EMERGING

INFECTIOUS DISEASES

May 2025

Fungal Infections

"SUCHIPY ZE6 | ‘9R1S B)X NP SSSNOIDT WO UOLDASN|1 UIDWOP J1qnd *(Z0 a4p)d 4n0jod swoouysnly) Z sinajnod-suoubidwoy? “(1z61-£581) tolW addijiyd aydjopy



Peer-Reviewed Journal Tracking and Analyzing Disease Trends

EMERGING

Pages 887-1068

INFECTIOUS DISEASES

EDITOR-IN-CHIEF
D. Peter Drotman

ASSOCIATE EDITORS

Charles Ben Beard, Fort Collins, Colorado, USA
Ermias Belay, Atlanta, Georgia, USA

Sharon Bloom, Atlanta, Georgia, USA

Richard S. Bradbury, Townsville, Queensland, Australia
Corrie Brown, Athens, Georgia, USA

Benjamin J. Cowling, Hong Kong, China

Michel Drancourt, Marseille, France

Paul V. Effler, Perth, Western Australia, Australia
Anthony Fiore, Atlanta, Georgia, USA

David O. Freedman, Birmingham, Alabama, USA
Isaac Chun-Hai Fung, Statesboro, Georgia, USA
Peter Gerner-Smidt, Atlanta, Georgia, USA
Stephen Hadler, Atlanta, Georgia, USA

Shawn Lockhart, Atlanta, Georgia, USA

Nina Marano, Atlanta, Georgia, USA

Martin I. Meltzer, Atlanta, Georgia, USA
Nkuchia M. M’ikanatha, Harrisburg, Pennsylvania, USA
David Morens, Bethesda, Maryland, USA

J. Glenn Morris, Jr., Gainesville, Florida, USA
Patrice Nordmann, Fribourg, Switzerland

Johann D.D. Pitout, Calgary, Alberta, Canada
Ann Powers, Fort Collins, Colorado, USA

Didier Raoult, Marseille, France

Pierre E. Rollin, Atlanta, Georgia, USA

Frederic E. Shaw, Atlanta, Georgia, USA

Neil M. Vora, New York, New York, USA

David H. Walker, Galveston, Texas, USA

J. Scott Weese, Guelph, Ontario, Canada

Deputy Editor-in-Chief

Matthew J. Kuehnert, Westfield, New Jersey, USA
Managing Editor

Byron Breedlove, Atlanta, Georgia, USA

Technical Writer-Editors Shannon O’Connor, Team Lead;
Dana Dolan, Amy J. Guinn, Jill Russell, Jude Rutledge,
Cheryl Salerno, Bryce Simons, Denise Welk, Susan Zunino

Production, Graphics, and Information Technology Staff
Reginald Tucker, Team Lead; William Hale, Tae Kim,
Barbara Segal

Journal Administrators J. McLean Boggess, Claudia Johnson
Editorial Assistants Nell Stultz, Jeffrey Terrell

Communications/Social Media Candice Hoffmann,
Team Lead; Patricia A. Carrington-Adkins, Heidi Floyd

Associate Editor Emeritus
Charles H. Calisher, Fort Collins, Colorado, USA

Founding Editor
Joseph E. McDade, Rome, Georgia, USA

EDITORIAL BOARD

Barry J. Beaty, Fort Collins, Colorado, USA

David M. Bell, Atlanta, Georgia, USA

Martin J. Blaser, New York, New York, USA
Andrea Boggild, Toronto, Ontario, Canada
Christopher Braden, Atlanta, Georgia, USA
Arturo Casadevall, New York, New York, USA
Kenneth G. Castro, Atlanta, Georgia, USA
Gerardo Chowell, Atlanta, Georgia, USA

Adam Cohen, Atlanta, Georgia, USA

Christian Drosten, Berlin, Germany

Clare A. Dykewicz, Atlanta, Georgia, USA
Kathleen Gensheimer, Phippsburg, Maine, USA
Rachel Gorwitz, Atlanta, Georgia, USA

Patricia M. Griffin, Decatur, Georgia, USA

Duane J. Gubler, Singapore

Scott Halstead, Westwood, Massachusetts, USA
David L. Heymann, London, UK

Keith Klugman, Seattle, Washington, USA

S.K. Lam, Kuala Lumpur, Malaysia

Ajit P. Limaye, Seattle, Washington, USA
Alexandre Macedo de Oliveira, Atlanta, Georgia, USA
John S. Mackenzie, Perth, Western Australia, Australia
Joel Montgomery, Lilburn, GA, USA

Frederick A. Murphy, Bethesda, Maryland, USA
Kristy O. Murray, Atlanta, Georgia, USA

Stephen M. Ostroff, Silver Spring, Maryland, USA
Christopher D. Paddock, Atlanta, Georgia, USA
W. Clyde Partin, Jr., Atlanta, Georgia, USA

David A. Pegues, Philadelphia, Pennsylvania, USA
Mario Raviglione, Milan, Italy, and Geneva, Switzerland
David Relman, Palo Alto, California, USA

Connie Schmaljohn, Frederick, Maryland, USA
Tom Schwan, Hamilton, Montana, USA

Wun-Ju Shieh, Taipei, Taiwan

Rosemary Soave, New York, New York, USA
Robert Swanepoel, Pretoria, South Africa

David E. Swayne, Athens, Georgia, USA

Kathrine R. Tan, Atlanta, Georgia, USA

Phillip Tarr, St. Louis, Missouri, USA

Kenneth L. Tyler, Aurora, Colorado, USA

Mary Edythe Wilson, Iowa City, Iowa, USA

Emerging Infectious Diseases is published monthly by the
Centers for Disease Control and Prevention, 1600 Clifton Rd NE,
Mailstop H16-2, Atlanta, GA 30329-4018, USA. Telephone
404-639-1960; email eideditor@cdc.gov

The conclusions, findings, and opinions expressed by authors
contributing to this journal do not necessarily reflect the official
position of the U.S. Department of Health and Human Services,
the Public Health Service, the Centers for Disease Control and
Prevention, or the authors’ affiliated institutions. Use of trade names
is for identification only and does not imply endorsement by any of
the groups named above.

All material published in Emerging Infectious Diseases is in the
public domain and may be used and reprinted without special
permission; proper citation, however, is required.

Use of trade names is for identification only and does not imply
endorsement by the Public Health Service or by the U.S. Department
of Health and Human Services.

EMERGING INFECTIOUS DISEASES is a registered service mark
of the U.S. Department of Health & Human Services (HHS).

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025



Vol. 31, No. 5

On the Cover

Adolphe Philippe Millot (1857-1921). Champignons-
couleurs 2 (Mushrooms color plate 02). Public domain
illustration from Larousse du XXe siécle, 1932 Editions.

About the Cover p. 1062

Synopses

Outbreak of Marburg Virus Disease,
Equatorial Guinea, 2023

S. Ngai et al. 887

May 2025

Features of Invasive Aspergillosis Caused by
Aspergillus flavus, France, 2012-2018

Infections similar to A. fumigatus presented as aggressive
pleuropulmonary and ear-nose-throat infections and had
high case-fatality rates.

L. Bertin-Biasutto et al. 896

Comprehensive Survival Analysis of Alveolar
Echinococcosis Patients, University Hospital Zurich,
Zurich, Switzerland, 1973-2022

A. Deibel et al. 906

Research

Nationwide Observational Case-Control Study
of Risk Factors for Aerococcus Bloodstream
Infections, Sweden

These infections occur predominantly in elderly men with
urinary tract disorders and are associated with urologic
and neurologic conditions.

