) Hippocampus specimen 
tested at first passage. B) 
Midbrain specimen tested at 
first passage. C) Hippocampus 
specimen tested at second 
passage. D) Midbrain specimen 
tested at second passage.
Original magnification ×40. 
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However, we noted that the lower brain PrPres accu-
mulation in K222-Tg516 animals could lead to a mis-
interpretation of those results. The reduced accumu-
lation might reflect insufficient replication within the 
animal’s lifespan, possibly caused by consistently low 
replication rates, as suggested by our kinetic experi-
ments, or by more efficient clearance of PrPres aggre-
gates. Those factors could explain why transmission 
does not necessarily result in prion disease, highlight-
ing a dissociation between infectivity and toxicity of 
classical scrapie K222-PrPres.

All circulating prion strains must be con-
sidered in the design of breeding selection pro-
grams. Programs aimed at controlling and reduc-
ing classical scrapie in sheep, implemented by 
EU member states, have identified sheep herds 
that are more susceptible to atypical/Nor98  

scrapie (44). In our study, K222-Tg516 mice died 
without exhibiting overt clinical signs after  
inoculation with different classical scrapie isolates; 
we found that PrPres accumulated in their brains 
(Table 1). Of note, K222-derived PrPres retained in-
fectivity when transmitted back to Q222-Tg501 mice, 
recovering the strain characteristics observed in the 
original inocula. Our findings suggest that, under 
the experimental conditions we established, the 
K222 allele does not confer full resistance to classical 
scrapie agents.

Of interest, the reversibility of strain features ob-
served upon reinoculation of K222-derived PrPres into 
Q222-Tg501 mice is reminiscent of the phenomenon of 
nonadaptive prion amplification as described previ-
ously (45). In that model, PrPSc can replicate transiently 
in a nonpermissive host without inducing a permanent 
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Figure 5. Paraffin-embedded tissue blotting results of brain tissues in study of propagation of classical scrapie prions. Images are of 
brain specimens from 3 distinct K222-Tg516 mice inoculated with CP060146/K222 goat isolate. Results are visualized with the Sha31 
monoclonal antibody. A) Cerebellum specimens. B) Thalamus specimens. C) Hippocampus specimens. D) Cerebral cortex specimens. 
Proteinase K–resistant prion protein is visible as dark staining in similar brain regions in the 3 mice. Original magnification ×20.
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adaptation of the strain. Our data are consistent with 
that concept; the classical scrapie agents replicated in 
K222-Tg516 mice but reverted to their original biochemi-
cal and biologic properties upon passage back into a 
permissive Q222 context. That interpretation reinforces 
the view that the K222 allele may enable subclinical or 
low-efficiency replication of classical scrapie agents 
without supporting stable strain selection or adaptation.

It is important to note that the use of transgenic 
models with PrP overexpression may enhance prion 
replication efficiency, potentially uncovering low-
level or subclinical conversion events that might not 
occur under physiologic PrP expression in goats. In 
addition, all animals were inoculated intracerebrally; 
that route does not mimic natural exposure and by-
passes key peripheral barriers such as the gut and  
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Figure 6. Proteinase K digestion studies conducted as part of study of propagation of classical scrapie prions. K222-Tg516 and 
Q222-Tg501 homozygous mice were inoculated with classical scrapie. A) Proteinase K–resistant prion protein (PrPres) sensitivity in 
the brains of Q222-Tg501 and K222-Tg516 mice initially inoculated with F10 scrapie isolate and subsequently reinoculated into both 
the original model and its counterpart. B) PrPres sensitivity in the brains of Q222-Tg501 and K222-Tg516 mice initially inoculated with 
CP060146 scrapie isolate and subsequently reinoculated into both the original model and its counterpart. In both cases, proteinase K 
concentrations of 500, 50, 1 and 0.1 µg/mL were tested. Western blot visualizations were done using the Sha31 monoclonal antibody. 
Molecular weight markers are indicated on the right side of each band.

Figure 7. Kinetic studies of 
proteinase K–resistant prion 
protein (PrPres) detection in 
K222-Tg516 and Q222-Tg501 
homozygous mice inoculated 
with classical scrapie in 
study of propagation of 
classical scrapie prions. 
Brain PrPres from mice 
euthanized at various time 
points postinoculation were 
analyzed by Western blotting 
and visualized using the Sha31 
monoclonal antibody. A) Q222-
Tg501 and K222-Tg516 mice 
inoculated with the CP060146 
classical scrapie isolate 
adapted to the K222 cellular 
prion protein (PrPC) context 
(CP060146/K222-goat). B) Q222-
Tg501 and K222-Tg516 mice inoculated with the F10 classical scrapie isolate adapted to the K222-PrPC context (F10/K222-Tg516). 
Molecular weight markers are indicated on the right side of each band.
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associated lymphoid tissues, which play a critical role 
in determining prion susceptibility and pathogenesis 
under field conditions. Therefore, although our re-
sults highlight the potential for silent propagation of 
classical scrapie strains in the context of the K222 vari-
ant, extrapolation to the natural host should be made 
with caution.

Interest has grown for in-depth characteriza-
tion of the strains of Q/K222 heterozygous goats af-
fected with scrapie, which are abundant in various 
regions of Greece. The interest lies in determining 
whether prions propagated under the K222 allele 
can act as potential silent carriers of the disease, 
as shown in previous studies. Furthermore, un-
derstanding whether the presence of the K222 allele 
induces a change in the biologic properties of the 
strains and their potential transmission to other 
animal species is crucial.

Overall, our results underscore the need for fur-
ther in vivo studies using physiologically relevant 
models or natural hosts to fully evaluate the protec-
tive efficacy of the K222 allele. Until such evidence 
becomes available, the inclusion of the K222 polymor-
phism in breeding selection programs should be criti-
cally considered, especially in regions where classical 
scrapie strains with known zoonotic potential remain 
present. Furthermore, experiments conducted in clas-
sical BSE-inoculated Q/K222 heterozygous goats have 
shown at least low infectivity in goat tissues after 
long postinoculation periods (26), whereas hetero-
zygous K222-Tg516 mice were already fully suscep-
tible to goat BSE (29). In addition, at least 1 Q/K222 
heterozygous goat tested positive for atypical/Nor98 
scrapie (28), and homozygous K222-Tg516 mice were 
found to be completely susceptible to atypical/Nor98 
scrapie (30). Taken together, those data suggest that 
the protective effect of the Q222K polymorphism may 
be limited, and its use in breeding programs should 
be carefully evaluated.
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Lassa virus (LASV) is a zoonotic arenavirus that 
causes Lassa fever (LF), a hemorrhagic disease 

endemic to West Africa, where seasonal outbreaks 
result in an estimated 1–3 million illnesses and up 
to 5,000 deaths annually (1). After an incubation 
period of 6–21 days, the disease manifests as fever, 
weakness, and malaise, followed by musculoskel-
etal, respiratory, gastrointestinal, or other signs. 
Long-term ocular (2,3) and auditory (4–6) com-
plications can occur. In severe cases, hemorrhagic 

fever with shock causes death within 14 days (7). 
Mortality rates in pregnant women are dispropor-
tionately high, especially in the third trimester, in 
which reported mortality rates were >2 times those 
observed in nonpregnant women (8). Fetal loss 
rates are 75%–100% (9,10), and vertical transmis-
sion has been reported (9–12). 

Most LF is caused by rodent-to-human transmis-
sion through direct contact with infected animals or 
their excreta (13–17). Horizontal human transmission, 
mostly nosocomial, has also been reported through 
contact with infected blood, urine, or other body flu-
ids (18). Sexual transmission of LASV has been pos-
tulated (19), and persistence of LASV in seminal fluid 
for >3 months has been documented; however, stud-
ies describing the dynamics and infectivity of LASV 
in semen or other reproductive tract secretions are 
sparse (12,20).

Autopsies are rarely performed on LF patients, 
and reproductive tissues are not routinely collected; 
thus, descriptions of fatal LF pathology and tissue 
virus distribution are limited overall, and particu-
larly for reproductive tissues (21). In 1 human study, 
pathology associated with LASV infection was de-
scribed for 6 complete autopsies, 15 cases with post-
mortem biopsies of tissues other than liver, and 7 
fetuses from infected women (22). The authors men-
tioned that careful examination of ovary, uterus, pla-
centa, and breast demonstrated no specific pathologic 
alterations (22). Another study of postmortem tissue 
samples from 12 confirmed LF cases reported LASV 
antigens and viral particles in multiple reproductive 
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Lassa virus (LASV) causes Lassa fever; mortality rates 
are higher in pregnant women, and fetal infection and 
death are possible. Sexual transmission after recovery 
from Lassa fever has occurred. Using virus strains that 
are lethal (Josiah) or nonlethal (NJ2015) in guinea pigs, 
we characterized LASV-associated pathology and re-
productive tissue tropism in male and female animals. 
Uterus, ovary, and epididymis were the earliest and most 
affected tissues; perivascular lymphocytic inflamma-
tion was prominent at lethal timepoints and persisted in 
survivors after clinical disease. LASV-Josiah RNA was 
detected in reproductive tissues by 4 days postinfection 
(dpi). Virus localized by immunohistochemistry and in 
situ hybridization predominantly within vascular smooth 
muscle and interstitial mesenchymal cells and was wide-
spread in reproductive tissues in lethal infections (12–25 
dpi) but not detected in survivors (41–42 dpi). Using a 
physiologically relevant model, we describe reproductive 
tissue targets to further elucidate LASV infection and ef-
fects on reproductive health and virus transmission.
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organ and cell types, including breast ductal epithe-
lial cells, ovarian thecal and stromal cells, and placen-
tal trophoblasts (21). To address gaps in knowledge 
of reproductive tract effects of LASV infection and to 
learn more about potential for sexual transmission, 
we investigated LASV pathology and tissue tropism 
in the female and male reproductive tracts of experi-
mentally infected strain 13/N guinea pigs, a well-
characterized model of LASV disease (2,3,23,24) and 
an applicable model of human pregnancy and fetal 
growth (23).

Materials And Methods

Biosafety and Ethics
Work with infectious virus or infected animals was 
conducted in a Biosafety Level 4 laboratory at the 
Centers for Disease Control and Prevention (CDC; 
Atlanta, GA, USA). Recombinant virus work was 
approved by the CDC Institutional Biosafety Com-
mittee. Animal experiments were approved by the 
CDC Institutional Animal Care and Use Commit-
tee (approval nos. 2833, 3073) and performed in an 
AAALAC-accredited facility.

Virus and Virus Detection
Recombinant LASV-Josiah is based on the sequence 
of an isolate obtained in 1976 from the serum of a 
40-year-old man hospitalized at Songo Hospital in 
Sebgwena, Sierra Leone (24,25). We rescued LASV-
Josiah in BSR-T7/5 cells and passaged 2 times in 
Vero-E6 cells (GenBank accession nos. HQ688673.l, 
HQ688675.1). Recombinant LASV 812673-LBR-
USA-2015 (LASV-NJ2015) is based on the sequence 
of an isolate obtained in 2015 from a 55-year-old 
man who died of LF in New Jersey after return-
ing from Liberia. We rescued LASV-NJ2015 in 
BSR-T7/5 cells and passaged 2 times in Vero-E6 
cells (26) (GenBank accession nos. MG812650 and 
MG812651). We sequence-verified viral stocks and 
confirmed them to be mycoplasma-free. We deter-
mined titers (as focus-forming units [FFU] or 50% 
tissue culture infectious dose per milliliter) on 
Vero-E6 cells by immunofluorescence assays using 
an in-house anti-LASV monoclonal antibody mix 
(SPR628) targeting nucleoprotein (NP) and glyco-
protein (GP) 2 and calculated them using the meth-
od of Reed and Muench (27). Further information 
on virus detection in tissues by quantitative reverse 
transcription PCR (qRT-PCR), immunohistochem-
istry (IHC), and in situ hybridization (ISH) are pro-
vided (Appendix, https://wwwnc.cdc.gov/EID/
article/31/12/25-0396-App1.pdf). 

Guinea Pigs
We examined tissues from 57 strain 13/N guinea pigs 
(26 male and 31 female, age range 165–1,433 days 
at challenge) previously reported in pathogenesis 
(26,28–30) or vaccine (31) studies. We inoculated all 
animals subcutaneously between the scapulae with 
104 FFU (equivalent to ≈2 × 104 50% tissue culture 
infectious dose/mL) of recombinant LASV-Josiah 
(n = 51 [23 male, 28 female]) or LASV-NJ2015 (n = 
6 [3 male, 3 female]). Fifteen of 51 LASV-Josiah–in-
oculated animals were included in a viral replicon 
particle (VRP) vaccine study (31), in which animals 
were vaccinated subcutaneously with 107 FFU of VRP 
under these conditions: VRP followed by challenge 
28 days later (n = 5); replication incompetent VRP 
(treated with 5 × 106 rads of gamma-irradiation) fol-
lowed by challenge 28 days later (n = 5); and VRP 1 
day after challenge (n = 5) (Figure 1). All remaining 
animals (n = 42) inoculated with either LASV-NJ2015 
(n = 6) or LASV-Josiah (n = 36) were unvaccinated. 
Animals were housed individually in a climate-con-
trolled laboratory (68–79°F, 30%–70% humidity) on 
a 12-hour light/dark cycle in individually ventilated 
cages (Thoren Caging Systems Inc., https://thoren.
com) with deep, soft bedding (soft pellets, Carefresh 
[Healthy Pet, https://www.healthy-pet.com], and 
Enviro-Dri [Shepherd Specialty Papers, https://
www.ssponline.com]). Animals received daily fresh 
vegetable enrichment and Timothy hay, and Certi-
fied Guinea Pig Diet 5026 (LabDiet, https://www.
labdiet.com) and water were provided ad libitum. 
For individual identification and body temperature 
monitoring, we implanted BMDS IPTT-300 micro-
chip transponders (Avidity Science, https://www. 
avidityscience.com) subcutaneously in the interscap-
ular region. We monitored animals daily, as previ-
ously reported (26,30,31) and humanely euthanized 
them with isoflurane vapors followed by intracardiac 
sodium pentobarbital injection upon meeting eutha-
nasia criteria or at study completion. 

Results

Widespread Reproductive Tract Infection  
during Lethal LASV Disease in Guinea Pigs
To investigate reproductive tract infection histologi-
cally in lethal disease, we collected tissues from strain 
13 guinea pigs at terminal endpoint after subcutane-
ous LASV-Josiah inoculation, which caused severe 
disease warranting euthanasia 14–28 days postinfec-
tion (dpi) (median 23 days) in 11 animals (6 female, 5 
male). Inflammatory changes were identified in >1 re-
productive tissue from all (6/6) female and 3/5 male 
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animals, including ovary, oviduct, uterus, cervix/
vagina, epididymis, seminal vesicle, and penis/pre-
puce; inflammation was not seen in testes (Table; Fig-
ures 2, 3; Appendix Table 1). Those tissues had mild 
to moderate, multifocal inflammation, which formed 
perivascular cuffs with occasional vascular mural in-
filtration. We noted more inflammation at 20–26 dpi 
than at 14–17 dpi; less inflammation was present at 
the latest lethal timepoint (28 dpi; 1 female). Infil-
trates were predominately lymphocytic and presence 
of plasma cells and histiocytes was variable; hetero-
phils were rare (Table). 

Among 6 female animals with lethal disease, we de-
tected viral antigen, RNA, or both in ovary, oviduct, and 
uterus of all 5 animals that were euthanized on days 14–
25 and in the cervix/vagina in 3/5 animals tested (Fig-
ure 2, panel A; Appendix Table 1). Staining was most 
frequent in the vascular smooth muscle and perivascu-
lar mesenchymal cells including fibroblasts, as well as 
in the uterine muscle and endometrial stroma (Table, 
Figure 4). We saw similar distribution and intensity of 
staining in all positive animals; 1 female animal eutha-
nized at 28 dpi had only very mild inflammation and no 
antigen was detected in reproductive tissues, although 
in situ hybridization (ISH) was positive in uterus. 

Among male animals with lethal disease, vi-
ral antigen was detected in the epididymis of 4/5 
animals euthanized at 17–26 dpi (Figure 2, panel 
B; Appendix Table 1). Epididymal staining was fo-
cally extensive and within interstitial stromal and 
inflammatory cells, as well as tubular epithelium, 
endothelium, vascular smooth muscle cells, and in-
tratubular cells including spermatozoa (Table; Fig-
ure 5). We detected no antigen in any testis from 
lethally infected male animals, and only 2/5 had 
rare granular ISH staining in very few seminiferous 
epithelial or interstitial cells. In addition, staining 
by immunohistochemistry (IHC) or ISH occurred 
very rarely in 3 accessory sex glands (2 seminal 
vesicles, 1 prostate) of lethally infected male ani-
mals at 17–23 dpi. 

We quantified viral RNA (vRNA) using qRT-PCR 
on ovary and testis samples from a subset (3 female, 
3 male) of lethally infected animals. Testing revealed 
vRNA in all: up to 2.2 × 107 copies/µL in ovaries and 
up to 4.3 × 103 copies/µL in testes.

We evaluated mammary tissues in 3/6 female 
and 1/5 male animals with lethal disease. Two female 
and 1 male animals had mild glandular interstitial or 
dermal lymphocytic infiltrates and edema (Table;  
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Figure 1. Study design to evaluate reproductive tissue pathology and tissue tropism in strain 13/N guinea pig model of Lassa virus 
infection. Tissues collected from a total of 57 adult strain 13/N guinea pigs inoculated subcutaneously with a target dose of 104 FFU 
of LASV (equivalent to ≈2 × 104 50% tissue culture infectious dose), representing 3 independent studies, were examined by PCR, 
hematoxylin and eosin, immunohistochemistry, or in situ hybridization. Animals were separated into 3 study groups on the basis of 
time of sampling and clinical outcome: those serially euthanized at predetermined study endpoints (2, 4, 8, 12, or 16 dpi [n = 5 at each 
timepoint]) to investigate early infection with highly pathogenic LASV-Josiah strain; terminal animals that reached endpoint criteria 
because of disease after LASV-Josiah infection (unvaccinated [n = 9] or vaccinated with 𝛾-irradiated viral replicon particle [VRP] [n = 
2]); and survivors euthanized at 41–42 dpi. Survivors were 15 animals infected with LASV-Josiah (vaccinated preexposure with VRP [n 
= 5] or gamma-irradiated VRP [n = 3], vaccinated postexposure with VRP [n = 5], or unvaccinated [n = 2] and 6 animals infected with 
strain NJ2015 [all unvaccinated (n = 6)]). Shaded symbols indicate animals that exhibited overt signs (defined as weight loss >10%, 
temperature >39.5°C for >2 consecutive days, or presence of clinical signs [i.e., clinical score >1 on >1 days). dpi, days postinfection; 
FFU, focus-forming units; LASV, Lassa virus; V, vaccinated.
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Figure 6). We detected antigen or RNA in mammary 
tissue from the 2 female animals, localized to rare en-
dothelial cells and perivascular cells including stro-
mal and inflammatory cells, glandular epithelium 
and intraluminal cells, and epidermal and follicular 
epithelium (Table; Figure 6).

Detection of LASV-Josiah in Reproductive  
Tissues before Onset of Clinical Signs
After LASV-Josiah challenge, we collected tissues 
for histologic and virologic (qRT-PCR) investigation 
in animals serially euthanized at 2, 4, 8, 12, or 16 dpi 
to characterize early reproductive tract infection. In 
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Table. Pathologic findings and virus localization by immunohistochemistry or in situ hybridization in reproductive and mammary tissues 
of LASV-Josiah or LASV-NJ2015 strain–infected guinea pigs at different timepoints in study of guinea pig model for LASV infection of 
reproductive tract and considerations for sexual and vertical transmission* 

Sex Tissue Group† 
Hematoxylin and eosin 

 
Immunohistochemistry or in situ hybridization 

n/N (%)‡ Lesion/change n/N (%)‡ Cellular location 
F Ovary Early 1/15 (7) PILPI, PE  7/15 (47) TIC, GC 

Lethal 5/6 (83) PILPI, PE  5/6 (83) TIC, GC, IMC, VSMC, ENDC 
Survivor 2/10 (20) PILPI  0/10 (0) ND 

Oviduct Early 1/15 (7) PILPI  3/15 (20) IMC 
Lethal 5/6 (83) PILPI, PE, congestion  5/6 (83) PV/IMC, VSMC, OSMC, intravascular 

inflammatory cells 
Survivor 3/10 (30) PILPI  0/10 (0) ND 

Uterus Early 6/15 (40) PILPI, PIE, congestion  10/15 (67) Endometrial stromal, epithelial cells, 
IFMC, ENDC 

Lethal 6/6 (100) PILPI, PIE, congestion, 
vasculitis 

 6/6 (100) PV/IMC, IFMC, ENDC, VSMC, OSMC, 
endometrial stromal 

Survivor 4/10 (40) PILPI, PIE, congestion  0/10 (0) ND 
Cervix/ 
vagina 

Early 2/12 (17) PILPI, PIE  8/12 (67) IMC, VSMC, epithelial cells, 
intraluminal debris, FMC 

Lethal 3/6 (50) PILPI, PIE  3/6 (50) IMC, VSMC, epithelial cells, ENDC, 
intraluminal debris, IFMC 

Survivor 4/10 (4) PILPI, PIE  0/10 (0) ND 
M Testis Early 0/10 (0) None  2/10 (20) IMC, ENDC, intravascular 

Lethal 0/5 (0) None  2/5 (40) IMC, seminiferous tubule 
Survivor 0/11 (0) None  0/11 (0) ND 

Epididymis Early 1/10 (10) PILPI, epithelial necrosis, 
intratubular debris 

 3/10 (30) IMC, peritubular, tubular epithelium, 
intraluminal cells (including 

spermatozoa) 
Lethal 3/5 (60) PILPI, epithelial necrosis, 

intratubular heterophils 
 4/5 (80) IMC, VSMC, ENDC, tubular 

epithelium, intraluminal cells/debris 
(including spermatozoa) 

Survivor 3/11 (27) PILPI, PIE, intratubular 
heterophils, MXI, loss of 

tubules 

 0/11 (0) ND 

Seminal 
vesicle/ 
prostate 

Early 0/10 (0) None  3/10 (30) PV/IMC 
Lethal 1/5 (20) PILPI, PE  3/5 (60) IMC, intraluminal debris, VSMC 

Survivor 0/11 (0) None  0/11 (0) ND 
Penis/ 

prepuce 
Early NS NS  NS NS 
Lethal 1/3 (33) MXI (preputial gland duct)  0/3 (0) ND 

Survivor 2/7 (29) PLPI  0/7 (0) ND 
Both Mammary 

tissue 
Early 8/20 (40) PILPI (glands and skin), 

histiocytic infiltrates, PIE 
(glands), epidermal 

necrosis 

 11/20 (55) IMC, dermis, follicular wall, epidermis, 
IFMC 

Lethal 3/4 (75) PILPI, PIE (glands and 
skin) 