J. Walles et al. 917
Powassan and Eastern Equine Encephalitis

Virus Seroprevalence in Endemic Areas,

United States, 2019—-2020

H. Padda et al. 929
Highly Pathogenic Avian Influenza A(H5N1)
Outbreak in Endangered Cranes, lzumi Plain,
Japan, 2022—-23

M. Esaki et al. 937
Metagenomic Identification of Fusarium solani
Strain as Cause of US Fungal Meningitis

Outbreak Associated with Surgical Procedures

in Mexico, 2023

C.Y. Chiu et al. 948

Emerging Infectious Diseases ¢« www.cdc.gov/eid ¢ Vol. 31, No. 5, May 2025



969

Detection of SARS-CoV-2 Reinfections
Using Nucleocapsid Antibody Boosting

E. Grebe et al. 958

Postexposure Antimicrobial Drug Therapy in Goats
Infected with Burkholderia pseudomallei

R.A. Bowen et al. 967

Exponential Clonal Expansion of 5-Fluorocytosine—
Resistant Candida tropicalis and New Insights into
Underlying Molecular Mechanisms

N. Abou-Chakra et al. 977

Dispatches

Administration of L-Type Bovine Spongiform
Encephalopathy to Macaques to Evaluate
Zoonotic Potential

M. Imamura et al. 986

Tropheryma whipplei Infections,
Mexico, 2019—-2021

J. Delgado-de la Mora et al.

992

991

May 2025

Venezuelan Equine Encephalitis,
Peruvian Amazon, 2020

M. Piche-Ovares et al. 995
Rapid Transmission and Divergence of
Vancomycin-Resistant Enterococcus faecium
Sequence Type 80, China

L. Li et al. 1000
Self-Reported SARS-CoV-2 Infections among
National Blood Donor Cohort,

United States, 2020—2022

B.R. Spencer et al. 1006
Molecular Detection of Histoplasma in
Bat-Inhabited Tunnels of Camino de Hierro

Tourist Route, Spain

J.M. Garcia-Martin et al. 1010

Co-Infections with Orthomarburgviruses,
Paramyxoviruses, and Orthonairoviruses in
Egyptian Rousette Bats, Uganda and Sierra Leone

B.R. Amman et al. 1015
Influenza A(H1N1)pdmO09 Virus with Reduced
Susceptibility to Baloxavir, Japan, 2024

E. Takashita et al. 1019

High Prevalence of Influenza D Virus Infection
in Swine, Northern Ireland

P. Lagan, K. Lemon 1023
Recent and Forecasted Increases in
Coccidioidomycosis Incidence Linked to
Hydroclimatic Swings, California, USA

S.K. Camponuri et al. 1028
Clade la Monkeypox Virus Linked to Sexual
Transmission, Democratic Republic

of the Congo, August 2024

J.-C. Makangara-Cigolo et al. 1033

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025



1042

Research Letters

Napoleon Bonaparte—A Possible Case
of Trench Fever

E. Faure 1038
Autochthonous Leishmania (Viannia) lainsoni

in Dog, Rio de Janeiro State, Brazil, 2023

1.C.d.S. Santos et al. 1039
Unexpected Zoonotic and Hybrid Schistosome

Egg Excretion Patterns, Malawi, 2024

A.M. O’Ferrall et al. 1042
Emergence of Feline Sporotrichosis near Brazil
Border, Argentina, 2023—-2024

K.A. Vizcaychipi et al. 1045
Trichophyton indotineae infection,

Sao Paulo, Brazil, 2024

J.N. de Almeida Jr. et al. 1049

Molecular Epidemiology of St. Louis Encephalitis
Virus, Séo Paulo State, Brazil, 2016—-2018

G.S. Caleiro et al. 1052

1048

May 2025

Case Report of Aerococcus urinae Tricuspid Valve
Endocarditis, New York, USA

T. Siam et al. 1055

Increased Pneumonia-Related Emergency
Department Visits, Northern Italy

S. Villa et al. 1057

Clinical and Epidemiologic Characteristics
of Mpox Cases, Dominican Republic,
July 2022—February 2023

R. Paulino-Ramirez et al. 1060

1054

About the Cover

The Oldest Art

B. Breedlove 1064

Etymologia

Emayella augustorita

C. Partin 976

Corrections

Vol. 30, No. 3
The author list was incorrect in Larone’s Medically
Important Fungi: A Guide to Identification

1063

Vol. 31, No. 2 1063
Some of the data were inaccurate in Figure 1, panels

C and D, in Comparison of Contemporary and Historic
Highly Pathogenic Avian Influenza A(H5N1) Virus
Replication in Human Lung Organoids

Vol. 31, No. 3 1063
A grant was missing from the funding list in Annual
Hospitalizations for COVID-19, Influenza, and Respiratory
Syncytial Virus, United States, 2023—-2024

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 31, No. 5, May 2025



Launch of CDC Yellow Book 2024 — A Trusted Travel Medicine Resource

CDC is pleased to announce the launch of the CDC Yellow Book 2024. The CDC Yellow Book is a
source of the U.S. Government’s recommendations on travel medicine and has been a trusted resource
among the travel medicine community for over 50 years. Healthcare professionals can use the print
and digital versions to find the most up-to-date travel medicine information to better serve their patients’
healthcare needs.

The CDC Yellow Book is available in print through Oxford University Press
and online at www.cdc.gov/yellowbook.



SYNOPSIS

Outbreak of Marburg Virus Disease,
Equatorial Guinea, 2023

Stephanie Ngai, Egmond Samir Evers, Angela Katherine Lao Seoane, George Ameh,

Julienne N. Anoko, Céline Barnadas, Mary J. Choi, Janet Diaz, Luca Fontana, Pierre Formenty,
Ingrid Hammermeister Nezu, Frédérique Jacquerioz, John Klena, Henry Laurenson-Schafer, Olivier le
Polain de Waroux, Anais Legand, Raquel Medialdea Carrera, Tatiana Metcalf, Joel Montgomery,
Silvia Morreale, Maria E. Negrén, Justino Obama Nvé, Mitoha Ondo’o Ayekaba, Boris |. Pavlin,
Trevor Shoemaker, Yaimara Torres Hernandez, Mabel Varona Venta, Emily Z. Gutierrez, Florentino Abaga
Ondo Ndoho, on behalf of the Marburg Virus Disease Outbreak Response Working Group?

In February 2023, the government of Equatorial Guinea
declared an outbreak of Marburg virus disease. We de-
scribe the response structure and epidemiologic char-
acteristics, including case-patient demographics, clinical
manifestations, risk factors, and the serial interval and
timing of symptom onset, treatment seeking, and recov-
ery or death. We identified 16 laboratory-confirmed and
23 probable cases of Marburg virus disease in 5 districts
and noted several unlinked chains of transmission and
a case-fatality ratio of 90% (35/39 cases). Transmission
was concentrated in family clusters and healthcare set-
tings. The median serial interval was 18.5 days; most
transmission occurred during late-stage disease. Rapid
isolation of symptomatic case-patients is critical in pre-
venting transmission and improving patient outcomes;
community engagement and surveillance strengthen-
ing should be prioritized in emerging outbreaks. Further
analysis of this outbreak and a One Health surveillance
approach can help prevent and prepare for future poten-
tial spillover events.

arburg virus disease (MVD) is a severe infec-

tious illness caused by 2 closely related viruses
(Marburg virus [MARV] and Ravn virus, within the
genus Orthomarburguirus) of the family Filoviridae
(1). Before 2023, at least 15 outbreaks of MVD had
been identified; most involved sporadic or small
numbers of cases (2). The 2 largest known outbreaks

occurred during 1998-2000 in the Democratic Re-
public of the Congo (154 total cases) (3) and during
2004-2005 in northern Angola (252 confirmed and
374 total cases) (4,5).

MVD is characterized by the onset of nonspe-
cific symptoms, typically including fever, headache,
chills, fatigue, and myalgia, followed by a rapid pro-
gression to severe illness that may include nausea,
vomiting, diarrhea, and hemorrhagic symptoms (6).
Case-fatality rates (CFRs) range from 23% to 88%,
and death often follows shock and multiorgan failure
(7-9). Human-to-human transmission of MARV oc-
curs through direct contact with blood or other bodily
fluids of MVD patients, contaminated materials, and
blood, fluids, or tissues from bodies of persons who
have died from MVD (9).

Egyptian rousette fruit bats (Rousettus aegyptia-
cus) have been identified as a primary reservoir host
for MARV (10-12). Outbreaks of MVD have been
linked to exposure to mines or caves, where Egyptian
rousettes typically roost (13), and have been found to
be infected with MARV (3,8,11,12,14-16). Although
models have identified that Equatorial Guinea falls
within the zoonotic niche of MVD (17) and the virus
has been identified in bat populations in neighboring
Gabon (18), no previous outbreaks of filovirus disease
(Marburg or Ebola disease) have been identified in

Author affiliations: World Health Organization, Geneva,
Switzerland (S. Ngai, E.S. Evers, A.K. Lao Seoane, G. Ameh,
J.N. Anoko, C. Barnadas, J. Diaz, L. Fontana, P. Formenty,

|. Hammermeister Nezu, H. Laurenson-Schafer,

O. le Polain de Waroux, A. Legand, R. Medialdea Carrera,

T. Metcalf, S. Morreale, B.I. Pavlin, Y. Torres Hernandez); Centers
for Disease Control and Prevention, Atlanta, Georgia, USA

(M.J. Choi, J. Klena, J. Montgomery, M.E. Negrén, T. Shoemaker,
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E.Z. Gutierrez); Hopitaux Universitaires de Genéve, Geneva
(F. Jacquerioz); Ministerio de Sanidad y Bienestar Social, Malabo,
Equatorial Guinea (J.0. Nvé, M. Ondo’o Ayekaba, F. Abaga Ondo
Ndoho); Brigada Médica Cubana, Malabo (M. Varona Venta).
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SYNOPSIS

Equatorial Guinea, and MARV has not been identi-
fied in humans in neighboring countries (19).

On February 7, 2023, the Ministry of Health and
Social Welfare of Equatorial Guinea (MINSABS) was
notified about a cluster of deaths with suspected
hemorrhagic fever in 2 villages in Nsok Nsomo Dis-
trict, Kié-Ntem Province, on the border with Camer-
oon and Gabon. MINSABS sent blood samples from
10 persons from the cluster and identified through
active case finding to 2 World Health Organization
(WHO) collaborating centers for viral hemorrhagic
fevers, Centre Interdisciplinaire de Recherches Médi-
cales de Franceville in Gabon (8 samples) and Institut
Pasteur Dakar (IPD) in Senegal (5 repeat and 2 addi-
tional samples). One of the additional samples, from a
hospitalized patient in Ebibeyin District who died on
February 10 with an unclear epidemiologic link to the
cluster of deaths, tested positive for MARV by real-
time reverse transcription PCR at IPD on February
12. The government of Equatorial Guinea declared an
outbreak of MVD the following day. We describe the
epidemiologic characteristics of the 2023 MVD out-
break in Equatorial Guinea.

Methods

Geographic Area of the Outbreak

We identified all cases within the mainland continen-
tal region of Equatorial Guinea, which is dominated by
lush rainforests within the Congo Basin rainforest. The
population is concentrated in urban areas, although
the small geographic area lends itself to movement
between districts. Economic windfall from oil produc-
tion has funded substantial investment in the coun-
try’s infrastructure and road networks in recent years.

Response Structure

The response to the outbreak in Equatorial Guinea
was led by MINSABS, with support from national
and international partners. A response structure was
organized around key pillars, including coordination,
surveillance and epidemiology, case management,
laboratory, infection prevention and control (IPC),
risk communication and community engagement,
operational support and logistics, and finance and
administration. Strategic decisions were made by the
Political Committee for Health Emergencies, chaired
by the Vice President of Equatorial Guinea.

The response structure was activated immediate-
ly after the outbreak declaration. The initial response
coordination was based in Ebibeyin and later relocat-
ed to Bata, Equatorial Guinea’s largest city and eco-
nomic hub, in mid-March, after the identification of a

888

confirmed case in Bata with indication of earlier prob-
able cases and secondary household transmission.

Case Investigation and Contact Tracing

Weused the WHO-recommended case definition (20)
and later adapted it (Appendix, https://wwwnc.
cdc.gov/EID/article/31/5/24-1749-Appl.pdf),
once all identified ongoing transmission was locat-
ed in Bata, to emphasize human-to-human trans-
mission over exposure to mines, caves, and wild
animals and to reflect symptoms observed among
confirmed MVD case-patients managed in the Mar-
burg treatment center (MTC), including rash and
back pain. An alert cell coordinated the manage-
ment of alerts about possible suspected cases re-
ceived through an established national hotline. In-
vestigators used a standardized case investigation
form, based on the WHO template (21), to collect
information on patient demographics, clinical his-
tory and symptoms, exposure history, and patient
movements during the potential infectious period.
We conducted investigations prospectively for cas-
es identified after the declaration of the outbreak
and retrospectively for initial cases; those included
interviews with families and community contacts
of patients and health facility records, where avail-
able. Contacts of confirmed and probable cases
(Appendix) were quarantined at home, and we fol-
lowed them in person daily for 21 days after their
last exposure. We managed contacts who had onset
of symptoms during the follow-up period as sus-
pected cases.

Laboratory Testing

We collected whole blood for diagnostic testing from
suspected case-patients and oral swab samples from
deceased persons suspected of having MVD. After
laboratory confirmation of the first confirmed case
at IPD, we established a field laboratory in Ebibeyin
within 1 week, with considerable support from part-
ners, but were delayed in initiating laboratory testing
until March 10. We consolidated the field laboratory
with the Bome laboratory facility in Bata in mid-
March, alongside the epicenter of the outbreak and
the response coordination, to reduce laboratory test-
ing turnaround time.

The laboratory in Ebibeyin used the BioFire
FilmArray system (bioMérieux, https://www.
biomerieux.com) using Warrior Panel test cartridges;
the use of the cartridges is restricted to laboratories
designated by the US Department of Defense. After
the laboratory was relocated, the BioFire Global Fever
Panel was used. All samples tested in Ebibeyin were

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025



retested in Bata by using the RealStar Filovirus Screen
1.0 RT-PCR kit (altona Diagnostics, https://altona-
diagnostics.com) for result confirmation, according to
manufacturer instructions.

Patient Management

Suspected patients were hospitalized in designated
temporary transit or treatment centers; confirmed pa-
tients were transferred and managed in a dedicated
MTC, where they received supportive care (22,23).
The initial isolation and treatment ward was estab-
lished in Ebibeyin; after transmission was identified
in Bata, an isolation and treatment ward was desig-
nated within Bata Regional Hospital. A dedicated
MTC was opened in the Mondong INSESO Hospital
in Bata on March 28 and had capacity to manage 16
patients. Subsequently, all confirmed MVD patients
in the continental region and suspected MVD patients
in Bata and those referred from other districts were
managed at the Mondong MTC. Teams deployed
from health facilities were trained to conduct safe and
dignified burials for deceased patients.

Data Management and Statistical Analysis

We entered case investigation forms into a stan-
dardized Excel database (Microsoft, https://www.
microsoft.com). We conducted analyses by using R
version 4.2.2 (The R Project for Statistical Computing,
https:/ /www.r-project.org) and produced maps by

Marburg Virus Disease, Equatorial Guinea, 2023

using ArcGIS (Esri, https:/ /www.esri.com). We exclud-
ed from analyses 1 confirmed sample (collected in Kié-
Ntem Province) that could not be linked to any patient
data; we included all other confirmed and probable cas-
es in analyses. We excluded missing or unknown infor-
mation from calculations of proportions. We calculated
the serial interval (the time between symptom onset
dates of an infector-infectee pair) and the time from ill-
ness onset to hospitalization and death for case-patients
with reliable information on exposure, illness onset, or
both. Cases were categorized by number of days spent
being symptomatic in the community before isolation,
and we calculated the proportion of cases with possible
or probable onward transmission.

MINSABS authorized the analysis and publica-
tion of these data. Analyses in this report were a ret-
rospective review of data that were collected for sur-
veillance and operational response purposes during
the outbreak, outside of a research context; as such,
no further ethical approval was required.