 2/4 (50) IMC, ENDC, glandular epithelial cells, 
IFMC, intraluminal debris, epidermis, 

follicular wall 
Survivor 4/13 (31) PILPI (glands and skin), 

PIE, congestion, MXI 
(glands) 

 0/13 (0) ND 

*dpi, days postinfection; ENDC, endothelial cells; GC, granulosa cells; IFMC, inflammatory cells; IMC, interstitial mesenchymal cells; LASV, Lassa virus; 
MXI, mixed inflammatory infiltrate; ND, not detected; NS, not sampled; PE, perivascular edema; PIE, perivascular and interstitial edema; PILPI, 
perivascular and interstitial lymphoplasmacytic inflammation; PLPI, perivascular lymphoplasmacytic inflammation; PV, perivascular; OSMC, other 
(nonvascular) smooth muscle cells; TIC, Theca-interstitial cells; VSMC, vascular smooth muscle cells. 
†Early refers to animals serially euthanized 2–16 dpi after infection with LASV-Josiah-strain. Lethal refers to animals lethally infected with LASV-Josiah-
strain and euthanized because of severity of clinical disease 14–28 dpi. Survivor refers to animals that survived LASV-Josiah-strain or LASV-NJ2015 
strain infection and were euthanized 41–42 dpi.   
‡n indicates number of animals with pathologic changes or staining in the tissue; N represents total number of animals evaluated in the group; percentage 
indicates percentage of animals evaluated that had the histopathologic finding present or with positive staining by immunohistochemistry or in situ 
hybridization in that tissue; not all tissues were evaluated or tested by immunohistochemistry or in situ hybridization for all animals (Appendix Tables 1–3, 
https://wwwnc.cdc.gov/EID/article/31/12/25-0396-App1.pdf).  
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female animals, we detected vRNA by qRT-PCR in 
mammary tissue as early as 4 dpi and in ovary (and 
in urogenital swab specimens, as previously report-

ed [30]) from 8–16 dpi. In male animals, we detected 
vRNA by qRT-PCR in testis, epididymis, mammary 
tissue, and genital swabs from 8–16 dpi. At 8 dpi, 
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Figure 2. Localization and severity of histopathologic changes and Lassa virus (LASV) detection in reproductive tissues of strain 13/N 
guinea pigs experimentally infected with LASV strain Josiah or NJ2015 in study of guinea pig model for LASV infection of reproductive 
tract and considerations for sexual and vertical transmission. Female (A) and male (B) guinea pig reproductive tract anatomy, 
histopathology, and virus detection (antigen by IHC or viral RNA by ISH) after subcutaneous infection with LASV strain Josiah or NJ-
2015 (target dose, 104 focus-forming units). Anatomic localization, severity, and incidence are depicted and delineated by stage of 
infection: early (<16 dpi), lethal (meeting endpoint criteria at 14–28 dpi), and survivor (41 or 42 dpi). Histopathologic changes (H&E) and 
viral detection (IHC or ISH) were scored semiquantitatively for each tissue as absent (0), minimal (1), mild (2), moderate (3), or severe 
(4). Not all analyses were performed for all animals (Appendix Tables 1–3, https://wwwnc.cdc.gov/EID/article/31/12/25-0396-App1.
pdf). H&E, IHC, and ISH scores represent mean severity values for each tissue across all animals tested. An asterisk (*) indicates that 
only 1 animal was evaluated in the group; gray boxes indicate tissues that were not available or not evaluated. Relative incidence of 
histopathologic change or virus detection in early, lethal, and survivor cohorts with sufficient group sizes (n >3) is shown in radar plots; 
only a single male animal in the lethal cohort was excluded, as it was the sole animal evaluated and test results were positive in both 
mammary gland and skin. H&E, hematoxylin and eosin; IHC, immunohistochemistry; ISH, in situ hybridization.
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vRNA was detected by qRT-PCR in the gonads and 
associated reproductive tissues of all serially eutha-
nized animals (ovaries, ≤7.3 × 105 copies/μL; uteri, 
≤5.5 × 104 copies/μL; testes, ≤1.0 × 105 copies/μL; 
and epididymides, ≤3.4 × 104 copies/μL).

Histopathologic changes were absent in repro-
ductive tissues of serially euthanized animals at 
earlier timepoints (female at 2–8 dpi, male at 2–12 
dpi); we detected only subtle changes, similar but 
overall milder than seen in lethal disease, in 6/6 
uteri and rarely in other tissues (1 ovary, 1 oviduct, 
2 cervix/vagina) of female animals euthanized at 
later timepoints (12–16 dpi). One of 2 male animals 
had lymphoplasmacytic inflammation with rare 
epithelial necrosis and intratubular debris in the 

epididymis at 16 dpi (Table; Figures 2, 7; Appendix 
Table 2). We saw no other notable histopathologic 
lesions in the male reproductive tracts in serially 
euthanized animals.

In serially euthanized female animals, 10/15 had 
staining by IHC or ISH in >1 reproductive tissue (Ta-
ble; Figures 2, 8; Appendix Table 2). We observed stain-
ing in 7/9 ovaries at 8–16 dpi, the most widespread at 
12 dpi. At 8 dpi, focal staining was in a corpus luteum, 
mainly in granulosa lutein cells, but also in capillary 
endothelial and few thecal cells. At later time points 
(at and after 12 dpi), staining was in theca-interstitial 
cells and granulosa cells. We noted scattered staining 
in interstitial cells in 3/6 oviducts at 12 and 16 dpi. Dur-
ing 4–16 dpi, 10/12 uteri demonstrated staining. At 4 
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Figure 3. Histopathologic findings 
in reproductive tissues of strain 
13/N guinea pigs with lethal 
disease after Lassa virus (LASV) 
strain Josiah infection in study 
of guinea pig model for LASV 
infection of reproductive tract 
and considerations for sexual 
and vertical transmission. Panels 
A–F depict samples from female 
guinea pigs; panels G–L depict 
samples from male guinea pigs. 
A) Ovary (25 days postinfection 
[dpi]) with moderate perivascular 
and interstitial inflammation 
(arrows). B) Oviduct (20 dpi) with 
focal interstitial inflammation 
and edema (asterisk) within the 
serosa. C) Uterus (23 dpi) with 
mild endometrial inflammation 
and edema (asterisk) and 
hemosiderin-laden macrophages 
(arrow). D) Uterus (25 dpi) 
with multifocal mononuclear 
inflammatory cells (arrow) forming 
partial cuffs around vessels in the 
myometrium. E) Uterine vessel 
(23 dpi) with mural infiltration by 
lymphocytes and plasma cells 
(arrow). F) Cervix (23 dpi) with 
multifocal, mild, perivascular 
inflammation (arrow). G) 
Epididymis (26 dpi) with moderate 
perivascular inflammation 
(asterisks). H) Epididymis (23 
dpi) with multifocal interstitial 
inflammation around tubules 
(asterisk) and a vessel (arrow). I) 
Epididymis (26 dpi) with marked 
epididymitis with tubular dilation by inflammatory cells (arrow) and rupture, associated with sperm granuloma formation (asterisk). J) 
Epididymis (23 dpi) with marked epididymitis, with interstitial inflammation (arrows), and intratubular heterophils associated with rupture 
and granuloma formation (asterisk). K) Epididymis (26 dpi) with marked interstitial inflammation (arrow) and tubular epithelial necrosis 
with heterophils (asterisk). L) Prostate (23 dpi) with mild focal lymphocytic, perivascular inflammation (arrow). Hematoxylin and eosin 
stain. Original magnifications ×20 (panels A, E, G, I, K), ×15 (panels B, H), and ×10 (panels C, D, F, J, L).
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and 8 dpi, staining was multifocal and rare within en-
dometrial stromal cells. At 12 and 16 dpi, staining in 
the uterus was similarly distributed in endometrial 
stromal and epithelial cells but increased overall at 12 
dpi and decreased again at 16 dpi. At those later time-
points, staining within inflammatory or endothelial 
cells in areas with perivascular inflammation was rare. 
Of available cervix/vagina tissues, 8/11 from 4–16 dpi 
showed multifocal staining throughout the superficial 
subepithelial stroma, within endothelial cells and vas-
cular smooth muscle cells, in the myometrium, and, 
less frequently (2 animals at 12 and 16 dpi), in the cervi-
cal epithelium, but not in the vaginal epithelium (Ap-
pendix Table 2).

In serially euthanized male animals, 2/10 testes 
(at 12 dpi) and 3/10 accessory sex glands (at 12 and 
16 dpi) showed rare viral detection by ISH but not by 
IHC. Staining was in interstitial and intravascular cells 
in those tissues and was unaccompanied by pathologic 
changes. Epididymides showed multifocal LASV stain-
ing by ISH in 3/6 animals tested at 8–16 dpi; only 1 of 
those 6 also showed staining by IHC at 16 dpi. Staining 
was in epididymal interstitial cells at 8 dpi and in tubu-
lar epithelial and intraluminal cells (including spermato-
zoa) at 16 dpi. We saw no staining in any tested male tis-
sue before 8 dpi (Table; Figures 2, 8; Appendix Table 2).

Mammary tissues from serially euthanized ani-
mals of both sexes had no or minimal histopathologic 
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Figure 4. Detection of Lassa virus (LASV) antigens and RNA in reproductive tissues by immunohistochemistry (IHC) and in situ 
hybridization (ISH) in strain 13/N female guinea pigs lethally infected with LASV strain Josiah in study of guinea pig model for LASV 
infection of reproductive tract and considerations for sexual and vertical transmission. IHC and ISH chromogens are red. A) Uterus (25 
dpi), ISH. Staining in interstitial mesenchymal cells (asterisks) and rare endothelial cells (arrow). B) Uterus (23 dpi), ISH. Staining in 
vascular smooth muscle cells (arrows) and perivascular interstitial mesenchymal cells (asterisk). C) Ovary (23 dpi), ISH. Staining within 
a corpus luteum (asterisk), in theca-interstitial cells (arrows), and in inflammatory cells within and around a vascular wall (white arrow). 
D) Oviduct (23 dpi), ISH. Staining in mesenchymal interstitial cells (asterisk) and intravascular inflammatory cells (arrow). E) Uterus (23 
dpi), ISH. Extensive staining in the endometrial stroma (asterisk) and myometrial smooth muscle cells (arrows). F) Uterus (23 dpi), ISH. 
Extensive staining in the endometrial glandular epithelial cells (arrows). G) Endocervix (23 dpi), IHC. Extensive staining in mesenchymal 
cells. H) Vagina (23 dpi), IHC. Staining in submucosal mesenchymal cells (asterisk) and intraluminal cellular debris (arrow). Original 
magnifications ×40 (panels A, B, D, G, H), ×30 (panel C), ×20 (panels E, F). 
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changes at all timepoints, including minimal mono-
nuclear or mixed inflammatory infiltrates and mild 
periglandular edema in 5/17 animals (at 12–16 dpi) 
for which mammary glandular tissue was evaluated. 
Mammary skin occasionally showed mild dermal 
lymphohistiocytic inflammation, epidermal kerati-

nocyte degeneration, and single cell death. Although 
vRNA was detected by qRT-PCR in mammary gland 
as early as 4 dpi, staining by IHC or ISH was seen 
in mammary gland or skin in 8/12 tested female ani-
mals (8–16 dpi) and 3/8 tested male animals (12–16 
dpi), characterized by multifocal staining with similar 
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Figure 5. Detection of Lassa 
virus (LASV) antigens and 
RNA in reproductive tissues by 
immunohistochemistry (IHC) and 
in situ hybridization (ISH) in strain 
13/N male guinea pigs lethally 
infected with LASV strain Josiah 
in study of guinea pig model for 
LASV infection of reproductive 
tract and considerations for 
sexual and vertical transmission. 
A) Epididymis (18 dpi), ISH. 
Regionally extensive staining 
in epididymal epithelial cells. B) 
Epididymis (26 dpi), ISH. Staining 
in interstitial mesenchymal cells, 
endothelium (arrow), tubular 
epithelium (white arrow), and 
intratubular inflammatory cells 
(asterisk). C) Testis (18 dpi), ISH. 
Focal intracellular staining in the 
interstitium (arrow). D) Epididymis 
(23 dpi), ISH. Intraluminal staining 
including spermatozoa (asterisk). E) Seminal vesicle (17 dpi), ISH. Focal staining in subepithelial stromal cells. Original magnifications 
×5 (panel A), ×40 (panels B, D), ×63 (panel C), ×20 (panel E).

Figure 6. Histopathologic findings and detection of Lassa virus (LASV) antigens and RNA in mammary tissues by immunohistochemistry 
(IHC) and in situ hybridization (ISH) in strain 13/N guinea pigs lethally infected with LASV strain Josiah in study of guinea pig model for 
LASV infection of reproductive tract and considerations for sexual and vertical transmission. A) Mammary skin (23 dpi), hematoxylin 
and eosin stain. Mild interstitial lymphoplasmacytic infiltrates and edema (asterisk) in the superficial dermis. B) Mammary gland (25 dpi), 
hematoxylin and eosin stain. Mild interstitial lymphoplasmacytic infiltrates (arrows) in the periglandular stroma. C) Mammary skin (23 
dpi), IHC. Staining in keratinocytes of the epidermis. D) Mammary gland (23 dpi), ISH. Staining around vessels and within the stroma 
between glands (arrow) and within cells in a mammary duct lumen (asterisk). Original magnifications ×10 (panels A–C), ×20 (panel D).
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distribution as described for the mammary tissues of 
lethally infected animals (Table; Appendix Table 2).

Reduced Pathology and No LASV Detection  
in Surviving Guinea Pigs
To assess reproductive tissue pathology and viral per-
sistence in LASV survivors, we histologically exam-
ined tissues from 21 LASV-infected guinea pigs (strain 
Josiah or NJ2015) euthanized at 41–42 dpi. Animals 
represented 2 outcomes: survival after overt clinical 
disease or survival without overt clinical disease (Ap-
pendix Table 3). Overt disease was defined as weight 
loss >10%, temperature >39.5°C for >2 consecutive 
days, or a clinical score of >1 on >1 days. Both untreat-
ed and vaccinated surviving animals were included, 
because animals with and without clinical interven-
tion are clinically relevant for these investigations. 
Among 12 survivors of overt clinical disease, similar 
but generally less severe perivascular and interstitial 
inflammatory changes described for animals in other 
groups (<28 dpi) were variably present at 41–42 dpi 
(Table). All animals with inflammation had been in-
fected with LASV-Josiah; those included 4/5 female 
animals with effects in 2 ovaries, 3 oviducts, 4 uteri, 
and 4 cervix/vagina and 3 mammary glands and 3/7 
male animals with inflammation in 1 tissue each, in-
cluding 2 epididymides and 1 penis/prepuce. No his-
topathologic changes were seen in testes or accessory 
sex glands of surviving male animals (Table; Figures 
2, 9; Appendix Table 3). Among 9 surviving animals 
without overt clinical disease, 1/5 female animals 

had minimal inflammation in mammary glandular 
tissue but no inflammation in other reproductive tis-
sues. One of 4 male animals had minimal epididymal 
inflammation only, and another male survivor had 
minimal inflammation in the penis/prepuce. Neither 
viral antigen nor RNA were detected by IHC or ISH 
in any female or male reproductive tissue tested from 
surviving animals, regardless of clinical course. We 
evaluated tissues from 14 survivors (all infected with 
LASV-Josiah) by qRT-PCR targeting the nucleopro-
tein; vRNA was not detected in ovaries or testes from 
5 survivors without overt signs, whereas low levels of 
vRNA were detected in 4/4 ovaries (78.4–270 copies/
µL) and 4/5 testes (15–50 copies/µL) of 9 survivors 
after overt disease.

Discussion
Using guinea pig models of both lethal and nonlethal 
LF, we characterized reproductive tissue tropism and 
associated histopathologic changes. In lethal cases, 
we found widespread reproductive tract infection, 
but pathology was often subtle or nonspecific, where-
as survivors exhibited minimal pathology and no ISH 
or IHC staining. Furthermore, after infection with a 
known lethal strain, vRNA was detected in reproduc-
tive tract tissues early in infection, preceding the on-
set of clinical signs or tissue inflammation.

The overall paucity of inflammation in LASV in-
fection could reflect the ability of LASV to replicate in 
dendritic cells and macrophages and create immune-
privileged reservoirs that enable unchecked LASV 
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Figure 7. Histopathologic findings in reproductive tissues from strain 13/N guinea pigs serially euthanized 4–16 days postinfection (dpi) 
after Lassa virus strain Josiah infection in study of guinea pig model for infection of reproductive tract and considerations for sexual and 
vertical transmission. A) Perivascular mononuclear infiltrates (arrow) in oviduct (12 dpi). B) Perivascular (arrow) and interstitial (asterisk) 
lymphoplasmacytic infiltrates within the myometrium in uterus (16 dpi). C) Interstitial and perivascular lymphoplasmacytic infiltrates 
(arrows), with rare single cell necrosis of the tubular epithelial cells (asterisk) in epididymis (16 dpi). D) Mild perivascular and vascular 
inflammation (arrow) and interstitial edema (asterisk) in epididymis (16 dpi). Hematoxylin and eosin stain. Original magnifications ×40 
(panels A, B, D), ×20 (panel C).
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replication early in infection and subsequent systemic 
spread, including to the reproductive tract (28,32,33). 
We detected viral antigen and RNA in multiple re-
productive tissues and cell types in male and female 
animals, including in tissue and cell types previously 
described for guinea pigs (32). ISH, which detects 
vRNA, was more sensitive than IHC, which detects 
viral protein; among 36 positive tissues on which 
both IHC and ISH were performed, results were ISH 
positive and IHC negative for 18 (50%). That finding 

indicates that viral RNA might persist or be detect-
able in tissues even when protein expression is below 
the threshold of IHC detection. In female animals, 
vRNA detection was earliest and most abundant in 
uteri and ovaries; for male animals, vRNA detection 
was earliest and most extensive in epididymides. 
Whether LASV has a specific tropism for these tissues 
or whether their apparent preferential infection is the 
result of hemodynamic factors during viremia is un-
clear. At peak viremia, staining was predominantly,  
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Figure 8. Detection of 
viral antigens and RNA by 
immunohistochemistry (IHC) 
and in situ hybridization (ISH) 
in reproductive tissues from 
strain 13/N guinea pigs serially 
euthanized 4–16 dpi after LASV 
strain Josiah infection in study 
of guinea pig model for infection 
of reproductive tract and 
considerations for sexual and 
vertical transmission. IHC and 
ISH chromogens are red. Panels 
A–G depict samples from female 
guinea pigs; panels H–L depict 
samples from male guinea pigs. 
A) Uterus (4 dpi), ISH. Rare 
staining in the endometrial 
stroma (arrow), without 
inflammation. B) Endocervix (4 
dpi), ISH. Staining of the apical 
surface of an endocervical 
epithelial cell (asterisk) and 
beneath the basilar epithelium 
(arrow), without inflammation. 
C) Ovary (8 dpi), IHC. Staining 
in granulosa lutein cells (arrow) 
of a corpus luteum without 
inflammation. D) Uterus (8dpi), 
IHC. Staining in endometrial 
stromal cells (arrow) without 
inflammation. E) Ovary (12 dpi), 
ISH. Staining in theca interstitial 
cells (asterisk) and endothelium 
(arrow). F) Uterus (12 dpi), 
IHC. Endometrial stromal 
lymphoplasmacytic infiltrates 
and staining in endometrial 
stromal (asterisk) and epithelial 
(arrows) cells. G) Ovary (16 
dpi), IHC. Staining in granulosa 
cells (asterisk) and endothelium 
(arrow). H) Epididymis (8 dpi), 
IHC. Staining in peritubular 
interstitial mesenchymal cells 
(arrow). I) Seminal vesicle (12 
dpi), ISH. Staining in the wall of 
a small interstitial vessel (arrow). 
J) Testis (12 dpi), ISH. Rare granular staining of viral RNA in the interstitium (white arrow) and in a vascular lumen (arrow). K, L) Epididymis 
(16 dpi), ISH. Extensive staining in tubular epithelium (arrows) and within tubular lumens, including spermatozoa (asterisk). Original 
magnifications ×40 (panels A, C, D, F, G, H, J, L), ×63 (panels B, I), ×10 (panel E), ×4 (panel K).
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but not exclusively, localized in tissues with inflam-
matory changes; however, staining was also seen in 
tissues without overt pathology. Mesenchymal cells 
(interstitial stromal cells and smooth muscle cells) 
were affected earlier and more commonly than epi-
thelial cells (granulosa cells, endometrial glands, 
mammary glands, epididymal epithelium and en-
dothelial cells), suggesting that infected fibroblasts 
could be involved in immune activation and modula-
tion in LASV infection (34).

Conversely, in surviving animals, mild inflamma-
tion was sometimes present, but vRNA and antigen 
were not detected by ISH and IHC. However, low-
level vRNA was detected by qRT-PCR in about half 
of survivor gonadal tissues, exclusively in animals 
that had exhibited overt clinical signs. Those findings 

suggest substantial viral clearance from reproductive 
tissues by 42 dpi, although clearance may be incom-
plete, particularly in more severe cases. Shedding of 
LASV by humans can be prolonged; even after recov-
ery, virus remains infective in body fluids, includ-
ing semen, vaginal fluid, urine, and breast milk for 
long periods (12,19,20). Although we did not directly 
test genital fluids in this study, IHC or ISH staining 
was detected in tissues that contribute to genital flu-
ids (testes, epididymides, male accessory sex glands, 
cervix/vagina) at the latest timepoints examined 
(23–26 dpi) in lethally infected animals. Altogether, 
our findings indicate a window of potential risk for 
sexual transmission of as early as 4 dpi, before the  
onset of clinical signs, and extending up to 3–4 weeks, 
or possibly longer, after infection, underscoring the 
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Figure 9. Histopathologic 
findings in reproductive tissues 
from strain 13/N guinea pig 
survivors of Lassa virus strain 
Josiah infection at 42 days 
postinfection (dpi) in study of 
guinea pig model for Lassa virus 
infection of reproductive tract 
and considerations for sexual 
and vertical transmission. Panels 
A–D depict samples from female 
guinea pigs; panels E–F depict 
male samples from male guinea 
pigs. A) Ovary (42 dpi) with 
lymphoplasmacytic inflammation 
in the stroma (asterisk). B) 
Oviduct (42 dpi) with focal 
perivascular and interstitial 
inflammation (arrow). C) Uterus 
(42 dpi) with endometrial stromal 
lymphoplasmacytic inflammation 
(asterisk) around glands. D) 
Vagina (42 dpi) with lymphocytic 
inflammation (arrows) around 
vessels in the vaginal wall. E) 
Epididymis (42 dpi) with dense 
perivascular lymphoplasmacytic 
inflammation around a vessel 
(white arrow) and heterophils 
within tubular lumens (black 
arrows). F) Penile connective 
tissue (42 dpi) with perivascular 
lymphocytic inflammation 
(arrow). Hematoxylin and eosin 
stain. Original magnification  
×40 (panels A–C, E, F) ×10 
(panel D).
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need for continued research on LASV persistence in 
reproductive tissues and factors influencing the dura-
tion of detection.