Results

Epidemiologic Description of the Outbreak

We identified 16 laboratory-confirmed and 23 prob-
able MVD cases during this outbreak. The onset date
for symptoms of confirmed cases ranged from Feb-
ruary 3 to April 19, 2023; the earliest identified prob-
able case had an estimated onset of symptoms during

Figure 1. Confirmed and probable cases of Marburg virus disease, Equatorial Guinea, December 2022—April 2023. A) Confirmed and
probable cases of Marburg virus disease, by week of iliness onset and case classification. Where date of symptom onset was unavailable
(1 case), estimated date of sample collection was used. B-G) Confirmed and probable cases of Marburg virus disease (as in shown in
panel A), by district: B) Nsok Nsomo; C) Ebibeyin; D) Bata; E) Evinayong; F) Nsork; G) Unknown. Gray shading indicates total number of

cases in the country.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 5, May 2025
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the last week of December 2022 (Figure 1, panel A).
We identified cases in 5 districts in 4 provinces: Bata
(Litoral Province; 11 confirmed, 4 probable), Ebibeyin
(Kié-Ntem Province; 2 confirmed, 11 probable), Nsok
Nsomo (Kié-Ntem Province; 8 probable), Evinayong
(Centro Sur Province; 2 confirmed), and Nsork (Wele-
Nzas Province; 1 confirmed) (Figure 1, panel B-G; Fig-
ure 2). We recorded 166 alerts and listed 1,451 contacts.

We identified 5 chains of transmission that could
not be epidemiologically linked. Two clusters ac-
counted for 60% of cases: the initial cluster of 14 cases
in Nsok Nsomo and Ebibeyin Districts (35% of cases),
linked to several funerals, and a household cluster of
10 cases in Bata District (25% of cases) (Figure 3). We
identified smaller chains of transmission in the dis-
tricts of Ebibeyin, Bata, and Evinayong (including 1
confirmed case in Nsork District and contacts in Nsork
and Mongomo Districts). Initial genomic sequencing
results from IPD suggest that all confirmed cases were
linked to a single introduction of MARYV into the popu-
lation. Of the 16 confirmed case-patients, 9 (56%) were
known contacts at the time of detection and 8 (50%)
were identified during daily contact follow-up.

The median serial interval was 18.5 days (range
12-19 days) among 4 pairs of case-patients with
known contact history. Among case-patients with
reliable symptom onset date, the median time from
symptom onset to case-patient isolation or burial
was 8 days (n = 17; range 1-13 days); this period
was shorter (4 days) among the subset of cases from
Bata (n = 9; range 1-10 days). We observed onward
transmission more frequently from case-patients who
spent more time while symptomatic in the commu-
nity: 58% (7/12) of case-patients who spent >5 days

while symptomatic in the community had document-
ed secondary transmission, compared with 20% (1/5)
of case-patients who spent <5 days.

Participation in a funeral was a commonly re-
ported risk factor for infection (56% [13/23]), as was
contact with another case-patient in the same house-
hold (31% [12/39]). We identified 8 (21%) healthcare
workers (HCWs): 5 confirmed and 3 probable case-
patients, 1 of whom was a traditional healer. Five of
the 8 HCWs died.

At least 3 confirmed case-patients sought care at
private clinics after the onset of MVD. One of those
clinics had poor IPC practices, and record keeping
was minimal in a sample of clinics, complicating trac-
ing of potential contacts. Although several probable
case-patients visited traditional healers during their
illness and we identified 1 probable MVD death in
a traditional healer, we could not identify definitive
transmission in these settings, which also had limited
record keeping and are not included in routine health
facility surveillance systems.

We suspect that all but 1 (who had other epide-
miologic links) of the HCWs were infected through
occupational exposure, although we only identified
definitive exposure for 3 HCWs: infection followed
invasive procedures (endotracheal intubation, IV
insertion, and urinary catherization), with minimal
or no personal protective equipment, performed on
patients who were within hours of death and later
confirmed to have MVD. An additional 2 HCWs
with confirmed infection worked in the same ser-
vice of a hospital and had illness onset within
1 day of one another, suggesting a common occupa-
tional exposure.

Figure 2. Confirmed and probable cases of Marburg virus disease, by district, Equatorial Guinea, January—April 2023.

890
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Marburg Virus Disease, Equatorial Guinea, 2023

Figure 3. Chain of transmission of Marburg virus disease cases, by date of symptom onset and district, Equatorial Guinea, December
2022—April 2023. Where date of symptom onset was unavailable (1 case), estimated date of sample collection was used. Cases are
labeled by sex and age in years. Solid black lines indicate known contact links suspected to be associated with transmission events.
A degree of uncertainty is associated with some links shown. In the context of epidemiologically linked clusters with numerous contact
links, infector—infectee pairs could not be determined in some cases. Boxes around cases indicate groups of cases with known

epidemiologic links (i.e., clusters).

Case Management

Among case-patients with known outcomes, the CFR
was 75% (12/16) among confirmed case-patients and
90% (35/39) among all case-patients. The median
age of case-patients was 42 years (n = 37; range 7
months-80 years); 22 (56%) case-patients were female
and 17 (44%) were male (Figure 4). We identified
no pregnant women. The most frequently reported
symptoms were fever (94% [32/34]), nausea or vom-
iting (79% [26/33]), and fatigue or general malaise
(65% [22/34]). Diarrhea was reported in 13% (2/15) of
confirmed and 83% (15/18) of probable case-patients,
and hemorrhagic signs were reported in 57% (21/37)
of all case-patients (Table).

Among cases never managed in a designated
MTC (confirmed case-patients with MVD diagnosed
postmortem and probable case-patients), 77% (20/26)
sought healthcare in a hospital setting before death.
The median time from illness onset to initial hospi-
talization among hospitalized case-patients with reli-
able information on date of illness onset was 4 days (n
= 15; range 1-9 days).

No confirmed case-patients were managed in the
Ebibeyin treatment ward; 5 confirmed case-patients
were admitted to the isolation unit in Bata Regional
Hospital, of whom 1 survived. The Mondong MTC

managed 5 confirmed case-patients, of whom 3 sur-
vived. The 4 surviving case-patients were admitted
soon after illness onset (median 1 day; range 1-2
days), and the median time from onset to recovery
was 14 days (range 10-15 days). Among deceased
confirmed case-patients, the median time from ill-
ness onset to hospitalization was 6 days (n = 9; range
4-9 days); those case-patients admitted to a treatment
center died shortly after admission (n = 7; median 2
days; range 1-4 days).

Discussion

This outbreak of MVD in Equatorial Guinea had 39
identified confirmed and probable cases across 5 dis-
tricts, plus 1 confirmed sample from a patient who
was never identified. Transmission was concentrated
in family clusters and often involved contact with de-
ceased case-patients; more than half of all case-patients
had a known household or funeral exposure. The
mechanisms of community transmission events were
not described for most cases, and the demographic
distribution, with no clear overrepresentation of adult
female case-patients, does not support caregiving as
the principal risk factor (4,5). We never identified the
initial case and exposure, but no case-patients report-
ed exposures to bats or visits to mines (3).
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Figure 4. Age group and sex
distribution of persons with
confirmed or probable Marburg
virus disease, Equatorial Guinea,
January—April 2023.

Rapid isolation of symptomatic case-patients re-
mains critical: those who survived sought care sooner
at the MTC than did those who died. Three of the 4 sur-
vivors were HCWs and sought care immediately after
symptom onset because of their familiarity with MVD.
Case-patients who were isolated quickly after symptom
onset also contributed less frequently to downstream
transmission, and the relatively long serial interval
among patients with reliable data suggests that most
documented transmission occurred during late-stage
disease. Those improved outcomes and decreased
transmission risks underscore the importance of strong
risk communication, community engagement, contact
tracing programs, and early care in improving patient
outcomes and preventing secondary transmission.