Our findings have implications for reproductive 
health, including fertility and pregnancy outcomes, 
and suggest the potential for both sexual and verti-
cal LASV transmission. We detected LASV in ovar-
ian thecal and granulosa cells, which are the cells that 
differentiate into the corpus luteum and secrete pro-
gesterone that is essential for early pregnancy mainte-
nance in both guinea pigs and humans (23). Ovarian 
infection might lead to early pregnancy loss because 
of virus-induced progesterone insufficiency and to 
detrimental effects not only on a current pregnancy 
but on future fertility (35). In uteri, we observed uter-
ine vascular, stromal, and epithelial LASV staining, 
which has also been previously reported in guinea 
pigs for LASV and filoviral infections (32,36). We did 
not investigate placentas, but others have reported 
high human placental viral LASV titers and demon-
strated viral antigen in trophoblasts (21,22). Our data 
indicating LASV predilection for the uterus suggest 
high risk for direct placental infection, with potential 
for placental compromise and transplacental trans-
mission to the fetus.

Male reproductive tract infections can also be 
related to infertility and fetal infection. In our study, 
viral detection in testes was limited to rare intersti-
tial cells and occurred without associated pathology, 
possibly because LASV does not principally target 
the testes or possibly because of the restriction of 
viral replication by testicular cells with innate an-
tiviral properties (37). Epididymides showed more 
consistent pathology and LASV staining, including 
epididymal epithelial and interstitial mesenchymal 
cell staining, as well as apparent staining of leuko-
cytes and intraluminal spermatozoa. Together with 
occasional staining observed in seminal vesicle and 
prostate, those findings indicate potential for in-
fection of both spermatozoa and seminal fluid. Al-
though the immune-privileged environment of the 
testis and epididymis is capable of local defense 
against microbial pathogens, it also provides a mi-
crobial escape from immune surveillance and could 
prevent or delay clearance; potentially, adverse ef-
fects on male fertility, as well as sexual transmission, 
even after long periods postinfection, could be pos-
sible (38,39).

Breastfeeding poses another potential risk for 
LASV transmission to infants. Shedding in milk and 
high viral titers with viral immunostaining in mam-
mary glandular tissue has been demonstrated in  
humans (21,22). In addition, natural and experimental  

infections through skin exposure have been reported 
(13–17,40). We found viral antigen and RNA localized 
to both mammary glandular epithelium and overly-
ing epidermis, indicating that both milk and skin 
contact might be possible sources of infant infection 
during breastfeeding. However, no specific study 
links breastfeeding to LASV transmission, and our 
findings only highlight the need for additional inter-
disciplinary research and surveillance efforts to un-
derstand these risks.

In conclusion, our findings in a guinea pig 
model demonstrate that LASV infects both female 
and male reproductive tracts as early as 4 dpi, in-
dicating a potential risk for early sexual and verti-
cal transmission, including through breastfeeding, 
even during the incubation period before clinical 
signs are apparent. This model further suggests 
that transmission risk could persist for at least 4 
weeks and possibly longer, warranting additional 
studies of human cases to better inform evidence-
based guidance for survivors regarding abstinence 
or protected-sex practices as part of behavioral in-
terventions to reduce transmission, considerations 
that are particularly relevant given the current lack 
of available LASV-specific vaccines or therapeutics. 
More broadly, this study highlights critical gaps in 
our understanding of long-term sequelae and tissue 
reservoirs for LASV and other viral hemorrhagic fe-
vers in survivors, as well as the need for focused in-
vestigation into infection during pregnancy and its 
effects on maternal, placental, and fetal health. Such 
knowledge is essential for refining survivor coun-
seling, infection prevention strategies, and public 
health preparedness in LASV-endemic settings.
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etymologia revisited
Tuberculosis
[too-ber′′ku-lo′sis]

Any of the infectious diseases of humans or other animals 
caused by bacteria of the genus Mycobacterium. From the Latin  

tuberculum, “small swelling,” the diminutive form of tuber, “lump.” 
Tuberculosis has existed in humans since antiquity; it is believed to 
have originated with the first domestication of cattle. Evidence of  
tuberculosis has been shown in human skeletal remains and  
mummies from as early as 4000 bc. Mycobacterium bovis bacillus 
Calmette-Guérin has been successfully used to immunize humans 
since 1921, and treatment (rather than prevention) of tuberculosis has 
been possible since the introduction of streptomycin in 1946. Hopes 
of completely eliminating the disease, however, have been diminished 
since the rise of drug-resistant M. tuberculosis strains in the 1980s.
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Highly pathogenic avian influenza (HPAI) virus-
es were introduced to South America in 2022 

by migratory birds from North America. The viruses 
belonged to the 2.3.4.4b clade of HPAI A(H5N1) vi-
rus that became widespread in Europe in 2020 and 
spread to North America in 2021. The trajectory of 
H5N1 in South America has differed from H5N1 in 
North America in several critical ways. First, nearly 
all South America outbreaks stem from a single intro-
duction of H5N1 viruses from North America (1,2), 
whereas the North America epizootic was reseeded 
by multiple independent introductions from Eu-
rope and Asia (A1–A6) (3,4). Second, South America 
H5N1 outbreaks were driven by a single genotype 
(B3.2) that was introduced from North America and 
remained genetically stable during its spread across 
South America. In contrast, H5N1 viruses in North 

America underwent frequent reassortment with 
low pathogenicity avian influenza (LPAI) viruses, 
prompting new genotype nomenclature (using B, 
C, D) (3). Third, South America’s H5N1 epizootic is 
unique in establishing mammal-to-mammal trans-
mission in marine mammals, enabled by the H5N1 
(B3.2) virus acquiring mammalian-adaptive poly-
merase basic (PB) 2 mutations (Q591K and D701N) 
(1,2). That pattern has not occurred in North Amer-
ica, where H5N1 spillover into terrestrial and ma-
rine mammals was transient, except in United States 
dairy cattle (3).

Beyond the ecologic devastation among coastal 
wildlife, in 2023, H5N1 (B3.2) virus spread widely 
in birds across mainland South America, leading to 
poultry and wild bird outbreaks (5–8). Although in 
2024 HPAI outbreaks occurred in Brazil and Peru 
(World Organisation for Animal Health, https://wa-
his.woah.org), there were no detections in Argentina 
during March 2024–January 2025.

The Study
On February 11, 2025, Servicio Nacional de Sanidad 
y Calidad Agroalimentaria (SENASA; Buenos Aires, 
Argentina), Argentina’s national organization for ag-
ricultural health and safety, was notified of an out-
break in a mixed backyard flock (chickens, ducks, 
and turkeys) in Chaco Province, northern Argentina. 
The flock experienced high mortality (33/81 chickens, 
37/99 ducks) in just 1 week. When we inspected the 
living flock, two thirds of the remaining 48 chickens 
had diarrhea and 1 of the remaining 62 ducks was le-
thargic; 2 turkeys were asymptomatic. The household 
was located within a remnant fragment of the Dry 
Chaco biome, a hot and semi-arid tropical dry for-
est, surrounded by agriculture cropland. The affected 
flock had free access to a small pond frequently vis-
ited by wild waterfowl (Appendix 1, http://wwwnc.
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Genomic sequencing of reemerging highly pathogenic 
avian influenza A(H5N1) virus detected in Argentina in 
February 2025 revealed novel triple-reassortant viruses 
containing gene segments from Eurasian H5N1 and low 
pathogenicity viruses from South and North American 
lineages. Our findings highlight continued evolution and 
diversification of clade 2.3.4.4b H5N1 in the Americas.
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cdc.gov/EID/article/31/12/25-0783-App1.pdf). We 
depopulated and disinfected the area. We inspected 
backyard poultry within the 3 km perifocal zone (1 
household) and the 3–10 km surveillance zone (7 
households) and detected no illness or death. We did 
not find any affected wildlife on site.

We collected oropharyngeal and cloacal swab 
samples from 8 birds to test for influenza A virus. 
We tested and subtyped the samples by real-time 
PCR at SENASA. We performed next-generation se-
quencing on positive samples as previously described 
(6) (Appendix 1). We deposited full and partial ge-
nome sequences in the GISAID database (https://
gisaid.org; accession nos. EPI_ISL_19752381 and EPI_
ISL_19823059–68).

We inferred global avian influenza virus (AIV) 
phylogenies (including both HPAI and LPAI virus 
sequences) independently for each of the 8 gene seg-
ments to determine the genetic composition of H5N1 
viruses from this outbreak (H5N1-Arg_Feb2025  

viruses). The phylogenies indicated the H5N1-Arg_
Feb2025 viruses are novel 4:3:1 triple reassortants 
(Figure 1; Appendix 1). Four gene segments (PB2, PB1, 
polymerase [PA], and nonstructural [NS]) belong to 
the South American LPAI lineage (Figure 1) that has 
circulated regionally in wild birds for decades (9–12). 
Three gene segments (hemagglutinin [HA], neur-
aminidase [NA], and matrix protein [MP]) clustered 
with H5N1 viruses of the B3.2 genotype and belong 
to the original Eurasian H5N1 lineage introduced to 
North America (Figure 2). We identified novel amino 
acid changes in the HA and NA segments of H5N1-
Arg_Feb2025 viruses (Table) (13); the functional rel-
evance of those changes is unknown but might merit 
further investigation if consistently detected in future 
outbreaks. One segment, nucleoprotein (NP), did not 
cluster with any previously known South American 
viruses and instead grouped with North American 
LPAI viruses (Figure 3). Because of limited surveil-
lance in South America, where ≈90% of full-genome 
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Figure 1. Maximum-likelihood trees inferred for the 8 genome segments sequenced in this study of novel triple reassortant highly 
pathogenic avian influenza A(H5N1) virus, Argentina, 2025. Phylogenetic trees were inferred by using IAVs collected globally in avian 
hosts. A) Gene segment PB2. B) Gene segment PB1. C) Gene segment PA. D) Gene segment H5. E) Gene segment NP. F) Gene 
segment N1. G) Gene segment MP. H) Gene segment NS; only A allele is shown. The number of sequences used to construct each 
tree was 676 for PB2, 667 for PB1, 686 for PA, 271 for H5, 682 for NP, 443 for N1, 639 for MP, and 506 for NS (Appendix 2, http://
wwwnc.cdc.gov/EID/article/31/12/25-0783-App2.xlsx). Trees are midpoint rooted for clarity. Key node bootstrap values are shown. 
Teal shading represents NA lineage, brown shading represents EA lineage, pink shading represents SA lineage, and blue shading 
represents gull lineage. Orange oval represents previously reported SA H5N1 clade B3.2 genotype virus. Yellow oval with black outline 
and chicken silhouette represents the novel H5N1 virus found in Argentina. Branch lengths are drawn to scale. Scale bars represent 
nucleotide substitutions per site. EA, Eurasian; MP, matrix protein; NA, North American; NP, nucleoprotein; NS, nonstructural protein; 
PA, polymerase; PB, polymerase basic; SA, South American.
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sequences are from Argentina and Chile, it was dif-
ficult to determine how the North America–derived 
NP segment became part of the triple reassortant 
H5N1 viruses we identified.

Conclusions
We have documented a reassortment event between 
HPAI H5N1 and endemic South America LPAI vi-
ruses. South American PB2 and PA segments are di-
vergent from global AIV diversity (9) (Figure 1), indi-
cating reassortment has expanded H5N1 polymerase 
diversity. Although the H5N1-Arg_Feb2025 viruses 
have exchanged 5 gene segments, they retained the 

original Eurasian MP segment (Figure 2), which re-
mains conserved in most reassortant H5N1 viruses in 
North America. That segment conservation suggests 
the Eurasian MP segment might confer a selective ad-
vantage in HPAI H5 viruses. To date, we found no 
evidence of those novel 4:3:1 triple reassortant viruses 
in other South America countries; however, if future 
detections confirm wider spread, designation of a 
new H5N1 genotype would be warranted. Of conse-
quence, genotyping tools such as the US Department 
of Agriculture’s GenoFlu should be expanded to  
include South American lineage genes for systematic 
classification of new virus genotypes.
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Figure 2. Key reassortment 
and migration events leading 
to the novel triple reassortant 
influenza A(H5N1) viruses 
in February 2025, Argentina. 
Each box represents 1 of the 8 
segments of the influenza A virus 
genome, numbered in order of 
longest to shortest length: 1, 
polymerase basic protein 2; 2, 
polymerase basic protein 1; 3, 
polymerase acidic protein; 4, 
hemaggultinin; 5, nucleoprotein; 
6, neuraminidase; 7, matrix 
protein; and 8, nonstructural 
protein. Curved black arrows 
indicate the direction of major 
geographic migration events. 
Straight black arrows indicate 
sequential reassortment events of 
interest. LPAI, low pathogenicity 
avian influenza.

 
Table. Amino acid differences in hemagglutinin and neuraminidase of novel triple reassortant influenza A(H5N1) virus from Argentina, 
2025, compared with previously reported South American highly pathogenic avian influenza A(H5N1) viruses 

Protein (subunit) Position* 
Amino acid in 

previous viruses 
Mutated amino acid in 

reassortant virus Protein domain 
Hemagglutinin (HA1) 64 E D Vestigial esterase domain 
 172 L Y Receptor-binding domain 
 181 S P Receptor-binding domain 
 208 T K Receptor-binding domain 
 235 P S Receptor-binding domain 
Hemagglutinin (HA2) 493 E K Helical globule 
 510 V I Transmembrane domain 
 532 M I Cytoplasmic tail 
Neuraminidase 35 S V Stalk domain 
 49 C R Stalk domain 
 68 N Y Head domain 
 454 G S Stalk domain 
*HA positions refer to H5 numbering. 
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Reassortment is a key mechanism in the evolu-
tion and host adaptation of AIV, often enabling their 
emergence in new animal communities and contrib-
uting to the development of strains with panzootic or 
pandemic potential (14,15). The genomic constella-
tion of the H5N1-Arg_Feb2025 viruses parallels pat-
terns found in North America, where clade 2.3.4.4b 
H5N1 viruses have also incorporated primarily inter-
nal LPAI genes. H5N1-Arg_Feb2025 viruses replaced 
the PB2, PB1, NP, and NS segments from the paren-
tal B3.2 genotype, a reassortment pattern observed 
in North American genotypes B3.6 and B3.13 (Fig-
ure 2), both derived from B3.2. However, the H5N1-
Arg_Feb2025 viruses also replaced the Eurasian PA 
segment with a segment from South American LPAI  
viruses. Despite substantial genomic changes, the 

novel reassortant viruses from Argentina caused ill-
ness and death rates comparable to those previously 
observed for the B3.2 genotype. The primary clinical 
manifestation in this outbreak was diarrhea, affecting 
nearly two thirds of chickens. During H5N1 poultry 
outbreaks in Argentina in 2023, diarrhea was less 
common (reported in 29.7% of outbreaks), whereas 
high death rates (81.2%), lethargy (65.4%), cyanotic 
comb (57.4%), and neurologic signs (30.7%) were 
more frequent (n = 101 outbreaks) (SENASA, unpub. 
data). The predominance of gastrointestinal signs 
suggests possible shifts in tissue tropism or virulence. 
Also, the detection of a North American NP segment 
not previously identified in LPAI viruses from Ar-
gentina or elsewhere in South America highlights the 
need to strengthen regional AIV surveillance, even in 
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Figure 3. Phylogenetic tree showing how North American low pathogenicity avian influenza (LPAI) lineage contributed nucleoprotein 
(NP) genes by reassortment to novel influenza A(H5N1) viruses from Argentina, 2025. We inferred the phylogenetic tree by using 
the maximum-likelihood method for 11,820 North American LPAI and highly pathogenic avian influenza (HPAI) NP sequences 
collected during 2015–2025. Gray indicates LPAI viruses. HPAI H5N1 clades are collapsed and shaded in different colors and labeled 
according to corresponding H5 clade 2.3.4.4b genotypes. Black indicates prior H5N2 and H7N3 outbreaks in poultry. The 3 H5N1 
viruses collected from poultry in Argentina in February 2025 are indicated in red and with a yellow star. A more detailed subsection 
of the tree containing those 3 viruses is shown, with tip labels. Branch lengths are drawn to scale. Scale bar represents nucleotide 
substitutions per site. 
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the absence of active HPAI circulation. There is a lack 
of information on avian species and flyways involved 
in introductions of North American gene segments to 
South American LPAI viruses. Moreover, investigat-
ing the functional role of the North America–derived 
NP gene within the South American internal genes 
could clarify its potential contribution to the distinct 
gastrointestinal phenotype observed in this outbreak.

Further research on the diversity of LPAI viruses 
circulating in Neotropical wildlife will be essential 
to understand potential interactions between H5N1 
and South American lineage strains and to assess the 
long-term consequences of the introduction of HPAI 
viruses into the region. Our findings underscore the 
critical importance of sustained influenza surveillance 
coupled with whole-genome sequencing to track the 
evolution of HPAI H5N1 and support efforts to con-
trol and mitigate its effect on domestic animals, wild-
life, and human health. 
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Tularemia, caused by Francisella tularensis, is a bac-
terial illness endemic to the Northern Hemisphere 

(1). Tularemia classically presents as ulceroglandular, 
glandular, oculoglandular, oropharyngeal, pneumonic, 
or typhoidal disease; other manifestations have been de-
scribed (1–4). Neuroinvasive disease, although rare and 
difficult to diagnose, has also been reported (5–7).

Rarely, vertically transmitted tularemia in ani-
mals with histopathological and immunohistochemi-
cal (IHC) confirmation of F. tularensis in aborted fe-
tuses (8,9) has been reported. One presumed case 
of human congenital infection has been reported. In 
1947, Lide (10) reported delivery of a stillborn infant 
after tularemia was diagnosed in the mother. Gram-
negative bacilli were observed in placental and fetal 
tissues without confirmatory testing (10).

We recently diagnosed congenital, neuroinvasive 
tularemia in a neonate after a positive blood test for 
microbial cell-free DNA (cfDNA) (Karius, https://
kariusdx.com). IHC staining and 16S rRNA gene PCR 
identified F. tularensis in the mother’s fallopian tube.

The Study
A 2-week-old infant was admitted to a hospital in Salt 
Lake City, Utah, USA, with lethargy, poor feeding, 
and pallor. The mother had ulcerative colitis in remis-
sion on infliximab therapy. One week after her inf-
liximab dose at 34 weeks’ gestation, she experienced 
fever, sore throat, conjunctivitis, and cervical lymph-
adenopathy. After 6 days, a computed tomography 
scan of the neck revealed cervical lymphadenitis (Fig-
ure 1). An otolaryngologist evaluated and treated her 
with ceftriaxone and dexamethasone. She was evalu-
ated by obstetrics 4 days later for decreased fetal 
movement. A biophysical profile score of 8 was reas-
suring. She underwent incision and drainage of her 
cervical lymph node. During the procedure, purulent 
fluid was encountered and sent for routine and acid-
fast bacilli culture; no growth was noted at 4 days on 
routine culture or 42 days on acid-fast bacilli culture. 
She completed 10 days of amoxicillin/clavulanate.

The infant was born at 37 weeks’ gestation by 
cesarean section because of gestational hypertension 
and ongoing maternal illness. At delivery, the in-
fant required 15 minutes of respiratory support but 
weaned to room air and was discharged home on day 
of life (DOL) 2. On DOL 16, he was seen in the emer-
gency department for lethargy and decreased oral 
intake. He was tachycardic but afebrile. Complete 
blood count, complete metabolic panel, C-reactive 
protein, procalcitonin, and blood, urine, and cere-
bral spinal fluid (CSF) cultures were obtained; results 
were notable for marked peripheral leukocytosis, el-
evated C-reactive protein, hepatitis, and lymphocytic 
CSF pleocytosis (Table 1). The infant received ampi-
cillin and ceftazidime.

Increasing lethargy and new oxygen requirement 
prompted transfer to the pediatric intensive care unit. 
At arrival, he was febrile to 39.6°C. Results of blood 
PCR testing for adenovirus, parvovirus B19, and  
cytomegalovirus were negative. A multiplex PCR 
panel (BioFire, https://www.biofiredx.com) detected  
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We diagnosed neuroinvasive tularemia in a neonate in 
Utah who had culture-negative pleocytosis in cerebro-
spinal fluid, rim-enhancing lesions on brain magnetic 
resonance imaging, and blood microbial cell-free DNA 
Francisella tularensis detection. Maternal history, sero-
logic testing, and Francisella sp. identified in the fallo-
pian tube by immunohistochemistry and 16S rRNA gene 
PCR strongly support congenital infection.
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human rhinovirus/enterovirus on a nasopharyngeal 
swab specimen. Results of multiplex PCR testing of 
the CSF (BioFire Filmarray Meningitis/Encephalitis 
Panel) were negative. During hospitalization, the in-
fant developed thrombocytopenia to 115 K/µL. Bacte-
rial blood cultures remained negative, and laboratory 
abnormalities improved (Table 1). He was observed 
for 24 hours off antibiotics, then discharged home.

He returned to the emergency department 9 
days later, DOL 30. Vital signs were unremarkable, 
although he appeared unwell. He was transferred to 
our institution for further evaluation and infectious 
disease consultation.

Repeat lumbar puncture showed persistent lym-
phocytic CSF pleocytosis, and he underwent brain 
magnetic resonance imaging (MRI) with contrast. The 
MRI revealed 3 lesions, 2–7 mm in diameter, located 
in the left subthalamic nucleus, right thalamus, and 
left parietal cortex (Figure 1). Results of PCR testing of 
the CSF for toxoplasmosis were negative. Because of 
persistent illness and previously nondiagnostic evalu-
ation, blood cfDNA testing (Karius) was performed, 
and results were positive for 804 molecules of micro-
bial cfDNA/µL of F. tularensis DNA most aligned with 
subspecies holartica (Table 2). Treatment with intrave-
nous (IV) ciprofloxacin and gentamicin was initiated.
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Figure 1. Imaging from infant and mother in case of congenital tularemia with neuroinvasive disease, Utah, USA. A, B) Axial T1 post-
contrast images showing the infant’s initial magnetic resonance imaging findings of rim enhancing lesions near the left subthalamic 
nucleus and right inferior thalamus (arrows, panel A), as well as a punctate enhancing lesion in the left parietal lobe (arrow, panel B). C) 
Axial T2 image demonstrating T2 hyperintense edema along the margins of the largest lesion near the left subthalamic nucleus (arrow). 
D, E) Axial (D) and coronal (E) images from the mother’s computed tomography scan with intravenous contrast showing an enlarged, 
heterogeneous right cervical chain lymph node with inflammatory stranding in the adjacent soft tissues (arrows).