The number of unconnected chains of transmis-
sion raised concerns about undetected community
circulation and highlighted the need for additional
case-finding strategies. Many case-patients sought
healthcare in hospital settings but did not have MVD
diagnosed. Although most case-patients were man-
aged in a hospital at some point during their illness,
for most, no secondary nosocomial transmission was
documented. However, limited IPC capacities com-
bined with care-seeking behavior indicate a high po-
tential risk for transmission. Although not observed
during this outbreak, vertical transmission has been
documented during other filovirus disease outbreaks
(24), as has viral persistence in the placenta after re-
covery (25). Improved hospital record keeping would
aid case finding and contact tracing, particularly for
unconnected chains of transmission. The identified
cases of nosocomial transmission occurred among
HCWs who had inadequate protection and high-
risk exposures to severely ill patients; better IPC
standards, particularly in the midst of an outbreak,
might have prevented these infections. Healthcare
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exposures were not limited to hospital settings; care
seeking involved both traditional healers and small,
low-cost private clinics. The role of small neighbor-
hood clinics and traditional healers with inadequate
IPC measures remains important in terms of limiting
healthcare-related exposures and the potential as foci
of infection for other patients in future outbreaks.

Fewer case-patients reported so-called wet symp-
toms than is typically expected during an outbreak of
filovirus disease: only 13% of confirmed case-patients
reported diarrhea, in contrast to 46% of a subset of
confirmed case-patients from the 2004-2005 outbreak
in Angola (4,5). Although information on nausea and
vomiting was collected jointly, many confirmed case-
patients reported nausea without vomiting. Wet symp-
toms were more frequently reported among probable
cases, with 83% reporting diarrhea, although probable
cases are representative of late-stage disease and this
elevated prevalence might be partially attributable to
recall bias during retrospective investigations. Among
confirmed case-patients, convulsions and hemorrhagic
signs were observed only in the hours preceding death.
A case series further describes the clinical and labora-
tory progression of the 5 confirmed case-patients man-
aged at the Mondong MTC (23). Case-patients often
were positive for malaria at the time of MVD diagno-
sis; the high malaria prevalence and diversity of malar-
ia species in Equatorial Guinea underscores the need to
enhance malaria treatment during MVD outbreaks to
avoid unnecessary confusion with MVD.

Although the origin of the outbreak was not iden-
tified, zoonotic spillover is the most likely route of
infection, considering close proximity of the initially
affected communities to wild bats and widespread
consumption of wild animals, including bats (26).
Genomic sequencing of the virus isolated from the
first confirmed case-patient in this outbreak found
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that the isolate was most closely related to MARVs
isolated from Egyptian rousettes in Sierra Leone (27),
which in turn were similar to isolates collected from
humans during the 2004-2005 outbreak in Angola
(28). Detailed genomic sequencing results on samples
from the Equatorial Guinea outbreak are not avail-
able; integration of additional sequencing results with
epidemiologic data could further elucidate details on
and connect chains of transmission.

We encountered several challenges during the
response. Because there had not been a previous re-
sponse to a filovirus disease outbreak in the country,
the government of Equatorial Guinea requested sup-
port from some international partners, but simulta-
neous spread to multiple districts stretched resources
thin from both the government and partners with
presence in the country. After a delay between iden-
tifying and reporting initial cases, processes were
established for regular information sharing. Because
of limited existing field epidemiology and outbreak
investigation capacity, along with community resis-
tance, few alerts were triggered, documentation of
alerts was incomplete, and identification of contacts
was limited, particularly early in the response. Mor-
tality surveillance, including systematic sampling of
deaths, was not implemented. Weak existing disease
surveillance and data management systems preclud-
ed further epidemiologic analyses to inform response
activities. Inadequate risk perception was partly ad-
dressed through countrywide risk communication
and community engagement efforts, although the
lack of familiarity with filovirus diseases, severity of
the cases, and tendency of the virus to infect entire
families contributed to ongoing concerns among the
population that MVD was related to witchcraft. We
encountered challenges in implementing standard-

Marburg Virus Disease, Equatorial Guinea, 2023

ized contact definitions; during initial investigations,
entire villages in which case-patients resided were
listed as contacts. Poor communication and wide-
spread enforcement of quarantine probably caused
reluctance to engage with contact tracing and educa-
tional messaging. Standard IPC measures were limit-
ed; a national IPC program was established, although
implementation was delayed at several facilities.
Remdesivir was provided to 4 patients at the MTC
on a compassionate use basis (23), but other potential
treatments and candidate vaccines for MVD were not
approved for use at the time of the outbreak.

Some data in this report, in particular those from
initial investigations, are incomplete; we discarded
values that were missing, unknown, or thought to be
unreliable, resulting in small sample sizes. Information
on clinical manifestations, particularly for probable
case-patients, might not be reliable, because medical
records were infrequently available and symptom in-
formation was ascertained during retrospective inves-
tigations. Information on risk factors was not complete
for all case-patients. Retrospective identification of
probable case-patients was biased toward identifica-
tion of deaths; that bias might have inflated the CFR be-
cause nonfatal cases, particularly early in the outbreak,
might have been missed. Individual-level contact trac-
ing data were not entered into centralized databases
and were not available for decision-making or analy-
sis. We identified several unlinked chains of transmis-
sion, spanning multiple generations of transmission;
we could not further analyze transmission dynamics.
Laboratory data were not systematically linked to case
investigation data and were not available for analysis.

The government declared the end of the MVD
outbreak in Equatorial Guinea on June 8, 2023, nearly
4 months after its initial detection. The epidemiology

Table. Reported symptoms among case-patients with Marburg virus disease, Equatorial Guinea, January—April 2023*

Total, confirmed

Symptom Death, confirmed Survivor, confirmed Total, confirmed  Total, probable and probable
Fever 12/12 (100.0) 4/4 (100.0) 16/16 (100.0) 16/18 (88.9) 32/34 (94.1)
Abdominal pain 3/4 (75.0) 3/3 (100.0) 6/7 (85.7) ND 6/7 (85.7)
Fatigue 8/12 (66.7) 4/4 (100.0) 12/16 (75.0) 10/18 (55.6) 22/34 (64.7)
Nausea/vomiting 8/11 (72.7) 2/4 (50.0) 10/15 (66.7) 16/18 (88.9) 26/33 (78.8)
Anorexia/loss of appetite 5/10 (50.0) 4/4 (100.0) 9/14 (64.3) 2/4 (50.0) 11/18 (61.1)
Convulsions 5/5 (100.0) 0/3 (0.0) 5/8 (62.5) ND 5/8 (62.5)
Rash 0/2 (0.0) 3/3 (100.0) 3/5 (60.0) ND 3/5 (60.0)
Any hemorrhagic sign 8/12 (66.7) 0/4 (0.0) 8/16 (50.0) 13/21 (61.9) 21/37 (56.8)
Joint or muscle pain 3/10 (30.0) 3/4 (75.0) 6/14 (42.9) 7/18 (38.9) 13/32 (40.6)
Headache 4/9 (44.4) 1/4 (25.0) 5/13 (38.5) 2/5 (40.0) 7/18 (38.9)
Conjunctivitis 2/3 (66.7) 0/3 (0.0) 2/6 (33.3) ND 2/6 (33.3)
Hematemesis 4/11 (36.4) 0/4 (0.0) 4/15 (26.7) 13/18 (72.2) 17/33 (51.5)
Difficulty breathing 3/11 (27.3) 0/4 (0.0) 3/15 (20.0) 2/18 (11.1) 5/33 (15.2)
Difficulty swallowing 0/9 (0.0) 2/4 (50.0) 2/13 (15.4) 0/4 (0.0) 2/17 (11.8)
Bloody diarrhea 2/9 (22.2) 0/4 (0.0) 2/13 (15.4) 12/18 (66.7) 14/31 (45.2)
Diarrhea 2/11 (18.2) 0/4 (0.0) 2/15 (13.3) 15/18 (83.3) 17/33 (51.5)