DISPATCHES

The family lives on a multiple-acre property sup-
plied by well water with nearby irrigation canals 
and a beaver population. Pets consisted of 1 rabbit, 2 
hunting dogs, and a cat. The family had bred rabbits 
until ≈2 years before. The cat hunted mice and voles 
and was frequently in close physical contact with the 
mother. The cat had been “vomiting up worms” and, 
2 days before the infant’s second hospitalization, was 
run over by a tractor and died.

On day 40 postpartum, the mother was seen by 
an infectious disease physician because of the infant’s 
tularemia diagnosis. She had continued to experience 
night sweats, fatigue, and anorexia, and new, diffuse 
arthralgias had developed, most prominently in her 
hands. Throat culture results were negative, but tests 
for F. tularensis IgG and IgM were positive (Table 
2). She received 14 days of ciprofloxacin and subse-
quently returned to her baseline state of health.

The county health department investigated the 
home. The well water had increased coliform counts, 
but well water PCR test results for F. tularensis were 
negative. All other family members tested negative for  

F. tularensis antibodies. Their rabbit had been euthanized 
and was unavailable for further testing, as was the cat.

The infant received 1 week of IV gentamicin and 
4 weeks of IV ciprofloxacin. Near the end of therapy, 
repeat microbial cfDNA testing (Karius) demonstrat-
ed a marked decline in F. tularensis microbial cfDNA 
levels (Table 2). Repeat brain MRI with contrast 
showed near complete resolution of the previous le-
sions with only “trace residual focus of enhancement 
in the left subthalamic region.” He remains well, last 
evaluated at 15 months of age.

The mother underwent elective tubal ligation 
during her cesarean section. Extensive left-sided 
subacute suppurative salpingitis with serositis inci-
dentally was noted. Once the diagnosis of congenital 
tularemia was suspected, remaining formalin-fixed 
paraffin-embedded tissue were sent to the Centers for 
Disease Control and Prevention, where results of an 
IHC assay for F. tularensis were positive for bacterial 
antigens with coccobacilli in the left fallopian tube, 
along with necroinflammatory debris (Figure 2) (11). 
In addition, a gram-negative bacteria 16S rRNA gene 
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Table 1. Pertinent results of laboratory tests taken during hospitalization of infant in case of congenital tularemia with neuroinvasive 
disease, Utah, USA* 

Test 
Hospitalization 1 

 
Hospitalization 2 

Admission: DOL 16 Discharge: DOL 21 Admission: DOL 30 
Complete blood count     
 Hemoglobin, K/L 13.8 12.6  13.1 
 Hematocrit, g/dL 39.8 36.7  39.6 
 Leukocyte, K/L 56.8 17.6  25.2 
 Neutrophils, K/L 29.0 3.3  4.8 
 Lymphocytes, K/L 19.9 11.3  15.4 
 Monocytes, K/L 4.5 3.0  3.5 
 Platelets, K/L 206 149  584 
Chemistry     
 Sodium, mmol/L 129 144  137 
 Total bilirubin, mg/dL 1.3 1.1  0.9 
 ALP, unit/L 205 139  335 
 AST, unit/L 898 144  57 
 ALT, unit/L 316 96  26 
 Lactic acid, mmol/L 2.4   1.8 
Inflammatory/infectious markers     
 C-reactive protein, mg/dL 17.1 6.8  4.7 
 Procalcitonin, ng/mL 3.02   0.15 
Cerebrospinal fluid     
 Glucose, mg/dL 44 NA  36 
 Total protein, mg/dL 114 NA  81 
 Leukocytes, cells/L 48 NA  31 
 Neutrophils, % 3 NA  4 
 Lymphocytes, % 81 NA  71 
 Monocytes, % 16 NA  25 
 Erythrocytes, cells/L <1 NA  7 
 Gram stain Negative NA  Negative 
BioFire Respiratory 2.1 panel Positive for rhinovirus   Positive for rhinovirus 
Cultures     
 Blood No growth  5 d NA  No growth  5 d 
 Urine 1,000 colony-forming units of 

Staphylococcus lugdunensis 
NA  No growth  2 d 

 CSF No growth  4 d NA  No growth  4 d 
*Abnormal values in bold. ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate aminotransferase; DOL, day of life; NA, not applicable.  
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PCR performed on DNA extracts from a formalin-
fixed paraffin-embedded tissue block containing tis-
sue of the left fallopian tube was positive for Fran-
cisella spp.

Conclusions
We report vertical transmission of tularemia, result-
ing in congenital infection with neuroinvasive dis-
ease in a neonate. The findings of CSF lymphocytic  
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Table 2. Infant and maternal testing for Francisella tularensis in study of congenital tularemia with neuroinvasive disease, Utah, USA* 
Test, specimen source Infant Mother 
Microbial cell free DNA metagenomic sequencing (Karius), 
plasma† 

4 weeks: 804 MPM F. tularensis 
subsp. holartica cfDNA (Appendix, 

https://wwwnc.cdc.gov/EID/article/31/
12/25-0703-App1.pdf) 

NA 

 7 weeks: 11 MPM F. tularensis 
subsp. holartica cfDNA (Appendix) 

 

F. tularensis IgM, serum 4 weeks: negative 6 weeks postpartum: positive 
 8 weeks: negative  
F. tularensis IgG, serum 4 weeks: positive 6 weeks postpartum: positive 
 8 weeks: negative  
Culture data (Table 1) Neck abscess (35 weeks’ 

gestation): no growth  5 d 
  Throat culture (6 weeks 

postpartum): no growth  5 d 
Next-generation metagenomic sequencing, CSF‡ 4 weeks: negative NA 
Multiplex PCR panel (BioFire), serum 4 weeks: negative NA 
Multiplex PCR panel, (BioFire); meningitis/encephalitis panel 
(Filmarray), CSF 

4 weeks: negative NA 

Francisella tularensis immunohistochemistry, FFPE maternal 
fallopian tube tissue§ 

NA Francisella spp. antigens 
detected (Figure 2) 

Gram-negative bacteria 16S rRNA gene PCR test, FFPE 
maternal fallopian tube tissue§ 

NA Positive for Francisella spp. 

*cfDNA, cell-free DNA; CSF, cerebrospinal fluid; FFPE, formalin-fixed paraffin-embedded; MPM, molecules per microliter; NA, not applicable.  
†Testing performed at Karius (https://kariusdx.com).  
‡Testing performed at University of California, San Francisco (San Francisco, CA, USA).  
§Testing performed at Centers for Disease Control and Prevention (Atlanta, GA, USA). 

 

Figure 2. Histopathology in 
study of congenital tularemia 
with neuroinvasive disease, 
Utah, USA. Histopathological 
evaluation revealed the 
presence of subacute 
suppurative salpingitis with 
serositis. A) Hematoxylin and 
eosin–stained tissue showing 
abundant necroinflammatory 
debris in the lumen of the left 
fallopian tube. The endosalpinx 
was edematous, and infiltrating 
neutrophils and mononuclear 
cells were seen in the lamina 
propria and tubal epithelium. 
Original magnification ×200. B) 
Higher-power microphotograph 
highlights immunostaining 
within intracellular coccobacilli 
(arrows). Original magnification 
×630. C) Francisella tularensis 
immunohistochemistry showing 
immunoreactive granular forms 
of bacterial antigens (arrows) 
within areas of the luminal 
necroinflammatory infiltrate. 
Original magnification ×200.
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pleocytosis, 3 discrete brain lesions, and positive blood 
cfDNA testing for F. tularensis on 2 separate samples, 
with resolution of brain lesions after therapy, support 
this diagnosis. The mother’s illness at 34 weeks’ gesta-
tion was consistent with oropharyngeal tularemia and 
supported by serologic testing 40 days postpartum. 
The detection of F. tularensis and 16S rRNA gene by 
PCR in the fallopian tube confirm tularemia-induced 
salpingitis and presumed vertical transmission.

Neuroinvasive tularemia is uncommon; lympho-
cytic meningitis is the most common manifestation. 
Rare reports exist of discrete brain lesions (5). Various 
antibiotic medications have been described in treat-
ment of neuroinvasive tularemia, such as streptomy-
cin, gentamicin, doxycycline, chloramphenicol, and 
ciprofloxacin, often in combination (5).

This case of vertical transmission of F. tularensis 
in humans, supported with microbiological confir-
mation by histopathological and molecular methods, 
is unique. Complications of tularemia in pregnancy 
have been reported previously (10,12–14). The source 
of maternal infection remains unclear. A concurrent 
zoonotic outbreak of tularemia among beavers oc-
curred in neighboring counties, and the mother had 
multiple other potential exposures. However, we 
found no clear linkage (15).

This case highlights the possibility of vertical 
transmission of tularemia, as well as neurologic 
manifestations in neonates. Diagnosis can be chal-
lenging and require assistance from state health de-
partments and specialized commercial and Centers 
for Disease Control and Prevention national refer-
ence laboratories.
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West Nile virus (WNV) is an enveloped, single-
stranded positive-sense RNA virus belong-

ing to the genus Orthoflavivirus, family Flaviviridae. 
First isolated from a patient in Uganda in 1937, this 
mosquitoborne virus has spread worldwide, causing 
sporadic infections and outbreaks on every continent 
except Antarctica (1). Birds, the natural reservoir, 
act as amplifying hosts and play a major role in the 
spread of WNV (2). Since the late 1990s, an increasing 
number of outbreaks have been reported in South-
ern and Central Europe, suggesting a trend to an en-
demic presence in various regions of Europe (3). That 
trend might be partly explained by modifications of 
ecosystems and climate change. Rising temperature 
and fluctuating rainfall can influence mosquito activ-
ity, bird migration patterns and their abundance and 
of consequence, the expansion of vector habitat that 
can contribute to increased virus transmission (4,5). 
To date, 9 phylogenetic lineages of WNV have been 
identified, of which only lineages 1 and 2 are associ-
ated with major outbreaks in humans (3,4).

The WNV incubation period ranges from 2–15 
days after a mosquito bite. Approximately 20% of 
infected persons will experience an acute systemic 
illness, known as West Nile fever, characterized gen-
erally by fever, malaise, headaches, myalgias, arthral-
gias, maculopapular rash, and gastrointestinal symp-
toms. Neuroinvasive disease will develop in <1% of 
infected persons, manifesting as meningitis, encepha-
litis, or acute flaccid paralysis, a poliomyelitis-like 
syndrome (6). Among those with neuroinvasive dis-
ease, the mortality rate ranges from 10–30%, which 
represents <0.1% of all infected cases (1,6).

Hemophagocytic syndromes or hemophagocyt-
ic lymphohistiocytosis (HLH) are rare, underdiag-
nosed, and often life-threatening conditions because 
of an overstimulation of the immune system, leading 
to systemic inflammation (activated cytotoxic T cells 
and natural killer cells), cytokine storm, and multi-
organ failure. Those syndromes can be divided into 
primary HLH, associated with genetic factors and 
usually seen in children, and secondary HLH, also 
called reactive hemophagocytic syndrome (RHS), 
which can be triggered by malignancy, autoimmune 
diseases, or infections (7,8). The most common infec-
tious triggers are herpes viruses, in the case of pri-
mary infection or reactivation, although many other 
viruses, such as HIV, hepatitis viruses, parvovirus 
B19, and influenza virus, have been reported (9). In 
adults, the average age of diagnosis is 50, and more 
women are affected than men (8). Diagnosis is cur-
rently made on the basis of various diagnostic criteria, 
such as HLH-2004 criteria (commonly used) and the 
HScore (specifically developed for adult RHS) (10). 
Those criteria include a constellation of clinical mani-
festations and biologic or cytological findings: fever, 
hepatosplenomegaly, cytopenia, elevated plasmatic 
ferritin, high lactate dehydrogenase and triglycerides, 
low fibrinogen, hepatic cytolysis and cholestasis, and  
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A 62-year-old patient was hospitalized in Geneva, Swit-
zerland, with an atypical manifestation of West Nile virus 
infection. Initially, he sought care for febrile diarrhea and 
vomiting; his condition deteriorated and hemophagocyt-
ic lymphohistiocytosis and meningoencephalitis devel-
oped. Corticosteroids improved his condition. We used 
high-throughput sequencing and ophthalmologic find-
ings to diagnose West Nile virus.
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hemophagocytosis in bone marrow biopsy (7,8). 
However, none of those criteria are pathognomonic 
alone. An HLH diagnosis can be made even in the ab-
sence of hemophagocytosis in bone marrow biopsy 
(6). We report a case of WNV-associated hemophago-
cytic lymphohistiocytosis in a man in Switzerland.

The Case
A 62-year-old man with a history of prostate adeno-
carcinoma under close follow-up by urologists since 
2022 was admitted to Geneva University Hospitals 
(Geneva, Switzerland) in August 2024 with com-
plaints of a 48-hour history of fever, watery diarrhea, 
and vomiting. He had recently returned from a trip to 
Toulon on the south coast of France. He also reported 
moderate bitemporal headache for 1 week without 
photophobia or phonophobia.

In the emergency department, the patient was fe-
brile with signs of septic shock but had an otherwise 
unremarkable physical examination. Initial workup 
revealed thrombocytopenia (58 × 109 cells/L, refer-
ence range 150–400 × 109 cells/L), lymphocytope-
nia (0.12 × 109 cells/L, reference 4–11 × 109 cells/L), 
elevated C-reactive protein (391 mg/L, reference 
<0.9 mg/L), and acute kidney injury (KDIGO stage 
2 [https://kdigo.org/guidelines/acute-kidney-in-
jury]). Abdominal contrast-enhanced computed to-
mography scan revealed hepatosplenomegaly. We 
admitted the patient to a monitored care unit for pre-
sumed bacterial sepsis of enteric origin and provide 
empirical antimicrobial therapy (ceftriaxone 2 g/d 
and metronidazole 500 mg/8 h), along with intensive 
intravenous fluid therapy. We performed a micro-
biological diagnostic workup, including serology for 

Figure 1. Evolution of laboratory 
data for a patient with West Nile 
virus–associated hemophagocytic 
lymphohistiocytosis during 
hospitalization, Geneva, 
Switzerland. Results include 
C-reactive protein, ferritin, 
thrombocytes, leukocytes, and 
triglycerides. Pink shading 
indicates corticosteroid treatment.
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viral hepatitis, cytomegalovirus, Epstein-Barr virus, 
HIV, parvovirus B19, syphilis, and leptospirosis; all 
results were negative for acute infection. Results of a 
gastrointestinal multiplex molecular assay were posi-
tive for enteropathogenic Escherichia coli, which we 
believed reflected colonization.

During the patient’s hospitalization, a persistent 
fever developed and kidney failure worsened; pro-
found pancytopenia, hyperferritinemia (11,272 mcg/L, 
reference 12–200 mcg/L), hypertriglyceridemia (7.35 
mmol/L, reference <2 mmol/L), and isolated aspar-
tate aminotransferase elevation occurred (Figures 1, 
2). Hematology consultation led to the suspicion of an 
HLH secondary to a concurrent yet undetermined in-
fection. That suspicion was supported by an HScore 
of 244 points (high temperature; organomegaly; cy-
topenia; elevated ferritin, triglycerides, and aspartate 
aminotransferase; reference fibrinogen levels; and ab-
sence of hemophagocytosis features on bone marrow), 
translating to an HLH diagnostic probability >99%. 
Total body positron emission tomography–computed 
tomography revealed no malignancy. Bone marrow 
biopsy showed no evidence of hematological neo-
plasia or hemophagocytosis. The infectious workup 
showed no herpetic infection or reactivation; blood 
PCR results were negative for herpes simplex virus 1 
and 2, human herpesvirus 6, Epstein-Barr virus, and 
cytomegalovirus. Dengue virus was also not detected.

On day 4 of hospitalization, the patient experi-
enced altered mental status, psychomotor slowing, 
and disorientation. Cerebrospinal fluid (CSF) analy-
sis revealed mixed pleocytosis (leukocyte count 327 
mol/L, 48% lymphocytes and 46% polymorphonu-
clear cells), proteinorachia, and hypoglycorrhachia. 
Suspecting neurolisteriosis, we changed the antimi-
crobial therapy to meropenem (2 g/12 h). Results 
of a multiplex molecular panel for meningitis and 
encephalitis and a CSF culture were negative. Brain 

MRI showed mesial temporal hyperintensity, and 
electroencephalogram indicated no epileptic activ-
ity. Soluble CD25 serum concentration on day 5 of  
hospitalization was elevated at 4 ng/mL (reference <2 
ng/mL). We started the patient on dexamethasone (20 
mg 1×/d) for possible HLH-related central nervous 
system involvement; the treatment led to fever reso-
lution, slow neurologic status improvement, and nor-
malization of ferritin and triglyceride values (Figures 
1, 2). We discontinued meropenem and continued 
corticotherapy for a total of 5 days. Ophthalmological 
evaluation for new onset myodesopsia revealed uve-
itis and scattered chorioretinal lesions with a target-
oid appearance, findings highly suggestive of WNV 
chorioretinitis (Appendix Figure 1, https://wwwnc.
cdc.gov/EID/article/31/12/25-0776-App1.pdf).

An unbiased high-throughput sequencing per-
formed on the initial serum sample to identify a viral 
HLH trigger identified WNV sequences (4 reads on 
2 separate genomic regions, enabling classification 
in WNV lineage 2) (Appendix Figure 2). We isolat-
ed RNA by using TRIzol (Invitrogen, https://www.
invitrogen.com) according to the manufacturer’s in-
structions. We prepared libraries by using the TruSeq 
(Illumina, https://www.illumina.com) total RNA 
preparation protocol and then sequenced on a MiSeq 
platform (Illumina) by using the 2 × 75 bp paired-end 
protocol. We analyzed reads by using a bioinformat-
ics pipeline designed to detect all vertebrate viruses 
on the basis of the Virosaurus database as previously 
described (11). Subsequent serology and blood PCR 
confirmed the viral diagnosis, whereas CSF WNV re-
verse transcription PCR was negative.

Conclusions
We report an atypical manifestation of WNV infec-
tion with features of meningoencephalitis, ophthal-
mological involvement, and secondary HLH. Of 

Figure 2. WNV testing results of a patient with WNV-associated hemophagocytic lymphohistiocytosis during hospitalization, Geneva, 
Switzerland. Ct, cycle threshold; EIA, enzyme immunoassay; WNV, West Nile virus.



note, the pathognomic chorioretinal findings pro-
vided the first hint pointing toward a viral etiology. 
The infection was likely acquired on the south coast 
of France, where multiple infections were reported 
at the time. Although cases of HLH secondary to 
other flaviviruses such as dengue virus have been 
reported, RHS triggered by WNV infection is un-
usual (12,13). The diagnosis of RHS was established 
despite the absence of hemophagocytosis in the 
bone marrow biopsy, consistent with current diag-
nostic standards (8,10). Corticosteroid treatment led 
to clinical improvement. Because of the ongoing ef-
fects of climate change and the increasing incidence 
of WNV infections, clinicians should be aware of po-
tential clinical manifestations and WNV’s possible 
complications, such as secondary HLH, which might 
affect patient prognosis.
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Philophthalmus spp. parasites are cosmopolitan dige-
neans, typically inhabiting the conjunctival sac of 

waterbirds. The trematodes, known as avian eye flukes, 
have a complex lifecycle, which includes freshwater 
and marine snails as intermediate hosts and waterbirds 
as final hosts. Birds are infected by ingestion of infec-
tive metacercariae that are encysted on aquatic plants 
(1). After thermally triggered excystation in the phar-
ynx, the parasite migrates through the lacrimal ducts to 
the orbital cavity. Ocular infections of mammals have 
been reported in capybaras (Hydrochoerus hydrochaeris) 
from Brazil, Galapagos sea lions (Zalophus wollebaeki) 
in Ecuador, and rarely other mammals, including hu-
mans (2–6). The mode of infection in nonavian hosts is 
uncertain; both ingestion and direct contact with cer-
cariae or metacercariae have been proposed (2,7).

Globally, >50 nominal Philophthalmus spp. trema-
todes have been described; however, recent evidence 
suggests that only ≈10 species are valid (1,5). In South 
America, Philophthalmus spp. flukes have been report-
ed from Brazil, Peru, Venezuela, and Ecuador’s Galá-
pagos Islands (1,3,8,9). Further geographic spread of 
Philophthalmus spp. trematodes by invasive snail spe-
cies is probable (9,10).

Since 1939, a total of 12 human philophthalmiasis 
cases have been published. Infections were acquired 
in Asia, Europe, and North America and mostly iden-
tified to the genus level, but cases compatible with 
philophthalmiasis already were known in the 19th 
Century (Appendix 1, https://wwwnc.cdc.gov/
EID/article/31/12/25-1126-App1.pdf). We describe 
a case of philophthalmiasis caused by a Philophthal-
mus lacrymosus eye fluke in a traveler from Europe, 
probably acquired on the Galápagos Islands.

The Study
A 26-year-old woman from England sought care in 
Santiago, Chile, for a 9-day history of intense pain, 
swelling, and a moving foreign body sensation in her 
right eye. Before symptom onset, she had visited Co-
lombia (4-week stay); Ecuador, including Galápagos 
Islands (2.5-week stay); and Peru (1-week stay). Ocular 
examination showed eyelid edema, intense chemosis 
and follicular reaction of the inferior fornix, and supe-
rior tarsal conjunctiva. Results of cornea examination, 
anterior segment findings, and fundus examination 
were unremarkable. After a thorough examination, 
we removed an elongated mobile structure located 
on the upper tarsal conjunctiva by using a moist cot-
ton swab. After removal, the foreign body sensation 
disappeared. Follow-up over the following weeks 
showed a complete recovery without complications.

We performed detailed morphologic studies of 
the extracted structure on a temporary wet mount by 
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using an Olympus SZ61 stereo microscope (https://
www.olympus-global.com), an Olympus DP22 digi-
tal camera, and Olympus cellSens software version 
2.3 (https://evidentscientific.com). Our analyses 
confirmed the specimen as a P. lacrymosus fluke (Fig-
ure 1). The single mature ovigerous specimen had an 
elongated oval shape, smooth surface, no spines, and 
constriction at the level of the ventral sucker. Maxi-
mum width was always posterior to ventral sucker, 
oral sucker subterminal, pharynx muscular, esopha-
gus bifurcating posteriorly to pharynx, and ceca ex-
tending to posterior margin of posterior testis. The 
acetabulum was larger than the oral sucker and pre-
equatorial; testes were in tandem, smooth and spheri-
cal, located in the posterior portion of the body, in an 
intercecal position; cirrus sac was elongated, slightly 
surpassing posterior margin of acetabulum (cirrus 
not visible), and genital pore median, at level of ce-
cal bifurcation. Ovary was spherical, located pretes-
ticular in the intercecal area; the uterus was long and 
coiled, occupying the space between the ventral suck-
er and the level of anterior margin of  the anterior tes-
tis; the vitellarium was follicular and eggs nonoper-
culated, containing a fully formed miracidium with 
a dark eyespot in most eggs. We morphometrically 
compared the sample with previously reported P. lac-
rymosus specimens (Appendix 1).

We confirmed species diagnosis by molecular anal-
yses using PCR and bidirectional Sanger sequencing 
of nuclear internal transcribed spacer (ITS) 2 and mi-
tochondrial cytochrome c oxidase I (Cox1) (Appendix 
2, https://wwwnc.cdc.gov/EID/article/31/12/25-
1126-App1.xlsx). We compared amplicons with se-
quences from GenBank and Philophthalmus zalophi ocu-
lar trematodes from Galápagos sea lions. 

An 861-bp ITS-2 consensus sequence from the 
human sample was identical to the consensus P. 
zalophi sequence (M.J. Yabsley, unpub. data) and 

showed 98.6% identity with P. lacrymosus and 95.9% 
identity with P. lucipetus, both fluke species found in 
gulls (Larus spp.) from Portugal, and 95.6% identity 
with P. gralli sequences from invasive red-rimmed 
melania snails (Melanoides tuberculata) from Costa 
Rica and small passerines from Peru (Figure 2). The 
396-bp Cox1 consensus sequence had 99.73% (single 
transition) and 99.45% identity with P. lacrymosus se-
quences from kelp gulls (Larus dominicanus) in Brazil, 
whereas similarities with P. lacrymosus sequences 
from Portugal were 91.90%–92.15%. We observed 
identity values ranging from 87.34% to 87.09% with P. 
lucipetus sequences from Portugal. An 87.12% identity 
was shared with a specimen annotated as Philopth-
thalmus sp., which was isolated from a Japanese snail 
(Semisulcospira libertina) (Figure 2). We constructed 
additional Bayesian-inferred phylogenetic trees from 
17 ITS-2 sequences and 16 Cox1 sequences (Appendix 
1 Figure).

Conclusions
The epidemiology of human philophthalmiasis is 
poorly understood. Cases have been reported from 
Asia, Europe, and North America (Appendix 1 Table 
1). Some reports suggest infection by direct inocula-
tion of metacercariae during swimming (Appendix 1), 
whereas others suggest oral ingestion of metacercaria 
with food or direct inoculation during food prepara-
tion (Appendix 1). Of note, the parasite can survive 
for several months in the human host (Appendix 1). 
Nearly all cases were caused by single worms and 
involved unilateral irritation, sensation of a foreign 
body, and conjunctivitis. Vision impairment has not 
been reported, except for historical cases in the 18th 
Century with high worm loads (Appendix 1).

The number of species causing human philoph-
thalmiasis is uncertain, given that most extracted 
worms were identified only to genus. In North  
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Figure 1. Specimen of 
Philophthalmus lacrymosus fluke 
extracted from conjunctiva of a 
female traveler from England 
in Chile. A) Full view of the 
unstained specimen showing 
oral sucker, pharynx, cirrus sac, 
acetabulum, uterus containing 
eggs, ovary, testes, and 
vitellarium. B) Intrauterine  
eggs showing fully formed 
miracidia with eyespots (arrows). 
Scale bars: panel A, 500μm; 
panel B, 200μm.
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America, the P. lacrymosus fluke (recorded as P. lacri-
mosus) was diagnosed in a human case from Mexico 
(11). In South America, P. lacrymosus flukes have ex-
clusively been diagnosed in waterbirds in Brazil and 
Venezuela and capybaras in Brazil (5). The patient 
reported here had only direct contact with natural 
water environments on the Galápagos Islands, where 
P. zalophi, a new fluke species defined by morpholog-
ic criteria, has been reported in Galapagos sea lions 
(3,4). Considering that Philophthalmus parasites can 
inhabit the human eye for several months, a previous 
case from Ohio, USA, might plausibly have also been 
acquired on the Galápagos Islands, which the patient 
had visited 5 months before symptom onset (12). Ma-
rine snails of the Batillariidae family, present on the 
Galápagos Islands, could serve as potential interme-
diate hosts; that family includes the West Indian false 
cerith (Lampanella minima), a known intermediate 
host of P. lacrymosus flukes (13,14).

The patient’s exposure on Galápagos Islands re-
mains inferential, requiring studies of infected interme-
diate hosts or environmental larval stages. However, 
our molecular data indicate that P. zalophi flukes from 
Galápagos might be conspecific with P. lacrymosus  

flukes. Probable spillover of P. lacrymosus flukes from 
a bird host to sea lions could explain morphologic dif-
ferences, which can occur during adaptation to the 
mammalian host as reported in capybaras (2). Simi-
larly, host-related plasticity or different development 
stages could explain certain morphologic deviations 
of our sample from previous P. lacrymosus specimens 
(Appendix 1). The specimen we report shared several 
traits with P. zalophi flukes, including a similar oral 
sucker to pharynx ratio and a body length <6 mm.

Further comparative genomic analyses are re-
quired to clarify taxonomic uncertainty of Philophthal-
mus spp. flukes infecting humans, as recently shown 
in Japan (15). The P. lacrymosus species might be para-
phylectic or represent a complex of geographically 
and host-related lineages with South American iso-
lates forming a genetically cohesive clade that is taxo-
nomically distinct from forms of P. lacrymosus flukes 
in Europe and Asia.

In conclusion, our clinical and epidemiologic 
findings show that the zoonotic eye fluke P. lacrymo-
sus can infect humans in South America. The findings 
also suggest that the parasite might be endemic on 
the Galápagos Islands in Ecuador.

	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 12, December 2025	 2295

Figure 2. Maximum-likelihood phylogenetic tree constructed from 17 internal transcribed spacer 2 sequences (trimmed alignment 
673 bp) (A) and 16 cytochrome c oxidase I sequences (trimmed alignment 365 bp) (B) of Philophthalmus lacrymosus fluke extracted 
from conjunctiva of a female traveler from England in Chile. Consensus trees were inferred from 1,000 replicates by using the Kimura 
2-parameter test in MEGA 11 (https://www.megasoftware.net). Bootstrap values at the nodes indicate the percentages of replicates 
in which the sequences clustered together. Sequence codes include GenBank accession numbers and parasite information. In 
parentheses, letter codes indicate the country of origin. Sequences from this case report are 24-PCRi-68DA_CHL (GenBank accession 
no. PX240011) and 24-PCRi-68c_CHL (accession no. PX238763). BRA, Brazil; CHL, Chile; CRI, Costa Rica; ECU, Ecuador; JPN, 
Japan; PER, Peru; PRT, Portugal.
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The global spread of A/goose/Guangdong/96-
lineage highly pathogenic avian influenza (HPAI) 

virus of the A(H5) subtype has resulted in numerous 
clades, subclades, and genotypes because of continu-
ous genetic drift and reassortment. HPAI H5N1 clade 
2.3.4.4b virus is the most widespread globally; since 
December 2021, that clade has circulated in wild birds 
in the United States, affecting millions of poultry, 
mammalian wildlife, domestic livestock, and com-
panion animals (1,2). In 2024, two distinct genotypes 
were mainly responsible for ongoing outbreaks in the 
United States, B3.13 mostly in dairy cattle and D1.1 
mostly in poultry, but outbreaks of both genotypes 
were reported in cattle and poultry (3,4). 

Sporadic human infections with clade 2.3.4.4b 
viruses have also been reported in the Unit-
ed States. During April 1, 2024–June 30, 2025,  
a total of 70 human cases were reported, including 

41 cases after dairy cattle exposure, 24 after expo-
sure to commercial poultry flocks, 2 after exposure 
to backyard flocks, and 3 with an unknown expo-
sure source (5,6). In response to reported human 
infections with clade 2.3.4.4b viruses in the United 
States and other countries, several 2.3.4.4b A(H5) 
prepandemic candidate vaccine viruses (CVVs) 
have been made available for pandemic influenza 
preparedness (7). 

In late 2024, the Washington State Public Health 
Laboratory detected influenza A(H5) virus by real-
time reverse transcription PCR among specimens 
from poultry workers experiencing influenza symp-
toms. We investigated virus isolates from human cas-
es in Washington to determine virus receptor-binding 
preference and cross-reactivity with existing CVVs.

The Study
During October 23–November 5, 2024, the Centers 
for Disease Control and Prevention (CDC; Atlanta, 
GA, USA) received multiple presumptive influenza 
A(H5)–positive human clinical specimens from the 
Washington State Public Health Laboratory. Testing 
at CDC confirmed HPAI A(H5) virus in 8 poultry 
farm workers. All 8 cases occurred in adults exposed 
to H5N1 virus–infected poultry during depopula-
tion efforts to control an outbreak among poultry in 
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Poultry workers in Washington, USA, were infected with 
highly pathogenic avian influenza A(H5N1) virus and 
recovered. The viruses were clade 2.3.4.4b genotype 
D1.1, closely related to viruses causing poultry out-
breaks. Continued surveillance and testing for influenza 
A(H5) clade 2.3.4.4b viruses remain essential for risk 
assessment and pandemic preparedness of zoonotic 
influenza viruses. 
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Washington. Each affected person reported conjunc-
tivitis, and some also reported respiratory symptoms 
(6). The mean cycle threshold (Ct) value to detect 
influenza A matrix gene from the H5-positive speci-
mens was 33 (range 25–36.9). 

After multiple genetic sequencing attempts at 
CDC, we obtained complete hemagglutinin (HA) 
gene sequences from 5 confirmed cases and partial or 
complete neuraminidase (NA) gene sequences from 
4 confirmed cases. On the basis of the available HA 
and NA sequences, the viruses in the specimens be-
longed to HPAI H5N1 clade 2.3.4.4b. Sequences of 
the internal gene segments were only available from 
4 human cases at various levels of completion. We 
observed minimal genetic variation among human 
cases; we submitted all available gene sequences to 
GISAID (https://www.gisaid.org) and GenBank 
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/12/25-1118-App1.pdf). 

We attempted virus isolation by inoculating the 
positive specimens in 10–11-day-old embryonated 
chicken eggs, MDCK cells, or both. We isolated A/
Washington/239/2024 from a conjunctival specimen 
in MDCK cells and isolated A/Washington/254/2024 
and A/Washington/255/2024 from the conjunctival 
specimens in eggs. We also isolated A/Washing-
ton/240/2024 in eggs from both conjunctival and na-
sopharyngeal specimens (Table).

Since late 2021, at least 6 distinct introduc-
tions of clade 2.3.4.4b A(H5) viruses from Eu-
rope and Asia (genotypes A1–A6) have oc-
curred in the United States. Each introduction 
was followed by reassortment events that gen-
erated many different genotypes (8,9). Phyloge-
netic analysis of the 8 gene segments from H5N1 
viruses in the specimens of the Washington  

human cases determined that they belonged to gen-
otype D1.1. That genotype derived from the Eur-
asian genotype A3 and acquired North American 
wild bird lineage polymerase basic (PB) 2 (am24 
group), polymerase acidic (am4 group), nucleo-
protein (am13 group), and NA (am4N1 group) 
gene segments (Figure 1; Appendix Figures 1–6). 
Genotype D1.1 is different from genotype B3.13, 
which derived from the Eurasian genotype A1 after 
acquiring North American wild bird lineage PB2 
(am2.2 group), PB1 (am4 group), nucleoprotein 
(am8 group), and nonstructural (am1.1 group) gene 
segments after reassortment. 

Phylogenetically, HA sequences from the Wash-
ington human cases belonged to the Eurasian ea3 
group and were closely related to viruses detected 
from the Washington poultry outbreak. Those HA 
sequences also resembled sequences from wild 
birds detected in British Columbia, Canada, dur-
ing 2024 (Figure 1, panel A). The HA sequences 
from the Washington D1.1 human cases did not 
contain mutations known to be associated with in-
creased infectivity or transmissibility among hu-
mans (FluSurver, https://flusurver.bii.a-star.edu.
sg). The NA gene segments of H5N1 clade 2.3.4.4b 
viruses circulating in the United States have been 
predominantly Eurasian lineage since their intro-
duction (8). However, the D1.1 viruses detected in 
the Washington cases all contained North Ameri-
can lineage N1 NA genes closely related to those 
of H5N1 viruses detected in poultry and wild birds 
in British Columbia in 2024 and H1N1 viruses de-
tected in wild birds in the United States and Can-
ada in 2023 (Figure 1, panel B). The available NA 
and internal gene sequences from the Washington 
D1.1 human cases lacked changes associated with  
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Table. Hemagglutination inhibition testing of highly pathogenic avian influenza A(H5N1) clade 2.3.4.4b genotype D1.1 viruses isolated 
from poultry farm workers, Washington, USA, 2024* 

Antigens Subtype Clade 
Hemagglutination inhibition titer† 

CDC-RG RG71A RG71A RG78A RG78A NIID-002 TX/37 
Reference antigens          
 CDC-RG, A/Vietnam/1203/2004 H5N1 1 2,560 <10 <10 <10 <10 <10 <10 
 IDCDC-RG71A, A/Astrakhan/3212/2020 H5N8 2.3.4.4b 10 160 160 80 80 40 <10 
 IDCDC-RG78A, A/American Wigeon/ 
 South Carolina/22-000345-001/2021 

H5N1 2.3.4.4b 10 160 160 160 320 80 80 

 NIID-002, A/Ezo red fox/Hokkaido/1/2022 H5N1 2.3.4.4b 10 160 320 160 160 80 80 
 A/Texas/37/2024 H5N1 2.3.4.4b 10 80 80 160 160 80 80 
Test antigens 

         

 A/Washington/239/2024, conjunctival‡  H5N1 2.3.4.4b 10 80 160 160 160 80 80 
 A/Washington/240/2024, conjunctival§ H5N1 2.3.4.4b 10 80 80 160 160 40 40 
 A/Washington/240/2024, nasopharyngeal§ H5N1 2.3.4.4b 10 80 80 320 320 80 80 
 A/Washington/254/2024, conjunctival§ H5N1 2.3.4.4b 10 80 40 160 160 80 80 
 A/Washington/255/2024, conjunctival§ H5N1 2.3.4.4b 10 40 40 160 160 80 40 
*Bold indicates homologous titers. TX/37, A/Texas/37/2024. 
†Two different lots of ferret antiserum against RG71A or RG78A were used in this test. 
‡Isolated on MDCK cells. 
§Isolated in 10–11-day-old embryonated chicken eggs. 
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reduced antiviral susceptibility or mammalian ad-
aptation. They also lacked PB2-M631L mutation that 
was detected in most B3.13 viral sequences (10–12).

The HA sequences from the Washington D1.1 vi-
ruses also lacked changes previously associated with 
increased binding to mammalian-like α2,6 sialic acid 
receptors. Glycan microarray analysis of the represen-
tative virus isolate A/Washington/240/2024 suggest-
ed that the Washington D1.1 H5N1 virus retained pref-
erential binding to avian-like α2,3 sialic acid receptors 
(Figure 2). We used 3 A(H5) clade 2.3.4.4b prepandem-
ic CVVs in this study: IDCDC‐RG78A (A/American 

wigeon/South Carolina/22-000345-001/2021), NIID-
002 (A/Ezo red fox/Hokkaido/1/2022), and IDCDC-
RG71A (A/Astrakhan/3212/2020). Compared with 
the most closely related CVV, NIID-002 (HA group 
ea3), the HA sequences from Washington H5N1 D1.1 
viruses (also HA group ea3) all carried 2 amino acid 
differences at T36A and N476D (mature H5 number-
ing); neither substitution was located within puta-
tive antigenic sites. The HA from Washington H5N1 
D1.1 viruses also had 3 amino acid differences rela-
tive to IDCDC-RG71A (HA group ea3) and 6 relative 
to IDCDC‐RG78A (HA group ea1), and 1 difference  
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Figure 1. Neighbor-joining phylogenetic trees of highly pathogenic avian influenza A(H5N1) clade 2.3.4.4b viruses isolated from 
poultry farm workers, Washington, USA, 2024. A) Hemagglutinin gene segment; B) neuraminidase gene segment. Green font indicates 
influenza A(H5N1) D1.1 viruses from Washington human cases; red font indicates prepandemic candidate vaccine virus A/Ezo red fox/
Hokkaido/1/2022. Bootstrap values >50, generated from 1,000 replicates, are labeled on branch nodes. Scale bars indicate nucleotide 
substitutions per site. 
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was in the putative antigenic site D (Appendix Table 
3). Hemagglutination inhibition (HI) assays indicated 
that all available Washington H5N1 D1.1 virus isolates 
cross-reacted well with ferret antisera raised against 
each of the 3 clade 2.3.4.4b CVVs. Ferret antiserum 
raised to NIID-002 and IDCDC‐RG78A cross-reacted 
with the D1.1 viruses at heterologous HI titers equal 
to or within 2-fold of the homologous HI titer (Table). 
Ferret antisera raised against IDCDC-RG71A cross-
reacted with the D1.1 viruses at heterologous HI titers 
2- to 4-fold lower than the homologous HI titer. Ferret 
antiserum raised against A/Texas/37/2024, the virus 
isolated from an H5N1 human case in 2024 associat-
ed with a dairy cattle outbreak (genotype B3.13), also 
cross-reacted well with the Washington D1.1 H5N1 
virus isolates at heterologous HI titers <2-fold of the 
homologous HI titer (Table).

Conclusions
We detected human cases of HPAI H5N1 clade 2.3.4.4b 
genotype D1.1 in poultry farm workers in Washing-
ton. Additional human cases of H5N1 D1.1 virus in-
fection have been subsequently reported, including a 
fatal human case detected in Louisiana, USA (13), and 
2 severe human cases, 1 detected in British Columbia, 
Canada (14), and 1 in Wyoming, USA (15). Among 
the virus genomes detected in the Washington cases, 
we noted no changes that are known to be associated 
with mammalian adaptation, increased infectivity, or 
transmissibility among humans. Washington H5N1 
D1.1 virus retained avian-like α2,3 sialic acid receptor  

binding preference and cross-reacted well with ferret 
antiserum raised against A(H5) clade 2.3.4.4b pre-
pandemic CVVs available to vaccine manufacturers. 
Nonetheless, continued surveillance and testing of 
clade 2.3.4.4b A(H5) viruses remain essential for in-
fluenza pandemic preparedness.
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Bats are the natural reservoir of numerous 
known and novel zoonotic viruses, including 

rabies, Nipah, Hendra, Marburg, and severe acute 
respiratory syndrome viruses (1). In Bangladesh, 
Nipah virus (NiV) outbreaks are seasonal, and cas-
es peak during December–April annually. In 2006, 
the Institute of Epidemiology, Disease Control and 
Research, Bangladesh (Dhaka, Bangladesh); icddr,b 
(Dhaka); and US Centers for Disease Control and 
Prevention (Atlanta, GA, USA) collaboratively es-
tablished a hospital-based national sentinel sur-
veillance program to address public health risks 
posed by NiV (2). During 2006–2022, the program 
enrolled >22,000 patients with symptoms of NiV 
infection. We report detection of Pteropine orthoreo-
virus (PRV) from 5 NiV-negative patients with 
acute respiratory disease and encephalitis during a 
2022–2023 outbreak.

The Study
PRV is an emerging batborne orthoreovirus previous-
ly linked to acute respiratory infections in humans, 
especially in Southeast Asia (4–6). PRV is classified 
under the genus Orthoreovirus, family Reoviridae, 
which includes Nelson Bay virus (NBV), identified in 
Australia in 1968 (7). Zoonotic potential of NBV was 
confirmed in 2006, when a human case occurred in 
Melaka, Malaysia (8). 

PRVs are nonenveloped, fusogenic viruses with 
double-stranded RNA genomes composed of 10 seg-
ments (S1, S2, S3, S4, M1, M2, M3, L1, L2, and L3). The 
S1 segment is tricistronic, encoding 3 proteins: cell-
attachment protein, fusion-associated small trans-
membrane protein, and nonstructural protein p17 of 
unknown function (9).

The Bangladesh surveillance program uses quan-
titative PCR on throat swab samples to test for NiV 
RNA and on serum for NiV IgG or IgM. During 
December 2022–March 2023, five patients with pre-
sumptive NiV infection diagnoses were admitted to 
hospitals in Bangladesh but tested NiV-negative (Ta-
ble). Three patients were admitted to Faridpur Medi-
cal College Hospital (MCH) (Faridpur, Bangladesh), 
and 1 patient each was admitted to Rajshahi MCH 
(Rajshahi, Bangladesh) and Khulna MCH (Khulna,  

Bat Reovirus as Cause of  
Acute Respiratory Disease  

and Encephalitis in Humans,  
Bangladesh, 2022–2023

Sharmin Sultana,1 Ariful Islam,1 James Ng, Sunil Kumar Dubey, Manjur Hossain Khan,  
Cheng Guo, Mohammed Ziaur Rahman, Joel M. Montgomery, Syed Moinuddin Satter,  

Tahmina Shirin, W. Ian Lipkin, Lisa Hensley,2 Nischay Mishra2

2302	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 12, December 2025

DISPATCHES

Author affiliations: Institute of Epidemiology, Disease Control and 
Research (IEDCR), Dhaka, Bangladesh (S. Sultana, A. Islam,  
M. Hossain Khan, T. Shirin); Gulbali Research Institute, Charles 
Sturt University, Wagga Wagga, New South Wales, Australia  
(A. Islam); Center for Infection and Immunity, Mailman School of 
Public Health, Columbia University, New York, New York, USA 
(J. Ng, S. Kumar Dubey, C. Guo, W.I. Lipkin, N. Mishra); icddr,b, 
Dhaka (M.Z. Rahman, S. Moinuddin Satter); Centers for  

Disease Control and Prevention, Zoonotic Atlanta, Georgia, USA 
(J.M. Montgomery) and Emerging Disease Research Unit,  
National Bio and Agro-Defense Facility, USDA Agricultural  
Research Service Manhattan, Kansas, USA (L. Hensley)

DOI: https://doi.org/10.3201/eid3112.250797

1These first authors contributed equally to this article.
2These last authors contributed equally to this article.

We report 5 patients in Bangladesh presumed to have 
Nipah virus infections after consuming raw date palm 
sap. PCR and serology for Nipah virus were negative, 
but high-throughput sequencing identified Pteropine  
orthoreovirus in archived throat swab samples and virus 
cultures. This batborne virus should be considered in 
differential diagnosis of Nipah-like illnesses.
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Bangladesh). All patients had clinical signs and symp-
toms, including fever, disorientation, altered mental 
status, abnormal gait, and difficulty breathing. Four 
patients had a primary diagnosis of encephalitis, and 
1 pediatric case had mild symptoms and a primary 
diagnosis of febrile convulsions (Table). All patients 
reported consuming raw date palm sap within 2 
weeks of symptoms developing. 

Patients originated from different geograph-
ic regions of Bangladesh. Case-patients BDB047, 
BDB051, and BDB052 were from Faridpur and Ra-
jbari, within a 30-mile radius of central Bangladesh, 
near the Padma River Basin (Figure 1). Those 3 pa-
tients and pediatric case-patient BDB113 from Khul-
na (≈180 km south of Faridpur and Rajbari) were 
hospitalized within the same 2-week period in late 
December 2022 and early January 2023 (Table). Case-

patient BDB040 was admitted in Sirajganj (≈150 km 
north of Faridpur and Rajbari) during March–April 
2023. That patient had a history of chronic mental 
illness and also consumed raw date palm sap while 
hospitalized. 