*Values are no./no. (%). Denominators exclude case-patients where information on the symptom was unknown or not collected. ND, no data were

available.
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of this outbreak adds to the limited knowledge about
MVD, most of which is based on data from 2 large
outbreaks with distinct epidemiologic characteristics
(3-5), and reinforces the importance of early detection
of cases to prevent transmission and improve out-
comes for patients. The identification of this outbreak
follows an increasing trend in the number of detected
filovirus outbreaks (29-31). The unknown origin of the
outbreak underscores the importance of incorporating
a One Health approach to strengthening surveillance
systems to understand the history of this outbreak and
to prevent and prepare for future spillover events. Fur-
ther investigation and seroprevalence studies should
be considered to determine the number of unidentified
cases and geographic areas to target for enhanced sur-
veillance for MVD and other filovirus diseases. Overall
limited International Health Regulations core capaci-
ties before the outbreak, which were assessed during
the most recent WHO Joint External Evaluation and
became apparent during the course of the outbreak,
underscore the need for a WHO National Action Plan
for Health Security for the country to develop its ca-
pacity to prevent, detect, and adequately respond to
future health threats.
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Invasive aspergillosis (I1A) caused by Aspergillus flavus
remains poorly described. We retrospectively analyzed
54 cases of |IA caused by A. flavus reported in France
during 2012—-2018. Among cases, underlying IA risk fac-
tors were malignancy, solid organ transplantation, and
diabetes. Most (87%, 47/54) infections were localized, of
which 33 were pleuropulmonary and 13 were ear-nose-
throat (ENT) infection sites. Malignancy (70% [23/33])
and solid organ transplantation (21% [7/33]) were the
main risk factors in localized pulmonary infections, and
diabetes mellitus was associated with localized ENT
involvement (61.5%, [8/13]). Fungal co-infections were
frequent in pulmonary (36%, 12/33) but not ENT IA (0
cases). Antifungal monotherapy was prescribed in 45/50
(90%) cases, mainly voriconazole (67%, 30/45). All-
cause 30-day case-fatality rates were 39.2% and 90-day
rates were 47.1%, and rates varied according to risk fac-
tor, IA site, and fungal co-infections. Clinicians should
remain vigilant for A. flavus and consider it in the differ-
ential diagnosis for IA.

fter invasive candidiasis and pneumocystosis,

invasive aspergillosis (IA) is the third most fre-
quent invasive fungal infection in Europe. IA occurs
primarily in immunocompromised patients, includ-
ing those with a hematologic malignancy (HM) and
those who receive solid organ transplants or immuno-
suppressive treatments (1). After A. fumigatus, A. fla-
vus is the second most frequently reported Aspergillus
species isolated from clinical specimens in invasive
and noninvasive aspergillosis, but A. flavus 1A has
marked differences in infection sites and geographic
locations. Indeed, A. flavus is reported as the main
etiologic agent of sinusitis, keratitis, and invasive as-
pergillosis in the Middle East, northern Africa, and
South Asia (2-4). In stark contrast, A. flavus accounts
for <10% of IA cases reported in Europe and North
America (5,6). For instance, according to data from
the Fungal Infection Surveillance Network (RESSIF;
RESeau de Surveillance des Infections Fongiques)

Invasive Aspergillosis Caused by A. flavus, France

in France, A. flavus represented 8.7% (74/845) of all
IA during 2012-2018, second only to the 86% of 1A
caused by A. fumigatus.

Data regarding the epidemiology, risk factors,
clinical manifestations, and management of IA caused
by A. flavus remain scarce, particularly in Europe. We
sought to describe patient characteristics, underlying
conditions, clinical presentations, and outcomes of IA
cases caused by A. flavus reported in France.

Material and Methods

Database Management and Case Definition

The RESSIF (1,7), based at the French National Ref-
erence Center for Invasive Mycoses and Antifungals
(NRCMA), Institut Pasteur, Paris, is a nationwide
surveillance network for cases of invasive mycoses in
France. RESSIF relies on the active participation of 21
collaborative centers in 15 of the 18 regions of France,
including overseas territories. Case details are sent to
the NRCMA by referent medical mycologists in col-
laboration with clinicians.

We included all patients registered in RESSIF
during 2012-2018 with proven or probable IA caused
by A. flavus, according to the 2020 European Organi-
zation for Research and Treatment of Cancer/Myco-
ses Study Group Education and Research Consortium
criteria (8), which include diabetes mellitus and se-
vere burns as additional risk factors for probable IA.
We excluded cases for which data were unavailable
and cases of noninvasive aspergillosis (e.g., aspergil-
loma). We considered the date of IA diagnosis to be
the date of the first microbiological criteria leading
to diagnosis.

Data Collection and Classification

Data were collected by using a standardized case re-
port form that included patient demographic charac-
teristics, clinical and radiologic manifestations, time
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SYNOPSIS

from symptom onset to diagnosis, diagnostic meth-
ods, treatment regimen, and 30- and 90-day case-fa-
tality rates (CFRs). We assigned each patient to 1 of
6 main underlying condition categories: HM, includ-
ing acute leukemia (myeloid or lymphoid) and other
lymphoid malignancies; solid organ tumors; solid
organ transplant; diabetes mellitus; severe burns;
other risk factors, such as HIV and iatrogenic agranu-
locytosis; or no risk factors, in the absence of all other
conditions. For patients with multiple potential risk
factors, we prioritized HM and solid organ transplan-
tation. We considered patients with HM, solid organ
tumors under chemotherapy treatment, solid organ
transplants, and other risk factors to be severely im-
munocompromised and grouped them for statistical
comparisons; we did not include patients with severe
burns in that group because, although immunocom-
promised, those case-patients have specific features.
We considered patients with diabetes moderately im-
munocompromised and considered patients without
risk factors to be immunocompetent.

We defined dissemination as infection in >2 non-
contiguous sites. We separated localized IA into pleu-
ropulmonary, ear-nose-throat (ENT), central nervous
system (CNS), and skin disease. We considered cases
with ENT and skull base infection sites as localized
ENT infections with contiguous skull base extension.
We considered cases with pleuropulmonary and ENT
sites of infection as localized pulmonary infections
with a contiguous sinus localization. We defined
neutropenia as a neutrophil polymorphonuclear cell
count of <0.5 x 10° cells/mL. We considered positive
galactomannan (GM) antigen in blood samples only,
with a positivity threshold of >0.5 optical density. We
defined bacterial, viral, or fungal co-infections as mi-
crobial pathogens found in the same microbiological
samples as A. flavus at time of diagnosis and compat-
ible with the patient’s clinical manifestations.

Because A. flavus has higher prevalence in dry
and warm regions (2-4), we evaluated seasonality of
infections in France. We chose April 1-October 31 as
the warmest months of the year in France, with aver-
age temperatures of >14°C, compared with Novem-
ber 1-March 31, during which average temperatures
were <10°C, according to the 2018 report from the na-
tional meteorological organization in France (9).

Species Identification and Antifungal

Susceptibility Testing

NRCMA centralized all isolates for identification con-
firmation. NMRCA identified A. flavus by morpholo-
gy and partial DNA sequence analysis of the calmod-
ulin gene. We only retained A. flavus var. flavus.
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We performed in vitro susceptibility testing accord-
ing to the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) broth microdilu-
tion method (https://www.eucast.org/fileadmin/
src/media/PDFs/EUCAST _files/ AFST/Files/EU-
CAST_EDef_9.4_method_for_susceptibility_testing_
of _moulds.pdf) with some modifications. NRCMA
determined MICs for 7 antifungal agents, including
liposomal amphotericin B (L-AmB), isavuconazole,
voriconazole, posaconazole, itraconazole, caspofun-
gin, and micafungin.

Statistical Analyses

We calculated continuous variables by using Mann-
Whitney nonparametric test and expressed results
as medians and interquartile range (IQRs). We used
Fisher exact test for categorical variables and ex-
pressed results as frequencies and percentages. We
performed all analyses in Stata 17 (StataCorp LLC,
https:/ /www .stata.com) and considered p<0.05 to be
statistically significant.