All patients were discharged after 2–3 weeks. 
During telehealth follow-up >15 months after dis-
charge, case-patients BDB047 and BDB052 reported 
persistent fatigue, disorientation, and breathing 
and walking difficulties. Case-patients BDB051 and 
BDB113 fully recovered, but case-patient BDB040 
died in August 2024, following deteriorating health 
and unexplained neurologic issues (Table).

We conducted viral discovery by using a capture-
based agnostic viral sequencing method, VirCap 
Seq-VERT (VCS) (3), on total nucleic acid extracted 
from archived throat swab samples collected in  
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Table. Characteristics of patients in study of bat reovirus as cause of acute respiratory disease and encephalitis in humans, 
Bangladesh, 2022–2023* 

Geographic and clinical data  
Patient identification no. 

BDB047 BDB051 BDB052 BDB113 BDB040† 
Age, y/sex 65/M 17/F 65/M 2/M 56/M 
District Rajbari Faridpur Rajbari Khulna Sirajganj 
Diagnosis at admission Encephalitis Encephalitis Encephalitis Febrile convulsions Encephalitis 
Symptom onset date 2022 Dec 27 2023 Jan 3 2023 Jan 5 2023 Jan 2 2023 Mar 31 
Date palm sap consumption Y Y Y Y Y 
 Frequency, no. times 1 4 1 1 1 
 Date first consumed 2022 Dec 14 2023 Jan 1 2022 Dec 27 2022 Dec 31 2023 Apr 4 
Throat swab collection date 2022 Dec 29 2023 Jan 3 2023 Jan 7 2023 Jan 2 2023 Apr 6 
Hospitalization data      
 Duration of hospital stay, d 9  2  9 8 14  
 Symptons at admission      
  Fever Y Y Y Y Y 
  Difficulty in breathing Y N N N N 
  Disorientation Y Y Y N Y 
  Vomiting N N Y N N 
  Diarrhea N N Y N N 
  Altered mental status Y N Y N Y 
  Headache N Y Y N Y 
  Stiff neck Y N N N Y 
  Convulsions N N N Y N 
  Unconscious Y N N Y N 
  Salivation N N Y N N 
 Mental status‡ Moderate Mild Moderate Moderate Mild 
 Neurologic details, motor Abnormal gait movements Mild, abnormal 

tone 
Moderate; 

abnormal gait, 
movements 

Moderate; 
abnormal gait, 

movements 

Normal 

 qPCR and virus culture      
  PRV viral load, Ct 24.50 19.17 30.48 33.40 Undetected 
  Positive virus culture Y Y N Y N 
 Discharge health status Alive Alive Alive Alive Alive 
Telehealth followup§      
 Health status Alive Alive Alive Alive Dead 
 Date of follow 2024 May 21  2024 May 21  2024 May 21  2024 May 21  2024 Oct 30  
 Condition recorded  Difficulty walking; 

weakness, disorientation, 
occasional respiratory 

distress 

Fully recovered; 
healthy 

Generalized 
weakness and 

musculoskeletal 
pain 

Fully recovered; 
healthy 

Died in 
August 2024 

 *Ct, cycle threshold; PRV, Pteropine orthoreovirus. 
†Patient had prior history of mental disorder and other cognitive disabilities before the onset of Nipah virus–like illness in April 2023. He also consumed 
date palm sap while hospitalized. The patient later died in August 2024 due to unexplained neurological disease. 
‡Moderate: lethargic, decreased response; mild: confused, disoriented, or agitated. 
§Telehealth followup was conducted >15 mo after hospital discharge. 
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viral-transport media. We perfomed VCS on Next-
Seq 2000 (Illumina, https://www.illumina.com), as 
previously described (3). We further used Megablast 
(MEGA, https://www.megasoftware.net) to com-
pare retrieved sequences to those in GenBank nucleo-
tide databases (Appendix, https://wwwnc.cdc.gov/
EID/article/31/12/25-0797-App1.pdf). VCS analysis 
revealed PRV reads in all patients. We did not iden-
tify any other viral or bacterial pathogens in high-
throughput sequencing. 

We quantified viral load by using an in-house 
L2-based quantitative PCR (Appendix Table 1). Case-
patient BDB051 had the highest viral load, likely due 
to the short (≈2-day) interval between raw date palm 
sap consumption and sample collection (Table). Case-
patients BDB047 and BDB052 had higher viral loads 
than did BDB113 and BDB040.

For phylogenetic analysis, we amplified the par-
tial S1 segment encoding the p10 protein (96 aa) by 
using a consensus PCR (Figure 2; Appendix Table 2). 
The Bangladesh PRVs clustered at 99.3%–100.0% av-
erage nucleotide identity (ANI). Those PRVs showed 
≈96% ANI with the Indonesia/2010 detected from 
a large flying fox (Pteropus vampyrus) in Indonesia, 
≈85% ANI with the Nachunsulwe-57 detected from 
an Egyptian fruit bat (Rousettus aegyptiacus) in Zam-
bia, and ≈77% ANI with the Kasama strain detected 
from an Angolan soft-furred fruit bat (Lissonycteris 
angolensis) in Uganda (10,11). The Bangladesh PRVs 
also had >77.0% ANI with Xi River virus from a ful-
vous fruit bat (R. leschenaultii) from China, Garut-69 
virus from a large flying fox from Indonesia, and the 
1968 prototypic NBV from a grey-headed flying fox 
(P. policephalus) in Australia.
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Figure 1. Study locations and locations for related viruses from study of bat reovirus as cause of acute respiratory disease and 
encephalitis in humans, Bangladesh, 2022–2023. Inset shows Bangladesh with color-coded locations of patients (BDB040, BDB052, 
BDB047, BDB113, and BDB051) from whom we detected Pteropine orthoreovirus in archived throat swab samples. Larger map shows 
global locations from which related viruses have been detected in humans, bats, and monkeys.
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To test whether molecular detection (VCS, quan-
titative PCR, and partial S1 amplicon sequencing) cor-
responded to infectious virus presence, we inoculated 
throat swab samples into MDCK cells and examined 
for cytopathic effects. After 2 MDCK passages, we 
passaged PRVs once in Vero cells. We successfully 
cultured virus from 3 swab samples (case-patients 
BDB047, BDB051, and BDB113) and sequenced on the 
MiSeq (Illumina) platform. We mapped reads to PRV 
genomes by using Geneious Prime (https://www.ge-
neious.com) software. 

Complete coding sequences of all 10 Ban-
gladesh PRV segments (GenBank accession nos. 
PP803379–408) showed 91.1%–100% ANI among 
themselves (Appendix Table 3). S1 segments showed 
96.7%–99.9% ANI with each other and clustered 
with Indonesia/2010 strain, NBV-Australia, NBV-
Nachunsulwe-57, and Kasama virus (Figure 3, panel 
A). Phylogeny of S2 and S3 segments were partially 
consistent with S1 segments (Figure 3, panels B, C). 
S4 segments clustered with Kampar and Melaka NBV 
strains (Figure 3, panel D), previously linked to mild 
respiratory illness in humans and reported human-
to-human transmission (8,12).  

L1, L2, L3, M1, M2, and M3 segments clustered 
with different PRVs isolated from fruit bats and oc-
casionally from humans in Indonesia and Malaysia 
(Appendix Figure). That finding suggests unique 

evolution of each segment from reassortment events 
among strains circulating in Southeast Asia and long 
flight ranges of fruit bats. Reassortment is common 
for segmented RNA virus evolution and enhances 
risk for zoonotic potential (13). All Bangladesh PRV 
segments showed >76% ANI with NBV-Australia, 
exceeding the Internationl Committee for Taxonomy 
of Viruses 2022 species demarcation criteria of <75% 
ANI (14). Thus, the detected PRVs belong to NBV 
species but are distinct from other mammalian and 
avian reoviruses.

Conclusions
Humans in Bangladesh commonly consume raw date 
palm sap, especially in winter. Raw date palm sap is 
also a food source for fruit bats during winter and is 
the primary zoonotic route for NiV spillover from bats 
to humans (15). All 5 patients lived within 30–200 km 
of central Bangladesh but had no known contact with 
one another. Patients consumed raw date palm sap 
within 14 days of symptoms developing. Although 
no contemporaneous sap samples were available for 
analysis, we speculate that those PRV infections re-
sulted from the consumption of raw date palm sap 
contaminated with bat excreta. All 5 patients had se-
vere respiratory and neurologic symptoms, but PRV 
infections in Malaysia, Indonesia, and Vietnam were 
associated with milder respiratory disease  (5,8,12). 
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Figure 2. Phylogenic analysis of 
bat reovirus detected from cases 
of acute respiratory disease 
and encephalitis in humans, 
Bangladesh, 2022–2023. 
Sequencing of the partial S1 
segment showed that Pteropine 
orthoreovirus from patients in 
Bangladesh (bold) clustered 
with 99.3%–100.0% average 
nucleotide identity (ANI). 
Bangladesh PRV showed ≈96% 
ANI with the Indonesia/2010 
strain detected from large flying-
fox (Pteropus vampyrus) in 
Indonesia (GenBank accession 
no. KM279386.1) and ≈85% ANI 
with the Nachunsulwe-57 strain 
detected from an Egyptian fruit 
bat (Rousettus aegyptiacus) 
in Zambia (accession no. 
LC619335) in 2018. GenBank 
accession numbers are 
indicated for reference 
sequences. Scale bar indicates 
nucleotide substitutions per site. 
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Because we focused on severe disease, we cannot ex-
clude the possibility that PRVs in Bangladesh can also 
cause mild infections.

In summary, human PRV infection can have 
signs and symptoms similar to those of NiV infection. 
Like NiV infections, PRV infections can be linked to 
consumption of date palm sap contaminated with bat 
excreta. The potential for reassortment in segmented 
viruses like PRV can result in changes in transmissi-
bility and virulence. Thus, in areas where raw date 
palm sap is consumed, molecular and serologic sur-
veillance and differential diagnoses of respiratory 
illnesses with encephalitis and other unexplained 
febrile illnesses should include PRV, NiV, and other 
batborne viruses.
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Figure 3. Comparitive phylogeny of bat reovirus as cause of acute respiratory disease and encephalitis in humans, Bangladesh, 
2022–2023. A) S1 segment phylogeny showing 96.7%–99.9% average nucleotide identity (ANI) with each other (BDB051, BDB113, and 
BDB047) and clustered with Indonesia/2010, NBV-Australia, NBV-Nachunsulwe-57, and Kasama virus. B, C) Phylogeny of S2 (B) and 
S3 (C) segments showing partial consistency with S1 segments. D) S4 segments clustered with Kampar and Melaka strains, previously 
linked to mild respiratory illness in humans and reported human-to-human transmission. GenBank accession numbers are indicated. 
Scale bars indicate nucleotide substitutions per site.
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Schistosomiasis is a parasitic infection caused by 
trematodes of the genus Schistosoma (1). Globally, 

≈1 billion people are at risk for schistosomiasis and 
there have been 250 million cases across 78 countries. 
By 2021, the disease accounted for >1.8 million dis-
ability-adjusted life years lost. Schistosoma infection is 
closely linked to impoverished living conditions (2).

The Schistosoma lifecycle requires an intermediate 
host, such as Biomphalaria, Bulinus, and Oncomelania 
snails, before infecting and causing disease in de-
finitive hosts such as humans or other mammals (3). 
The main pathogenic species in humans are S. hema-
tobium, S. japonicum, and S. mansoni. Although adult 
worms are relatively nonpathogenic, their eggs in-
duce granulomatous inflammation characterized by 
eosinophilic and lymphocytic infiltration, leading to 
both acute and chronic disease (4).

The clinical manifestations of schistosomiasis are 
related to infection intensity and duration, and the in-
testines, liver, and bladder are the most involved organs 
(2). Early infection might manifest as cercarial derma-
titis. Acute schistosomiasis is often asymptomatic, but 
sudden onset of fever, myalgia, fatigue, and abdominal 
pain lasting 2–10 weeks can occur. Chronic schistoso-
miasis is typically characterized by nonspecific, inter-
mittent abdominal pain, diarrhea, and rectal bleeding 
(in S. mansoni and S. japonicum infections) or hematuria 
(in S. hematobium infection). In advanced chronic cases,  

complications such as portal hypertension (S. mansoni 
and S. japonicum) or hydronephrosis, renal failure, and 
bladder cancer (S. hematobium) can occur (2).

Emerging evidence suggests that schistosomia-
sis is a systemic disease that might also involve the 
spleen, heart, lungs, nervous system, and other organs 
(5–7). However, pancreatic involvement is exceed-
ingly rare. In this article, we report 4 cases of schis-
tosomiasis in China affecting the pancreas (Table). 
Informed consent was obtained from the patients for 
the publication of their information.

The Study
Patient 1 was a 49-year-old woman with a 1-year 
history of intermittent fever (up to 40°C) who was 
found to have a space-occupying lesion in the pan-
creatic head during routine examination in October 
2020. She resided in Hubei, China, and had a history 
of untreated schistosomiasis. Computed tomogra-
phy at Wuhan Union hospital revealed a 4.8 × 3.5 cm 
mass superior to the pancreatic head, involving the 
pancreas and associated with enlarged peripancreatic 
lymph nodes (Figure 1, panels A, B). Tumor mark-
ers were unremarkable, but hemoglobin was mildly 
reduced (93 g/L, reference range 115–150 g/L). To 
clarify the diagnosis, we conducted an endoscopic ul-
trasound-guided fine-needle aspiration of the pancre-
atic head. Pathology demonstrated fibrinous exudate 
and schistosome eggs (Figure 1, panel C). S. japonicum 
eggs were also found in the stool. The patient was di-
agnosed with pancreatic schistosomiasis and treated 
with a 1-day course of praziquantel (60 mg/kg in 3 
doses). Two weeks later, her symptoms resolved, 
and she was discharged. No fever recurrence was ob-
served at 3-month follow-up.

Patient 2 was a 73-year-old man who sought care 
in November 2024 with 1 day of abdominal pain. Six 
months prior, he had a history of pancreatitis. He also 
had a long-term residence in Hubei and a history of 
schistosomiasis without any treatment. Laboratory  

Pancreatic Schistosomiasis,  
China, 2020–2024
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Schistosomiasis is a globally prevalent parasitic infec-
tion, but pancreatic involvement is extremely rare. In 
this article, we report 4 cases of pancreatic schistoso-
miasis from endemic regions in China. The possible link 
between schistosomiasis and pancreatic malignancy 
deserves further study. These cases underscore the di-
agnostic challenge of pancreatic schistosomiasis. 
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findings included hemoglobin 94 g/L (reference 
range 130–175 g/L) and serum amylase 522 U/L 
(reference range 20–125 U/L); tumor markers were 
unremarkable. S. japonicum eggs were detected in 
his stool. Abdominal computed tomography scan 
revealed a nonenhancing, tubular lesion adjacent to 
the main pancreatic duct in the body of the pancreas, 

suggesting possible intraductal papillary mucinous 
neoplasm (IPMN) and an enhancing nodule in the 
pancreatic tail, suspected to be a neuroendocrine tu-
mor (Figure 1, panels D, E). After fluid replacement, 
analgesia, and resumption of oral intake, the abdomi-
nal pain resolved. We conducted a laparoscopic dis-
tal pancreatectomy. Pathology revealed IPMN with 
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Table. Clinical characteristics of 4 patients with pancreatic schistosomiasis, China, 2020–2024 

Case no. Age, y/sex Region of infection 
Hemaglobin, 

g/L 
Schistoma japonicum 

eggs detected Stool test Treatment for S. japonicum 
1 49/F Pancreas head 93 Yes Positive Praziquantel, 60 mg/kg, 3 

doses in 1 day 
2 73/M Pancreatic body 94 Yes Positive Praziquantel, 60 mg/kg, 3 

doses in 1 day 
3 65/M Pancreatic tail 125 Yes Positive NA 
4 47/M Pancreatic tail and 

spleen 
106 Yes Not 

available 
Praziquantel, 60 mg/kg, 3 

doses in 1 day 

 

Figure 1. Imaging from 4 cases of pancreatic schistosomiasis, China, 2020–2024. A, B) Computed tomography (CT) images from 
patient 1 revealing a mass involving the pancreas. C) Pathologic examination from fine-needle aspiration of patient 1 showing fibrinous 
exudate and schistosome eggs (arrows). D, E) Abdominal CT of patient 2 showing a nonenhancing, tubular lesion adjacent to the main 
pancreatic duct in the body of the pancreas. F) Pathologic examination of sample from patient 2 showing intraductal papillary mucinous 
neoplasm with moderate dysplasia and scattered schistosome eggs (arrows). G, H) Abdominal CT of patient 3 revealing a low-density 
mass in the pancreatic tail and multiple ring-enhancing hepatic nodules. I) Pathologic examination of sample from patient 3 showing 
schistosome egg deposition (arrows) with associated tissue necrosis. 
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moderate dysplasia in parts of the glandular epithe-
lium, and scattered schistosome eggs (Figure 1, panel 
F; Figure 2). We discharged the patient 2 weeks post-
operatively and referred him to the infectious diseas-
es department. He was treated with a 1-day course 
of praziquantel (60 mg/kg in 3 doses). At 3-month 
follow-up, he remained symptom-free.

Patient 3 was a 65-year-old man who sought care 
in March 2022 with complaints of left upper abdom-
inal pain lasting 1 month. He had a history of liver 
cirrhosis and untreated schistosomiasis. Hepatitis B 
surface antigen, e antigen, and core antibody were all 
positive. Tumor markers carcino-embryonic antigen, 
CA125, and CA19-9 were markedly elevated. Hemo-
globin measured slightly low at 125 g/L (reference 
range 130–175 g/L). Contrast-enhanced abdominal 
computed tomography revealed a low-density mass 
in the pancreatic tail, highly suggestive of pancreatic 
cancer, and multiple ring-enhancing hepatic nodules 
suggestive of metastases (Figure 1, panels G, H). En-
doscopic ultrasound-guided biopsy yielded 2 tissue 
samples: 1 sample showed schistosome egg deposi-
tion with tissue necrosis, and the other sample re-
vealed pancreatic carcinoma cells (Figure 1, panel I). 
We diagnosed the patient with pancreatic schistoso-
miasis and pancreatic ductal adenocarcinoma with 
liver metastases. We transferred him to the oncology 
department for further management. Four months 
later, follow-up revealed the patient had died.

We published the case of patient 4 last year (8). 
In brief, a 47-year-old man who had had intermittent 
left upper quadrant abdominal pain for 5 years was 
found to have a hypodense cystic lesion in the tail of 
the pancreas on imaging. He subsequently underwent 

surgery, and the resected specimen’s pathology con-
firmed pancreatic and splenic schistosomiasis. Splenic 
schistosomiasis was documented previously (9). 

Conclusions
During the past 70 years, China has made remarkable 
progress in controlling schistosomiasis (caused by S. 
japonicum), resulting in a 99% reduction in prevalence. 
China is steadily progressing toward the goal of com-
plete schistosomiasis elimination (10). However, spo-
radic cases of schistosomal infection continue to occur 
in endemic areas such as Hunan, Jiangxi, and Hubei.

Pancreatic schistosomiasis is extremely rare, and 
we found only 1 known previous report of chronic pan-
creatitis caused by S. mansoni (11). Animal studies have 
shown that schistosome eggs can be deposited in pan-
creatic tissue (12). All 4 patients described in this article 
lived in endemic areas and had a history of schistosomi-
asis. Their main symptoms were intermittent abdomi-
nal pain and fever, and imaging consistently indicated 
pancreatic space-occupying lesions that posed diagnos-
tic challenges. Two cases were ultimately diagnosed as 
inflammatory lesions, 1 as IPMN, and 1 as pancreatic 
ductal adenocarcinoma with hepatic metastases. Pathol-
ogy confirmed S. japonicum egg deposition in all 4 cases.

Egg deposition in the pancreas induces granuloma 
formation and chronic inflammation. Of note, in case 3, 
pancreatic cancer cells and liver metastasis were found 
at the lesion site. Associations between schistosomia-
sis and colorectal, liver, and bladder cancers have been 
previously published (13–15). Furthermore, schisto-
some egg deposition in colorectal cancer is linked to 
a higher rate of the KRAS G12D mutation, which is 
also a key driver mutation in pancreatic cancer. There-
fore, the pancreatic cancer in case 3 might be related to 
schistosomal infection, rather than being coincidental.

Once pancreatic schistosomiasis is confirmed, 
praziquantel remains the primary treatment. In this 
article, patient 1 improved with praziquantel therapy; 
patients 2 and 4 underwent surgery because of the 
high suspicion of malignancy and were treated with 
praziquantel after the diagnosis of pancreatic schis-
tosomiasis; and patient 3 primarily received chemo-
therapy but died because of advanced disease.

Schistosomiasis involving the pancreas is exceed-
ingly rare and manifests with nonspecific symptoms, 
making diagnosis challenging. In endemic areas, par-
ticularly in patients with a history of schistosomiasis 
who are found to have pancreatic lesions, pancreatic 
schistosomiasis should be considered as part of a  
differential diagnosis. In addition, there is evidence of 
a potential association between Schistosoma infection 
and pancreatic cancer.
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Figure 2. Enlarged image of schistosome eggs in pancreas of 
patient 2 in report of 4 cases of pancreatic schistosomiasis, China, 
2020–2024.
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Variant Creutzfeldt-Jakob disease (vCJD) and 
sporadic CJD are among a group of rare, always 

fatal neurodegenerative disorders known as trans-
missible spongiform encephalopathies (TSEs) or 
prion diseases (1). Researchers have linked vCJD to 
human dietary exposure to the agent that caused bo-
vine spongiform encephalopathy in cattle (1–3). The 
literature documents few transfusion-transmitted 
cases of vCJD in the early 2000s (4,5), but no new 
cases have been reported since 2007. The lack of re-
cent transfusion-transmitted vCJD is reassuring, but 
a question lingers about the true prevalence of vCJD 
infections in the population and the iatrogenic risk 
they pose. This prevalence is difficult to estimate 
without a validated assay to identify infected per-
sons during the preclinical phase of vCJD, which can 
last for many decades.

To achieve this goal, we developed a nonhuman 
primate model of vCJD to collect specimens (blood 

and nasal swabs) suitable to validate preclinical tests 
and to detect the presence of abnormal disease-asso-
ciated prion protein (PrPTSE) in blood (6,7). We could 
not conduct studies with human samples because of 
the rarity of human TSEs and the impossibility of es-
tablishing the exact time of most human exposures 
to the infective agents. To validate the relevance of 
a macaque model, we attempted to mimic human 
transmissions of transfusion-transmitted vCJD by 
blood transfusion from infected to naive macaques 
and collected biologic samples for testing over a 10-
year period.

The Study
We transfused 4 uninfected macaques using blood 
from 3 macaques (CO7423, CO7422, and C16999) 
previously infected with vCJD (6) (Appendix, 
https://wwwnc.cdc.gov/EID/article/31/12/25-
0679-App1.pdf). We collected 100-mL samples of 
blood from CO7423, at clinical onset and at termi-
nal phase of illness, and immediately transfused 
the samples into 2 recipient macaques: CO1619 
and 98CO19. Two years later, we transfused 2 ma-
caques, DEIM and DFOO, with red blood cell–de-
pleted blood prepared from whole blood of CO7422 
and C16999 (Table 1). We euthanized CO1619 at 
58 months posttransfusion (mpt) and euthanized 
98CO19 at 104 mpt (8.7 years posttransfusion [ypt]) 
because of intercurrent illnesses (Table 1). DEIM 
developed early neurologic signs of mild ataxia and 
tremors at 104 mpt (8.7 ypt). Those symptoms slow-
ly progressed to marked tremors, unsteadiness on 
the perch, unkept fur coat, and mild weight loss, all 
typical signs of vCJD in macaques. We euthanized 
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We transfused 4 macaques with blood of macaques pre-
viously infected with variant Creutzfeldt-Jakob disease, 
transmitting disease to 2 macaques (1 demonstrating 
clinical signs). Nasal swab specimens from both infect-
ed macaques became positive for disease-associated 
prion protein during the preclinical stage. Such samples 
are suitable for antemortem diagnosis during long incu-
bation periods.
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DEIM 4 months after clinical onset. We euthanized 
DFOO at 120 mpt (10 ypt) when the macaque had 
reached the preselected experimental endpoint.

We collected blood and nasal swab specimens 
during and at the end of the study. We harvested 
brains and other tissues from each macaque. We also 
collected cerebrospinal fluid from DEIM and DFOO. 
To detect PrPTSE, the biomarker of TSEs, we used 2 
in vitro assays: real-time quaking-induced conver-
sion (RT-QuIC) to assay nasal swab extracts, lymph 
nodes, and cerebrospinal fluid; and protein mis-
folding cyclic amplification (PMCA) to assay brain, 
spleen, and blood samples (8,9). All tests of tissues 
and fluids from CO1619 and DFOO were negative for 
PrPTSE, including neuropathological examinations to 
show spongiform degeneration and PrPTSE deposits in 
formalin-fixed paraffin-embedded brain tissue (Table 
2). We included samples from vCJD-infected animals 
and uninfected macaques in each test as controls.

Brain homogenate from 98CO19 was negative 
for PrPTSE using multiple biochemical detection meth-
ods, and the macaque’s blood was negative by PMCA 
as well (Table 2). Neuropathologic studies showed 
no spongiform degeneration or PrPTSE deposits in 
98CO19’s brain. However, nasal swab extracts and 2 
inguinal lymph node homogenates collected at eutha-
nasia were positive by RT-QuIC (Figure 1) when tested 
as 1% wt/vol tissue homogenates (4/4 positive wells) 
but negative in the next 10-fold dilution (0.1% wt/vol), 
suggesting that very small amounts of PrPTSE were 
present. PMCA assays of the same 2 tissues were nega-
tive. We noted scattered clusters of PrPTSE in sections of 
the lymph nodes, in the same cells staining for CD21, 
corresponding to follicular dendritic cells (Figure 2).

We confirmed macaque DEIM to be infected with 
vCJD by neuropathological and immunohistological 
examinations of formalin-fixed paraffin-embedded 
brain tissues and by Western blots of brain suspen-
sions (Appendix Figure, panel A), RT-QuIC of cere-
brospinal fluid, and PMCA of blood. PMCA first de-
tected PrPTSE in blood collected at 85 mpt; RT-QuIC 

showed PrPTSE in nasal swab extracts 7 months later 
(92 mpt). PrPTSE signals remained positive in both tis-
sues to the end of the study (Appendix Figure). Thus, 
PrPTSE appeared in those tissues several months be-
fore clinical onset, confirming the diagnostic potential 
of both assays with those materials.

Conclusion
We report the results of blood transfusions from 3 
vCJD-infected macaques into 4 recipient macaques. 
One macaque developed clinical vCJD 9 years after 
transfusion, an interval consistent with a survival du-
ration of 6.5–8.3 years seen in human recipients trans-
fused with blood from asymptomatic vCJD-infected 
donors (5). One recipient macaque died early in the 
experiment, and 2 macaques survived ≥9 years with 
no clinical signs of vCJD. Macaque 98CO19 revealed 
PrPTSE signals in nasal swab extracts and inguinal 
lymph node tissues. Researchers have used lymph 
node tissue previously to identify macaques incubat-
ing vCJD before clinical onset of illness (11). Our data 
from RT-QuIC testing showed reactivity that was 
weak but unequivocal and reproducible. We con-
firmed the presence of PrPTSE in lymph node tissue by 
immunohistochemistry of the same tissue. We con-
cluded that 98CO19 died while infected with vCJD.

Previous researchers exploring TTvCJD trans-
fused to macaques reported a fatal neurologic syn-
drome, described as a myelopathy, that affected 
3 of 7 macaques transfused with blood containing 
low infectivity (determined by low levels of periph-
eral PrPTSE); the other 4 macaques remained healthy 
(12). The macaques with myelopathy demonstrated 
clinical signs that included impaired visual acuity 
and hind limb ataxia, but tests revealed no PrPTSE in 
brain and other tissues (12). Macaque DFOO of our 
study showed no clinical signs associated with that 
described myelopathy. Macaque CO1619 died rela-
tively early in the study—too early to know if it had 
been infected with vCJD or would have developed 
myelopathy. Our results largely agree with those of 
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Table 1. Summary of data from study of abnormal prion protein in nasal swab specimens of macaques infected with Creutzfeldt-Jakob 
disease* 
Donor 
macaque ID 

Recipient 
macaque ID Transfused sample 

Clinical symptoms, 
ypt (mpt) 

Survival time, 
ypt (mpt) 

Age at 
endpoint, y 

Reason for 
euthanasia 

CO7423 CO1619 100 mL whole blood NA 4.8 (58) 17 
 

Unresectable 
pelvic tumor 

CO7423 98CO19 100 mL whole blood NA 8.7 (104) 23 
 

Nonreducible 
inguinal hernia 

CO7422 DEIM Red blood cell–depleted 100 
mL whole blood equivalent 

8.7 (104) 9 (108) 12 
 

Neurologic signs of 
vCJD 

C16999 DFOO Red blood cell–depleted 100 
mL whole blood equivalent 

NA 10 (120) 13 
 

Planned end of 
study 

*Inoculation of these animals was described previously (6). mpt, month posttransfusion; NA, not applicable; vCJD, variant Creutzfeld-Jakob disease; ypt, 
year posttransfusion. 
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Comoy et al., who concluded that not all transfu-
sions transmitted vCJD to macaques (12). Similarly, 
reports from the United Kingdom suggest that not 
all human recipients surviving 5 years or longer af-
ter transfusions developed TTvCJD from a donor 
with vCJD (13). No macaque in our smaller cohort of 
transfused animals showed evidence of myelopathy.

Over a 10-year period after transfusion, we col-
lected relatively accessible biological materials, such 
as blood and nasal swab specimens, to test for PrPTSE. 
We first detected PrPTSE in the blood of macaque DEIM 
19 months before onset of overt illness, consistent 
with results of our previous studies (6). Nasal swab 
extracts from the 2 infected macaques became positive 
for PrPTSE 12 months before signs of illness for DEIM 
and at euthanasia for 98CO19 (98CO19’s nasal swab 

specimens were negative 3 months earlier). Those re-
sults support potential use of nasal swab specimens 
as an assay matrix to identify infected persons be-
fore clinical onset of vCJD. A caveat is that we do not 
know how detection of PrPTSE might be affected by 
prion protein genotype. Research has demonstrated 
diagnostic accuracy of nasal swab testing for persons 
with either confirmed or presumed sporadic CJD, but 
the predictive value of this testing method for detect-
ing cases before onset of neurologic illness remains 
uncertain (14). Acknowledging that our macaques 
were infected with vCJD, and not sporadic CJD, our 
results nonetheless suggest that testing nasal swab 
specimens to detect PrPTSE may be useful in screening 
persons with family history of CJD, which would en-
able attempts at early therapeutic intervention (15).
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Figure 1. Results of real-time 
quaking-induced conversion 
testing of tissue samples from 
a study of macaques infected 
with Creutzfeldt-Jakob disease. 
Data based on nasal swab 
extracts and lymph nodes 1 and 
2 from macaque 98CO19. Each 
line represents the change in 
fluorescent signal over time. We 
tested 1% and 0.1% homogenates; 
increase in fluorescent signal 
was observed only with 1% 
homogenates. PrP, prion protein.

 
Table 2. Summary of test results from study of abnormal prion protein in nasal swab specimens of macaques infected with Creutzfeldt-
Jakob disease* 
Recipient 
macaque ID Clinical status Tissue tested 

Western 
blot† RT-QuIC PMCA Histology 

Total mice inoculated/ 
positive results‡ 

CO1619 Asymptomatic Brain Neg Neg Neg Neg 40/0 
Spleen ND ND Neg ND 10/0 
Ileum ND ND Neg ND 15/0 
Blood NA NA Neg N/A ND 

Nasal swab ND Neg Neg NA ND 
98CO19 Asymptomatic Brain Neg Neg Neg Neg 51/0 

Blood NA ND Neg NA ND 
Nasal swab ND W pos Neg NA ND 
Lymph node ND W pos Neg Pos ND 

DEIM Symptomatic Brain Pos ND ND Pos ND 
Blood NA NA Pos NA ND 

Nasal swabs ND Pos Pos NA ND 
CSF ND Pos ND NA ND 

DFOO Asymptomatic Brain Neg Neg Neg Neg ND 
Blood NA NA Neg NA ND 

Nasal swab ND Neg Neg NA ND 
CSF Neg Neg Neg NA ND 

*CSF, cerebrospinal fluid; pos, TSE positive; W pos, weak TSE positive; neg, TSE negative; NA, not applicable; ND, not done; RT-QuIC, real-time 
quaking-induced conversion; TSE, transmissible spongiform encephalopathy.  
†We used 10% homogenates in phosphate-buffered saline, treated with 20 U/mL of benzonase nuclease for 30 minutes at room temperature with 
constant mixing, followed with 50 μg/mL proteinase K for 1 hour at 37°C to remove normal prion protein. Samples were processed for NuPAGE on 12% 
Bis-Tris precast gels (Thermo Fisher Scientific, https://www.thermofisher.com), prion protein detected using 3F4 mouse anti-PrP monoclonal antibody 
(Research Foundation for Mental Hygiene, New York State Institute for Basic Research; https://corporate.rfmh.org/). 
‡We inoculated intracerebrally 30-µL aliquots of 1% tissue homogenates into transgenic mice overexpressing the bovine prion protein, TgBo110 (10). We 
monitored mice for 2 years for signs of vCJD and tested the brain of every mouse for PrPTSE with real-time quaking-induced conversion. 
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Figure 2. Immunohistochemistry 
for abnormal disease-associated 
prion protein (PrPTSE) and 
CD21 on inguinal lymph node 
of macaque 98CO19 for study 
of macaques infected with 
Creutzfeldt-Jakob disease. 
Adjacent sections were stained 
with hematoxylin-eosin (A); 
immunostained for PrPTSE (B) 
and CD21 (C); and probed 
without primary antibody as 
negative control (D). Original 
magnification ×40.
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Mycoplasma pneumoniae is a cause of upper and 
lower respiratory tract infections, particularly 

in children, and occurs in endemic and epidemic pat-
terns. Although tracheobronchitis is common, pneu-
monia is the most clinically significant manifesta-
tion, accounting for ≈4%–8% of community-acquired 
bacterial pneumonias during endemic periods (1). 
Macrolides remain the primary therapy for M. pneu-
moniae, but the global rise in clinically relevant resis-
tance is posing increasing challenges to treatment (2). 
Since COVID-19 pandemic restrictions were scaled 
back during 2023, M. pneumoniae incidence and out-
breaks have increased substantially worldwide (3–5). 
In Ontario, Canada, a delayed but unprecedented rise 
in detection, reaching up to 30% positivity, has been 
reported since May 2024 (6). We assessed macrolide 
resistance rates and P1 cytadhesin types of M. pneu-
moniae during the 2024–2025 outbreak in Hamilton, 
Ontario, Canada, and compared them with strains 
collected before the COVID-19 pandemic.

The Study
During January 2024–April 2025, a total of 4,297 na-
sopharyngeal swab (NPS) specimens from 3,717 
patients were received by the Microbiology Labora-
tory of the Hamilton Regional Laboratory Medicine 
Program in Hamilton for M. pneumoniae detection 
by a laboratory-developed PCR. We screened all M. 
pneumoniae–positive samples (n = 417 after remov-
ing duplicates) for macrolide resistance by PCR ge-
notyping and performed P1 cytadhesin typing on a 
randomly selected ≈25% subset of positive specimens 
from each month (n = 110) by amplifying the RepMP4 
region of P1 cytadhesin gene (7) and sequencing with 
nanopore technology (Oxford Nanopore, https://
nanoporetech.com) (Appendix, https://wwwnc.cdc.
gov/EID/article/31/12/25-0872-App1.pdf). In addi-
tion to specimens received during the postpandemic 
period, additional M. pneumoniae–positive samples 
received during 2013–2020 were tested for macrolide 
resistance (n = 45) and P1 types (n = 23). We assessed 
statistical significance of differences in M. pneumoniae 
detection rates and macrolide resistance among dif-
ferent patient groups using the χ2 test with Yates cor-
rection to adjust for small sample size (Appendix). 

On average, 14.2% (381/2,680) of patients tested 
positive for M. pneumoniae in 2024, compared with 
0.34% (2/576) in 2022 and 0.36% (2/555) in 2023. Since 
May 2024, the positivity rate gradually increased, 
reaching a peak of 22.5% in September 2024. After Sep-
tember, positivity rates steadily declined to <5% by Jan-
uary 2025, despite increased testing volumes through 
December 2024. Macrolide resistance rates varied by 
month and accounted for 11.8% of all positive samples 
during January 2024–April 2025; the highest rate of re-
sistance (50%) was noted in July 2024 (Figure 1, panel 
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We investigated macrolide resistance and P1 genotypes 
of Mycoplasma pneumoniae during the 2024–2025 out-
break in Hamilton, Ontario, Canada. Macrolide resistance 
remained stable at ≈10%–20%, but significant shifts in 
P1 genotype distribution and resistance rates in P1 types 
occurred, indicating notable changes in M. pneumoniae 
molecular epidemiology in Ontario since 2011–2012.
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A; Appendix Table 2). PCR genotyping identified only 
1 single-nucleotide polymorphism (SNP) associated 
with macrolide resistance: A2063G, which is known to 
confer high-level macrolide resistance (erythromycin 
MIC >64 mg/L). This finding is consistent with a study 
reporting that >90% of isolates from Ontario during 
2011–2012 carried the same mutation (8). 

As expected, M. pneumoniae detection rates were 
much higher (≈20%) in children 5–<18 years of age 
than in other age groups. The macrolide resistance 
rate for M. pneumoniae in patients in this age group 
(≈11% of all positives) was not significantly different 
from the rates of resistance observed in children <5 
years of age or adults 18–<65 years of age (Figure 1, 
panel B). In contrast, 50% of M. pneumoniae–positive 
strains from patients >65 years of age were macrolide 
resistant, a rate that was significantly higher than in 
children 5–<18 years of age (p = 0.02). Although the 
specimen number for the >65-year-old group was low 
(n = 6), the higher rate of macrolide resistance in this 

group could be related to higher likelihood of macro-
lide use in elderly patients.

We next compared macrolide resistance rates 
in M. pneumoniae strains during 2013–2020 and 
2024–2025 (representing COVID-19 prepandemic 
and postpandemic periods), which were 17.8% (pre-
pandemic) and 11.8% (postpandemic); the difference 
was not statistically significant (p = 0.24) (Figure 1, 
panel C). By P1 typing, 89/110 (81%) M. pneumoniae 
strains belonged to the P1-1 type, and 21/110 (19.1%) 
belonged to the P1-2 type. The macrolide resistance 
rate in P1-1–type M. pneumoniae strains was 29.9%, 
significantly higher (p = 0.04) than that in P1-2–type 
strains (7.7%) (Figure 1, panel D). During 2013–2020, 
78.3% of M. pneumoniae strains were the P1-1 type, 
compared with 81% in 2024–2025. The proportions 
of P1-1 and P1-2 types were not significantly differ-
ent between the 2 periods (p = 0.85). Among the P1-2 
type M. pneumoniae strains, 2k, 2b, and 2g/2j vari-
ants were detected in specimens collected during  

Macrolide Resistance of M. pneumoniae, Canada

Figure 1. Prevalence, macrolide resistance rates, and P1 genotype distribution of Mycoplasma pneumoniae during 2024–2025 
outbreak, Hamilton, Ontario, Canada. A) Monthly detection rates of macrolide-susceptible and -resistant M. pneumoniae during January 
2024–April 2025. B) Detection rates of macrolide-susceptible and -resistant M. pneumoniae by age group. C) Comparison of macrolide 
resistance rates in M. pneumoniae before and after primary COVID-19 pandemic years. D) Macrolide resistance rates among different 
P1 types of M. pneumoniae. E) Distribution of P1-1 and P1-2 variant types among M. pneumoniae strains before and after primary 
COVID-19 pandemic years. p value was obtained from χ2 test with Yates correction. NS, not significant.
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2013–2020. There was a predominance of 2g/2j vari-
ants (50%) in both periods, but the percentage of 
2c/2k variants (36.4%) increased during 2024–2025 
(Figure 1, panel E).

Phylogenetic analysis of the RepMP4 region of 
M. pneumoniae strains indicated that all P1-1 type 
strains (95.1%), including specimens from 2017–2020 
(n = 16), clustered together on a distinct branch, sepa-
rate from previously described strains from Ontario 

reported >10 years ago (8) (Figure 2). That previ-
ous study, conducted at the Public Health Ontario 
Laboratory, included representative specimens from 
across Ontario, including submissions from the Ham-
ilton region (S.N. Patel, Public Health Ontario, pers. 
comm., email, 2025 Jul 28). Only 2 strains (MP_ON_05 
and MP_ON_71) from the current outbreak showed 
homology with previously collected strains from On-
tario, suggesting the RepMP4 region of P1-1–type 

Figure 2. Phylogenetic analysis of Mycoplasma pneumoniae based on P1 cytadhesin–RepMP4  genotyping during 2024–2025 
outbreak, Hamilton, Ontario, Canada. An unrooted tree was constructed using the neighbor-joining method with the Tamura-
Nei model in MEGA X (https://www.megasoftware.net) using aligned sequences generated using Clustal Omega (https://www.
ebi.ac.uk/jdispatcher/msa/clustalo). Strains highlighted in blue and red represent the P1-1 and P1-2 type strains assessed in 
this study. Strains in the light blue boxes indicate previously reported strains from Ontario during 2011–2012 (8). Strains shown 
in black represent reference RepMP4 sequences from M. pneumoniae obtained in other countries, representing P1 types and 
variants (Appendix Table 3, https://wwwnc.cdc.gov/EID/article/31/12/25-0872-App1.pdf). Blue diamond indicates remaining 104 
P1-1 strains from this study
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strains has evolved over time while circulating in On-
tario. Among the P1-2 types, 4 strains (15.4%) clus-
tered with previously reported P1-2b variants, and 
1 strain appeared related to P1-2c variants reported 
earlier in Ontario. In addition, our study revealed 
that P1-2 variants 2g/2j were circulating in Ontario 
as early as 2013, despite not having been previously 
reported in the region.

The first limitation of our study is that P1 typ-
ing was performed on only a subset of samples, and 
variant analysis relied solely on RepMP4 sequenc-
ing. Consequently, some P1-2 variants could only 
be assigned to variant groups (i.e., 2g/2j and 2c/2k). 
Moreover, few samples from 2013–2020 were avail-
able for P1 genotyping. Nevertheless, despite stable 
macrolide resistance rates, our findings show a major 
shift in the molecular epidemiology of M. pneumoniae 
since 2011-2012. Earlier Ontario data (2011–2012) re-
ported P1-1 made up 38.1% of strains and P1-2 61.9% 
of strains (8), whereas in our study, ≈81% of P1-typed 
strains from the 2024–2025 outbreak were P1-1 type. 
Furthermore, unlike the previous study, which found 
no association between macrolide resistance and P1 
types, our study shows significantly higher rates of 
macrolide resistance in the P1-1 group of M. pneu-
moniae. In addition, the distribution of P1-2 variants 
during the postpandemic period appeared more di-
verse than in the prepandemic period, and the P1-
2c/2k variants expanded postpandemic. Our data, 
however, represent only the population of the Ham-
ilton region; regional variation elsewhere in Ontario 
cannot be excluded.

The percentages of P1-1 versus P1-2 types in spec-
imens from 2013–2020 (Figure 1, panel E) differs from 
previous reports for 2011–2012 (8). That discrepancy 
reflects that most prepandemic samples in our study 
(22/23) were collected during 2017–2020; only 1 was 
from 2013. Those data also suggest that the shift from 
predominantly P1-2 to P1-1 types might have begun 
before the pandemic.

Conclusions
Our study provides a snapshot of macrolide resis-
tance rates and P1 genotypes of M. pneumoniae strains 
in Hamilton, Ontario, Canada, nearly a decade after 
the last provincial report. Macrolide resistance rates 
appear to have remained stable over that time, but we 
observed major changes in the P1 cytadhesin types of 
M. pneumoniae circulating in the Hamilton region. Cli-
nicians and other public health professionals should 
be aware of those changes and their potential effects 
on clinical and public health management of respira-
tory infections caused by M. pneumoniae in Ontario.
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Orthoebolaviruses can be transmitted zoonotically 
or through exposure to bodily fluids from patients 

with Ebola disease (1). Orthoebolavirus zairense (Zaire eb-
olavirus) is the species most associated with outbreaks 
(2). During the 2014–2016 Zaire ebolavirus epidemic in 
West Africa, healthcare workers (HCWs) were infect-
ed and died from Ebola virus disease (EVD) at much  
higher rates than the general population (3). Four EVD 
cases were diagnosed in the United States, including 2 
nurses involved in the care of an infected patient (4).

In 2019, the US Food and Drug Administration ap-
proved the Ebola vaccine ERVEBO (Merck, https://
www.merck.com). The US Advisory Committee on 
Immunization Practices (ACIP) recommends the vac-
cine as a preexposure vaccination for persons at the 
highest risk of occupational exposure to Zaire ebola-
virus (5,6). Eligible occupational risk groups include 
those responding to an outbreak, working as person-
nel at special pathogens treatment centers, or work-
ing as laboratorians handling specimens that might 
contain Zaire ebolavirus.