Ethics

This research was performed in compliance with
French law and the Declaration of Helsinki as ad-
opted in 2000. NRCMA monitoring was approved
by the Institute Pasteur institutional review board 1
(approval no. 2009-34 IRB) and the Commission Na-
tionale de l'Informatique et des Libertés (National
Commission for Information Technology and Civil
Liberties) according to regulations in France.

Results

Patient Characteristics and Underlying Conditions

During January 2012-December 2018, a total of 54
patients with proven (44.4%) or probable (55.6%) IA
caused by A. flavus were reported to RESSIF. Medi-
an patient age was 58 (IQR 48-70) years; 48.1% were
male and 51.8% were female (Table 1). The main
underlying condition was HM (53.7%, 29/54), most
frequently acute leukemia (20/54, including 10 with
acute myeloid leukemia and 10 with acute lymphoid
leukemia) (Table 1). Almost all (90%, 26/29) HM pa-
tients had neutropenia at diagnosis. The second most
frequent underlying condition was solid organ trans-
plant (16.7%, 9/54), including kidney (n = 3), heart
(n =3), lung (n = 2), and liver (n = 1) transplantation.
Median time between transplantation and IA was
5 months, with differences according to the type of
organ transplant, from 1 month for heart transplant
recipients to 36 months for kidney transplant recipi-
ents. Eight (14.8%) patients had diabetes mellitus as
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Invasive Aspergillosis Caused by A. flavus, France

Table 1. Characteristics of 54 patients with probable or proven invasive aspergillosis caused by Aspergillus flavus, France,
2012-2018*

Characteristics

Value
Median age, y (IQR) 58 (48-70)
Originating from Africa, n = 50 14 (28)
Diagnosis during April 1-Oct 31 32 (59.2)
Sex
M 26 (48.1)
F 28 (51.8)
Primary underlying risk factor
Malignancy 31 (57.4)
Solid organ cancer 2(3.7)
Hematologic malignancy, n = 29 29 (54)
Acute myeloid leukemia 10 (34.5)
Acute lymphoid leukemia 10 (34.5)
Lymphoma 2(6.9)
Chronic lymphoid leukemia 2(6.9)
Other hematologic malignancy 5(17.2)
Solid organ transplant, n =9 9(16.7)
Kidney 3(33.3)
Heart 3(33.3)
Lung 2 (22.2)
Liver 1(11.1)
Diabetes mellitus 8 (14.8)
Severe burns 2(3.7)
Other immunodeficiency, n = 2 2(3.7)
HIV 1 (50)
latrogenic agranulocytosis 1 (50)

No risk factor 2(3.7)

Median time between onset of symptoms and diagnosis, d (IQR) 20 (10-50)
Site of infection

Localized infections, n = 47

47 (87)
Pulmonaryt 33(70.2)
Ear-nose-throatt 13 (27.7)
Cerebral contiguous extensiont 10 (21.3)
Skin and soft tissue 1(2.1)
Disseminated infections, n =7 7 (13)
Pulmonary 6 (85.7)
Ear-nose-throat 2 (28.8)
Cerebral 2 (28.8)
Skin and soft tissue 5(71.4)
Fungemia 2 (28.6)
Positive serum galactomannan antigen, n = 38 23 (60.5)
Proven infection 24 (44.4)
Fungal coinfection at same site as A. flavus, n = 168 16 (29.7)
A. fumigatus 6 (37.5)
A. niger 3(18.8)
Mucorales 5(31.2)
Pneumocystis jirovecii 3(18.8)
Candidemia 1(6.2)
Influenza coinfection 2(3.7)
First-line antifungal therapy, including combinations, n = 50
Voriconazole 32 (64)
Posaconazole 3 (6)
Itraconazole 2 (4)
Isavuconazole 2 (4)
Liposomal amphotericin B 9(18)
Echinocandin 7 (14)
Antifungal combination 5 (10)
Death, n = 51 patients with outcome data
30-day case-fatality, all causes 20 (39.2)
90-day case-fatality, all causes 24 (47.1)
*Values are no. (%) patients except as indicated.

tFour patients had lung and ear-nose-throat infections.
TAIl were sinus infections with contiguous cerebral lesions.
8Including 1 case with 3 fungal co-infections.
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Table 2. Main underlying risk factors for 54 patients with probable or proven invasive aspergillosis caused by Aspergillus flavus,

France, 2012-2018*

Severe No risk p
Characteristics HM,n=29 SOC,n=2 SOT,n=9 DM, n=8 Other,n=2 burns,n=2 factors,n=2 valuet
Median age, y (IQR) 53 (28-66) 73 (66-80) 60 (57—70) 72.5(70-74) 49 (48-50) 60 (50-69) 21 (16-25) <0.001
Originating from Africa, 5/26 (19.2) 0 2/8 (25) 5(62.5) 0 0 2 (100) 0.02
n=26
Sex
M 12 (41.4) 1 (50) 5 (55.6) 5 (62.5) 1 (50) 0 1 (50) 0.46
F 17 (58.6) 1 (50) 4 (44.4) 3(37.5) 1 (50) 2 (100) 1 (50) 0.46
Median delay to 17 (5-30) 5(2-7) 20 (13.5-54) 105 (68-163) 32 (20-43) 7 (5-9) NA <0.001
diagnosis, d (IQR)
Neutropeniat§ 26 (89.6) 0 1/8 (12) 0 1 (50) 0 0 <0.001
Positive serum 15/22 (68.1)  1/1 (100) 3/7 (43) 2/4 (50) 1 (50) 1 (50) 0 0.63
galactomannan
antigen§
Infection site
Disseminated 4 (13.7) 1 (50) 1(11.1) 0 0 1 (50) 0 0.57
infection
Localized infection 25 (86.2) 1 (50) 8 (88.9) 8 (100) 2 (100) 1 (50) 2 (100) 0.57
Pleuropulmonary ~ 23/25 (92) 0 718 (87.5) 0 2 (100) 0 1 (50) <0.001
ENT 2/25 (8) 1/1 (100) 1/8 (12.5) 8/8 (100) 0 0 1 (50) <0.001
CNS 0 1/1 (100) 1/8 (12.5) 7/8 (87.5) 0 0 1 (50) <0.001
Skin and soft 0 0 0 0 0 1 (100) 0 >0.999
tissue
First-line antifungal n=27 n=7
therapy
Voriconazole 18 (66.7) 2 (100) 3(4.8) 6/8 (75) 1 (50) 1 (50) 1 (50) 0.69
L-AmB 5(18.5) 0 2 (28.6) 0/8 (0) 1 (50) 1 (50) 0 0.32
Other agent 6 (22.2) 0 2 (28.6) 3/8 (37.5) 1 (50) 0 1 (50) 0.41
Death n=28 n=1 n=8
30-d CFR 13 (46.4) 0 4(44.4) 0 1 (50) 2 (100) 0 0.017
90-d CFR 15 (53.6) 0 5 (55.6) 1(12.5) 1 (50) 2 (100) 0 0.052

*Values are no. (%) except as indicated. Bold font indicates statistical significance. CFR, case-fatality rate; CNS, central nervous system; DM, diabetes
mellitis; ENT, ear-nose-throat; HM, hemolytic malignancy; IQR, interquartile range; L-AmB, liposomal amphotericin B; NA, not applicable; SOC, solid

organ cancer; SOT, solid organ transplant.

tFor solid organ transplant, solid organ cancer, hemolytic malignancy, and other versus diabetes mellitis.

$<0.5 x 10° cells/mL.
§No. positive/no. tested (%).

Tincluding combination therapy. Other first-line agents included posaconazole, itraconazole, isavuconazole, and echinocandin.

the sole risk factor. The other patients had solid organ
tumors under chemotherapy (n = 2), severe burns (n
= 2), HIV infection (n = 1), or carbimazole-induced
agranulocytosis (n = 1); 2 patients had no identified
risk factors.