ERVEBO is highly effective in preventing disease 
caused by Zaire ebolavirus. The vaccine is a single-

dose intramuscular injection that uses a live, attenu-
ated recombinant vesicular stomatitis virus (VSV) to 
display the Ebola virus (strain Kikwit 1995) surface 
glycoprotein. An open-label, cluster-randomized ring 
vaccination trial done in Guinea and Sierra Leone 
estimated a vaccine efficacy of 100% (95% CI 79.3%–
100.0%) (7). Subsequent observational studies also 
demonstrated vaccine effectiveness against Ebola vi-
rus transmission and death (8,9).

The real-world effectiveness of the vaccine in 
preventing EVD also depends on the willingness of 
HCWs to receive it. In this article, we describe the per-
ceptions, attitudes, and desire to be vaccinated with 
ERVEBO among a sample of eligible HCWs from the 
United States.

The Study
We conducted a cross-sectional online anonymous 
survey (Appendix, https://wwwnc.cdc.gov/EID/
article/31/12/25-1078-App1.pdf) through REDCap 
(10) during March–October 2024. We distributed the 
survey to HCWs eligible for ERVEBO vaccination 
on the basis of ACIP guidelines (5,6) at 3 Regional 
Emerging Special Pathogen Treatment Centers (RE-
SPTCs): NYC Health + Hospitals/Bellevue (New 
York, NY, USA); University of Texas Medical Branch 
(Galveston, TX, USA); and Denver Health and Hos-
pital Authority (Denver, CO, USA) (11). We selected 
those survey sites because they were planning to 
offer ERVEBO vaccine to eligible staff. The study 
was approved by the New York University Gross-
man School of Medicine Institutional Review Board 
(approval no. i23-00730). We conducted recruitment 
through email communications (68%) and in-person 
invitations during optional vaccine education ses-
sions (32%). The cohort we labeled as “interested in 
receiving vaccine” was made up of respondents who 
indicated they were already vaccinated or would 
definitely or probably choose to be vaccinated. The 
cohort we labeled as “not interested in receiving 
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Our 2024 survey of eligible US healthcare workers found 
that 48% of unvaccinated healthcare workers are in-
terested in receiving Ebola virus vaccine. The Advisory 
Committee on Immunization Practices recommended 
vaccination for healthcare workers at highest risk for oc-
cupational exposure to Zaire ebolavirus (Orthoebolavi-
rus zairense). Addressing concerns identified by survey 
respondents might improve vaccine acceptance.



Attitudes toward Ebola Vaccine, United States

vaccine or unsure” was made up of respondents 
who indicated they would definitely or probably not 
choose to be vaccinated or were unsure. We com-
pared characteristics of the 2 cohorts by using a χ2 
test and considered a p value <0.05 significant.

There were 66 respondents (37% response rate). 
The largest age group was 30–49 years of age (64%); 
63.6% were female and 36.4% male (Table 1). Occupa-
tions represented included physicians (42%), nurses 
(27%), clinical laboratory professionals (24%), emer-
gency medical technicians (5%), and research labora-
tory professionals (2%). The most represented hos-
pital departments were critical care medicine (27%), 
hospital medicine (11%), infectious diseases (11%), 
and pediatric critical care (11%). More than half of 
participants (56%) had received some form of educa-
tion on Ebola vaccines, most commonly through in-
formational sheets or pamphlets (33%) or self-study of 
primary literature or public health guidelines (20%).

Thirty-four respondents (51%) were interested in 
receiving the vaccine, with a subset of respondents al-
ready vaccinated (n = 4) at the time of the survey (Fig-
ure, panel A). Among respondents interested and not 
already vaccinated, 27% would plan to get vaccinated 
when an EVD case appeared in the United States or 
their state or region (Figure, panel B).

Among those respondents unsure about or not 
interested in receiving the vaccine (n = 32), some 
reported they might be convinced to vaccinate if 
there were an EVD outbreak in the United States 
(44%); if they better understood the risks and ben-
efits of vaccination (34%), vaccine safety (31%), or 
the risk of spreading VSV to others (28%); and if 
there were an Ebola virus vaccine using a different 
vaccine technology (19%). In this cohort, the most 
common reasons for not wanting to receive ER-
VEBO vaccination or being unsure of their decision 
included concerns about spreading VSV to others 
(44%), feeling that the risks of vaccine side effects 
are not acceptable (31%), not personally knowing 
enough about the vaccine to make a decision (31%), 
and not thinking there will be an EVD outbreak in 
the United States (28%).

Among all respondents, the most common con-
cerns regarding side effects were the potential for se-
rious side effects that lasted a long time or interfered 
with daily life (62%), the potential increased risk of 
spreading VSV to others (47%), and the potential in-
creased risk for arthritis (36%). Many respondents 
expressed desire to learn more about ERVEBO (Ta-
ble 2). The most selected educational topics of inter-
est included the likelihood and nature of side effects 
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Table 1. Characteristics of respondents to survey of healthcare worker attitudes and perceptions toward Ebola vaccine, United States, 
2024 

Characteristic 
Total no. (%), 

n = 66 
No. (%) interested in 

receiving vaccine, n = 34 

No. (%) not interested in 
receiving vaccine 
or unsure, n = 32 p value* 

Age    0.437 
 18–29    5 (7.6) 2 (40.0) 3 (60.0)  
 30–39    22 (33.3) 12 (54.5) 10 (45.5) 
 40–49    20 (30.3) 11 (55.0) 9 (45.0) 
 50–59    16 (24.2) 9 (56.2) 7 (43.8) 
 >60    3 (4.5) 0 3 (100.0) 
Sex    0.745 
 F  42 (63.6) 21 (50.0) 21 (50.0)  
 M    24 (36.4) 13 (54.2) 11 (45.8) 
Profession    0.225 
 Clinical laboratory staff    16 (24.2) 5 (31.3) 11 (68.7)  
 Research laboratory staff 1 (1.5) 0 1 (100.0) 
 Nurse    18 (27.3) 12 (66.7) 6 (33.3) 
 Physician    28 (42.4) 15 (53.6) 13 (46.4) 
 Emergency medical technician 3 (4.5) 2 (66.7) 1 (33.3) 
Department    0.385 
 Emergency medicine    6 (9.1) 3 (50.0) 3 (50.0)  
 Critical care medicine    18 (27.2) 11 (61.1) 7 (38.9) 
 Hospital medicine    7 (10.6) 3 (42.9) 4 (57.1) 
 Infectious diseases    7 (10.6) 5 (71.4) 2 (28.6) 
 Pediatric critical care    7 (10.6) 5 (71.4) 2 (28.6) 
 Other    1 (1.5) 0 1 (100.0) 
 Unknown    20 (30.3) 7 (35.0) 13 (65.0) 
Have received Ebola vaccine education    0.463 
 Y    37 (56.1) 18 (48.6) 19 (51.4)  
 N    28 (42.4) 16 (57.1) 12 (42.9) 
 Prefer not to answer    1 (1.5) 0 1 (100.0) 
*By using 2 test. 
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from vaccination (67%), the likelihood and severity of 
spreading VSV to others (59%), and what their indi-
vidual risk of getting EVD was (26%).

In 2022, ACIP expanded their occupational ex-
posure to include laboratory workers within the 
Laboratory Response Network and staff at SPTCs. 
They conducted a knowledge, attitudes, and prac-
tices survey in October 2020, during an EVD out-
break in the Democratic Republic of the Congo 
(6). Among SPTCs, 54% of respondents reported 
willingness to be vaccinated. Vaccine willingness 
increased to 81% if they were given the choice of 
vaccination timing. Those responses are consistent 
with our findings that many HCWs interested in 
ERVEBO vaccination would prefer to wait until an 
EVD case is imported to the United States. Howev-

er, the SPTC survey did not report on specific areas 
of interest for more education or what factors might 
influence currently uninterested HCWs to get vac-
cinated in the future.

Surveys conducted in the Democratic Republic of 
the Congo (12) and Uganda (13) indicated a strong 
interest among HCWs to receive an Ebola vaccine. 
However, those data might not be generalizable to 
HCWs in the United States because the risk for expo-
sure to Ebola virus is lower. A survey in 2015 during 
the height of the 2014–2016 Ebola outbreak in West 
Africa found that only 34% of the US population were 
interested in receiving an Ebola vaccine (14). This sur-
vey did not specifically assess HCW interest, and it 
was performed before the US Food and Drug Admin-
istration licensure of ERVEBO.
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Figure. Survey responses from study of healthcare worker attitudes and perceptions toward the Ebola vaccine, United States, 2024. 
A) Interest in receiving ERVEBO vaccine (Merck, https://www.merck.com) among eligible healthcare workers at New York City Health 
+ Hospitals/Bellevue (New York, NY, USA); University of Texas Medical Branch (Galveston, TX, USA); and Denver Health and Hospital 
Authority (Denver, CO, USA) (n = 66). B) Preferred timing for receiving ERVEBO among survey respondents who indicated they were 
interested in receiving vaccine and not already vaccinated (n = 30).

 
Table 2. Topics that respondents to survey of healthcare worker attitudes and perceptions toward Ebola vaccine would like to learn 
more about regarding Ebola virus vaccination, United States, 2024* 

Topic 
Total no. (%), 

n = 66 

No. (%) interested 
in receiving 

vaccine, n = 34 

No. (%) not interested 
in receiving vaccine 

or unsure, n = 32 p value† 
Likelihood and nature of side effects from vaccination 44 (66.7) 23 (67.6) 21 (65.6) 0.862 
Likelihood and severity of spreading vaccine virus (vesicular 
stomatitis virus) to others 

39 (59.1) 24 (70.6) 15 (46.9) 0.050 

Whether Ebola virus experts or other respected peers are 
getting vaccinated 

14 (21.2) 8 (23.5) 6 (18.8) 0.635 

Individual risk of getting Ebola virus disease 17 (25.8) 6 (17.6) 11 (34.4) 0.120 
Facts about Ebola virus disease, including infectiousness 
and risk of severe sickness 

13 (19.7) 9 (26.5) 4 (12.5) 0.154 

Other‡ 5 (7.6) 2 (5.9) 3 (9.4) 0.592 
None of the above 8 (12.1) 3 (8.8) 5 (15.6) 0.397 
*Survey question: What additional knowledge or education about the Ebola virus vaccine, ERVEBO [Merck, https://www.merck.com], would you like to 
receive? (Select all that apply). 
†By using 2 test. 
‡Four of 5 respondents indicated “long-term research on this vaccine.” 
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Conclusions
During a period with no EVD outbreaks, 48% (30/62) 
of eligible unvaccinated HCWs surveyed at 3 US RE-
SPTCs were interested in receiving the ERVEBO Eb-
ola vaccine. Of those interested and not already vac-
cinated, 27% preferred to postpone vaccination until 
there is a case of EVD in the United States or their 
state or region. 

One limitation of this study is that only 3 RE-
SPTCs were surveyed, so their attitudes might not be 
representative of all US HCWs eligible for ERVEBO 
vaccination. Second, the sample size is too small to 
analyze for differences between subgroups of re-
spondents. However, we did achieve a 37% survey 
response rate from a cohort of workers who are most 
likely to provide ongoing direct care to patients with 
EVD that require care in the United States.

 Deployment of ERVEBO vaccine to eligible 
HCWs in the United States might be optimized by 
addressing respondent concerns. Those concerns in-
clude improving education on the risks and benefits 
of ERVEBO vaccination, vaccine safety, and risk of 
vaccine viral vector transmission.
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Phocine distemper virus (PDV) epizootics among 
harbor seals (Phoca vitulina) in Europe caused 

the deaths of ≈23,000 seals in 1988 and ≈30,000 in 
2002 (1). Infected animals had marked lymphoid 
depletion and necrosis, broncho-interstitial pneu-
monia, and, in some cases, nonsuppurative enceph-
alitis (2). For other members of the genus Morbil-
livirus, family Paramyxoviridae, including measles 
virus of humans and canine distemper virus of 
dogs, rare occasions of persistent central nervous 
system (CNS) infections have been reported that 
caused neurologic signs 3–20 years after the pri-
mary infection (3,4), characterized by nonsuppura-
tive encephalitis, demyelination, and intranuclear 
inclusion bodies, and result in subacute sclerosing 
panencephalitis (SSPE) in humans and old dog en-
cephalitis (ODE) in dogs. We report comparable 
persistent PDV in harbor seals, for which we pro-
pose the name old seal encephalitis.

The Study
We found 2 harbor seals from the North Sea stranded 
alive along the Netherlands coast in 2001 and 2014. The 
stranding of the first seal (case 1) was 13 years after the 
1988 PDV epizootic and of the second seal (case 2) was 
12 years after the 2002 PDV epizootic. We admitted 
the first seal for rehabilitation but had to euthanize it 
3 weeks later because of progressive paresis of its hind 
limbs and weight loss. After postmortem examination, 
we estimated its age as 19 years, based on cementum 
layers in one of its upper canine teeth (5). We estimated 
the second seal as 15 years of age based on cementum 
layers; the animal was stranded during an influenza 
A(H10N7) outbreak. We euthanized it on the day of 
stranding because of emaciation and apathy.

We performed postmortem examinations on 
seal carcasses and collected samples of major organs 
for pathologic and virologic analyses. We performed 
pathologic analysis on tissues fixed in 10% neutral-
buffered formalin and embedded in paraffin blocks. 
We cut sections 4 microns thick and stained them 
with hematoxylin and eosin or with luxol fast blue 
for histopathologic examination. We stained se-
quential tissue sections for virus antigen detection 
by an immunohistochemical technique, either us-
ing a monoclonal canine distemper virus antibody 
known to cross-react with PDV (VMRD, https://
www.vmrd.com) for morbillivirus antigen detection 
or a hemagglutinin-specific mouse monoclonal anti-
body HB65 (ATTC H16-L10-4R5) for influenza virus 
antigen detection.

We performed virologic analysis for morbilli-
virus as described previously (6). In brief, we used 
tissue samples that had been stored frozen to test 
for morbillivirus by reverse-transcription PCR (RT-
PCR) using universal morbillivirus primers, based 
on conserved sequences in the phosphoprotein, 
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Phocine distemper virus caused epizootics of fatal pneu-
monia in North Sea harbor seals in 1988 and 2002. Two 
seals that stranded years later were infected with defec-
tive phocine distemper virus variants that caused severe 
encephalomyelitis. Old seal encephalitis resembled sub-
acute sclerosing panencephalitis in humans and old dog 
encephalitis in canines.
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hemagglutinin (HA), or matrix (M) genes (7). We 
sequenced selected HA gene fragments for phyloge-
netic comparison. To isolate morbillivirus, we inocu-
lated 10% tissue homogenate samples of seal brain 
(case 1 and case 2), liver, spleen, kidney, and urinary 
bladder (case 2) onto Vero.DogSLAMtag cells (8). 
We made 3 consecutive passages and checked for cy-
topathic changes daily. We tested cells for the pres-
ence of morbillivirus by immunofluorescence (IFA) 
(9) and tested cells and supernatants by RT-PCR. We 
also tested tissue samples for influenza A virus by 
RT-PCR using specific primers (10).

We observed no gross lesions in brain, spinal 
cord, or sciatic nerves of either seal during postmor-
tem examination. Both seals had multifocal nonsup-
purative encephalomyelitis with perivascular lym-
phoplasmacytic cuffing (Figure 1, panel A) and rare 
neuronal necrosis, characterized by shrunken cells, 
hypereosinophilic cytoplasm, and loss of nuclei. We 
found lesions in the cerebrum of both seals and the 
cerebellum and spinal cord in case 1. In case 1, we 
observed demyelination in cerebellum and in ven-
tral (Figure 1, panel B) and lateral funiculi of the spi-
nal cord, whereas the dorsal funiculi were relatively 
spared. In case 2, demyelination was absent. We did 
not observe inclusion bodies in either case. Immuno-
histochemistry for morbillivirus showed staining of 

neurons at the sites of CNS lesions (Figure 1, panels 
C, D). We detected no other major lesions in case 1. In 
case 2, we detected avian influenza A(H10N7) virus 
in the lungs by RT-PCR. We did not detect influenza 
A antigen in the cerebrum, lung, or pulmonary lymph 
node in case 2. We detected the presence of PDV in 
the brains, but not lungs, of both animals by RT-PCR 
for morbillivirus and sequencing of the amplicon. 
We designated the strains PDV/NL/2001 (case 1) 
and PDV/NL/2014 (case 2). Phylogenetic analysis of 
the HA gene revealed that PDV/NL/2001 was most 
closely related to the virus from 1988, whereas PDV/
NL/2014 clustered together with PDV isolated dur-
ing the outbreak of 2002 (Figure 2). The M and HA 
genes of both PDV strains had a region with numer-
ous uracil-to-cytosine substitutions; we identified 19 
substitutions in the cytoplasmic domain and the an-
chor sequence of the HA gene of PDV/NL/2001 and 
5 substitutions in those of PDV/NL/2014. We also 
observed in PDV/NL/2014 a putative truncation of 
the M gene. We were unable to isolate morbillivirus 
from tissue samples and detected no morbillivirus 
with IFA or RT-PCR.

Conclusions
In this study, we demonstrated marked multifocal 
nonsuppurative encephalomyelitis associated with 
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Figure 1. Evidence of persistent 
infection in 2 harbor seals 
stranded in the North Sea region 
years after phocine distemper 
virus epizootics. A) Marked 
perivascular accumulation of 
lymphocytes and plasma cells 
stained with hematoxylin and 
eosin from a seal infected in the 
1988 epizootic outbreak (case 1). 
Original magnification ×200. B) 
Vacuolation and demyelination 
(between arrowheads) in the 
cervical spinal cord in case 1, 
stained with Kluver luxol fast 
blue. Original magnification 
×20. C) Phocine distemper virus 
antigen expression in neuronal 
cell body (arrows) and axons 
or dendrites (arrowheads) 
of the spinal cord in case 1 
by immunohistochemistry 
using monoclonal antibody 
against canine distemper virus. 
Original magnification ×400. 
D) Phocine distemper virus 
antigen expression in neuronal 
cell bodies (arrows) and axons 
or dendrites (arrowheads) of the spinal cord of a seal infected in the 2002 epizootic outbreak (case 2) by immunohistochemistry using 
monoclonal antibody against canine distemper virus. Original magnification ×400.
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PDV infection in 2 harbor seals that stranded several 
years after PDV epizootics had occurred. The seal in 
case 1 would have been 6 years of age during the PDV 
epizootic in the Northeast Atlantic harbor seal popu-
lation in 1988; it was stranded in 2001 (13 years later) 
with an infection of PDV that clustered with those 
from the 1988 epizootic. The seal in case 2 would have 
been 3 years of age during the second PDV epizootic 
in 2002; it was stranded in 2014 (12 years later) with 
an infection of PDV that clustered with those from the 
2002 epizootic. In the years after the PDV epizootics 
in 1988 and 2002, PDV antibody prevalence progres-
sively declined in the Northeast Atlantic harbor seal 
population, indicating that PDV was no longer circu-
lating in the population (1,11). Taking those results 
together, the simplest explanation is that the case 1 
seal was infected during the 1988 and the case 2 seal 
during the 2002 PDV epizootic.

The viruses involved had multiple mutations 
in the HA and M genes, which resemble the bi-
ased hypermutation observed in measles virus  
sequences from SSPE cases (12). Together with 
the putative truncation of the M gene observed in 
PDV/NL/14, those mutations might result in aber-
rant viral protein expression. Those genetic chang-
es, together with the failure to isolate PDV from  

tissue samples of cases 1 and 2, are consistent with 
the presence of defective and noninfectious viruses 
in the brains of those seals as described for persis-
tent measles virus and canine distemper virus in 
the brain (3,13).

We conclude that PDV can cause persistent in-
fection in the brains of harbor seals, with a patho-
genesis similar to that of SSPE in humans from 
persistent measles virus infection and ODE in do-
mestic dogs from persistent canine distemper virus 
infection. The characteristics of the 2 cases in har-
bor seals fit with those of ODE in domestic dogs 
and SSPE in humans in the timing (several years 
after presumed infection), organ distribution (lim-
ited to the CNS), level of inflammation (marked 
perivascular aggregation of lymphoid cells), pres-
ence of viral inclusions (variable frequency, absent 
in some cases), and virus properties (defective, 
noninfectious virus) (3,4). The presence of typical 
lesions in the spinal cord in case 1 is different from 
the distribution of lesions of ODE, which are typi-
cally restricted to the forebrain (4). We found no 
previous evidence for an ODE-like syndrome in 
PDV infections of pinnipeds (14). In line with the 
nomenclature in dogs, we propose the name old 
seal encephalitis. 

The effect of PDV on the North Sea harbor seal 
population was thought to be limited to the periods 
of the 1988 and 2002 epizootics. However, the persis-
tent infections of PDV in harbor seals causing severe 
neurologic disease implied that its effect extends into 
the interepizootic period. Our findings suggest a po-
tential for delayed-onset encephalitis (i.e., SSPE) as a 
result of the current measles epidemic in the United 
States and Europe (15).

Acknowledgments
We thank Ecomare and the Seal Rehabilitation and Re-
search Centre for taking care of the seals; Arnold Gronert 
and Jaap van de Hiele for seal collection and transport; 
Ton Richter and Fiona Read for helping to determine the 
seals’ age; Marsha de Coo, Hélène Verheije, Steven van 
Beurden, Alphons van Asten, and Geert de Vrieze for tech-
nical assistance; and Ursula Siebert for providing positive 
control tissue.

About the Author
Mr. van de Bildt is employed at the Department of  
Viroscience, Erasmus University Medical Centre, the  
Netherlands. His research interests include emerging  
viral diseases, with a focus on morbillivirus infections in 
marine mammals.

2326	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 31, No. 12, December 2025

Figure 2. Phylogenetic maximum-likelihood tree based on the 
deduced amino acid sequence of the hemagglutinin gene (1824 
nt) in study of persistent infection in 2 harbor seals stranded 
in the North Sea region years after phocine distemper virus 
epizootics. Tree was constructed using the Jones-Taylor-
Thornton substitution model with invariant sites and gamma 
distributed rate variation with 1,000 bootstrap replicates in 
MEGA 6.0 (https://www.megasoftware.net). Bootstrap values 
>70% are shown at nodes. GenBank accession numbers for 
each isolate were as follows: PDV/NL/1988, NC 028249.1; PDV/
UK/1988, D10371.1; PDV/DK/1988, Z36979.1; PDV/USA/2006, 
HQ007902.1; PDV/DK/2002, FJ648456.1; PDV/DE/2002, 
KU342692.1; CDV, NC 001921.1. Isolates from this study were 
deposited under accession nos. KY681679.1 (PDV/NL/2001) 
and KU342688.1 (PDV/NL/2014). Scale bar indicates nucleotide 
substitutions per site. CDV, canine distemper virus; PDV, 
phocine distemper virus.
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