Patients with diabetes were significantly older
(median age 72.5 [IQR 70-74] years) than patients
with malignancy, either HM or solid organ cancer
(median age 54 [IQR 32-66] years), or solid organ
transplantation (median age 60 [IQR 53.5-70.5] years)
(p<0.001) (Table 2). Patients with diabetes also had
longer time between symptom onset and diagnosis
(median 105 [IQR 68-163] days) than HM patients
(median 16 [IQR 5-30] days) or patients with solid
organ transplant (median 20 [IQR 13.5-54] days).
Pleuropulmonary involvement was more frequent
in patients with HM, solid organ tumors, or solid or-
gan transplant (88%, 30/34) than those with diabetes
(0/8) (p<0.001). In contrast, all 8 patients with diabe-
tes mellitus had ENT infections, and most (88%, 7/8)
had extension to the skull bases, but ENT infections
were much less frequent (12%, 4/34) among HM,
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solid organ tumor, and solid organ transplant pa-
tients (p<0.001). We noted no cases of disseminated
IA in patients with diabetes, compared with 5 cases
(16%, 5/31) in HM patients and 1 (11%, 1/16) case in
a solid organ transplant patient (p = 0.57).

Infection Sites and Clinical Manifestations
Of the 54 cases, 47 (87 %) were localized (Table 3) and
7 (12.3%) disseminated (Table 4). Among the 47 local-
ized infections, 33 were (70.2%) pleuropulmonary in-
fections and 13 (27.6%) were ENT infections; 10 (77 %)
of the ENT infections had extension to the skull bases.
No isolated CNS infections and only 1 case of local-
ized skin and soft tissue infection were reported.
Compared with patients with pleuropulmonary
IA, those with ENT infections were significantly
older (median age 72 [IQR 61-74] years vs. 57 [IQR
48-67] years; p = 0.03) and had a longer duration of
symptoms before diagnosis (median 90 [IQR 42-163]
days vs. 19 [IQR 12-30] days; p = 0.0005). Patients
with pleuropulmonary IA had higher rates of HM
and solid organ transplantation than patients with
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Invasive Aspergillosis Caused by A. flavus, France

Table 3. Characteristics of localized invasive aspergillosis cases caused by Aspergillus flavus, France, 2012—-2018*

Localized pleuropulmonary

Characteristics infection, n = 33 Localized ENT infection, n = 13 p value
Median age, y (IQR) 57 (48-67) 72 (61-74) 0.03
Originating from Africa 6/29 (21) 7/13 (54) 0.068
Sex
M 16 (48.5) 7 (53.8) >0.999
F 17 (51.5) 6 (46.2) >0.999
Primary risk factors <0.001
Hemolytic malignancy 23 (69.7) 2(15.4) 0.001
Solid organ cancer 0 1(7.7) 0.28
Solid organ transplant 7(21.2) 1(7.7) 0.41
Diabetes mellitus 0 8 (61.5) <0.001
Other 2(6.1) 0 >0.999
No risk factors 1(3) 1(7.7) 0.49
Clinical signs and symptoms
Fever 22 (66.7) 5(38.5) 0.1
Dyspnea 18 (54.5) 0 <0.001
Cough 11 (33.3) 0 0.02
Hemoptysis 4 (12.1) 0 0.09
Otalgia, otorrhea 0 8 (61.5) <0.001
Chemosis, exophthalmia 2(6.1) 2 (15.4) 0.56
Facial nerve palsy, headache 2(6.1) 3(23.1) 0.13
No symptoms 1(3) 0 >0.999
Imaging features
Nodules, mass lesion 17 (51.5) 0 0.11
Alveolar consolidation, ground-glass opacities 32 (96.9) 0 <0.001
Pleural effusion 18 (54.5) 0 0.11
Sinus opacification 4(12.1) 12 (92.3) <0.001
Sinus or mastoids lytic lesions 2(6.1) 9 (69.2) <0.001
Median time to diagnosis, d (IQR) 19 (12-30) 90 (42-163) <0.001
Positive serum galactomannan antigent 14/26 (53.8) 4/7 (57.1) 1
Diagnostic methodt >0.999
Smear sputum 9/10 (90) 0 <0.001
BAL direct examination 15/25 (60) NA NA
BAL culture 24/25 (96) NA NA
Biopsy direct examination 5/7 (71) 10 (76.9) >0.999
Biopsy culture 6/7 (86) 13 (100) 0.35
Proven cases 6 (18) 13 (100) <0.001
Associated localizations
Pulmonary NA 0 NA
Ear, nose, throat 4(12.1) NA NA
Central nervous system 0 10 (76.9) <0.001
Mediastinal 1(3) 0 <0.001
Fungal coinfection at same site§ 12 (36.3) 0 0.01
Aspergillus fumigatus 5(15.1) 0 0.31
A. niger 3(9.1) 0 0.55
Mucorales 4(12.1) 0 0.31
Pneumocystis jirovecii 2(6.1) 0 >0.999
Influenza co-infection 2(6.1) 0 >0.999
First-line antifungal monotherapy 26/30 (86.7) 11/12 (91.7) >0.999
Voriconazole 16/26 (61.5) 8/11 (72.7) 0.71
Other triazole 4/26 (15.3) 3/11 (27.3) 0.40
Echinocandin 2/26 (7.7) 0/11 >0.999
Liposomal amphotericin B 4/26 (15.4) 0/11 0.30
Antifungal combination therapy{ 4/30 (13.3) 1/12 (8.3) >0.999
Curative surgery 3(9.1) 6 (46.1) 0.01
Death N =31 N=12
30-day case-fatality 14 (45.2) 1(8.3) 0.03
3-month case-fatality 17 (54.8) 2 (16.7) 0.04

*Values are no. (%) except as indicated. BAL, bronchoalveolar lavage; IQR, interquartile range.
TPositive galactomannan antigen in blood with an optical density index cutoff value of >0.5.
$Values are no. positive/no. tested (%).

813 cases with pulmonary fungal coinfections, including one with more than 1 coinfection.
fValues are no. positive/no. treated (%).
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Table 4. Main characteristics of patients with disseminated
infections in a study of features of invasive aspergillosis caused
by Aspergillus flavus, France, 2012—-2018*

Characteristics Value
Median age, y (IQR) 36 (14.5-58)
Sex
M 3(42.8)
F 4 (57.1)
Main risk factor
Hematologic malignancy 4 (57.1)
Solid organ cancer 1(14.3)
Solid organ transplant 1(14.3)
Others, severe burns 1(14.3)
Fever as primary clinical sign 5(71.4)
Site of infection
Pulmonary 6 (85.7)
Ear, nose, throat 2 (28.6)
Central nervous system 2 (28.6)
Skin and soft tissues 3(42.8)
Fungemia 2 (28.6)
Median time to diagnosis, d (IQR) 5 (4.5-28)
Positive serum galactomannan antigen, n =5 5 (100)
Proven cases 5(71.4)
Fungal co-infection 3 (42.8)
Voriconazole first-line antifungal therapy 6 (85.7)
3-month case-fatality 4 (57.1)

*|QR, interquartile range.

ENT IA (69.7% [23/33]) vs. 15.4% [2/13] for HM, and
21.2% [7/33] vs. 15.4% [1/13] for solid organ trans-
plantation; p<0.001). In contrast, diabetes mellitis
was the most common underlying condition in pa-
tients with ENT IA (61.5% [8/13]), compared with no
diabetes mellitis in patients with pleuropulmonary
IA (p<0.001).

We also assessed available imaging results for the
54 included IA cases. All 33 patients with pleuropul-
monary IA had chest computed tomography scans,
17 (51.5%) of whom had nodules, 32 (96.6%) had alve-
olar consolidations or ground-glass opacities, and 18
(54.5%) had pleural effusion. All 13 ENT IA patients
had computed tomography scans of the sinuses, ear,
or brain, showing sinus opacification in 12 (92.3%)
and lytic lesions of sinus, mastoid, or skull base walls
in 9 (69.2%) cases. When performed, serum GM test-
ing was positive in 53.8% (14/26) of cases of pleuro-
pulmonary IA and in 57.1% (4/7) of ENT IA cases.

Among pulmonary IA cases, 36.4% (12/33) of pa-
tients had >1 fungal co-infection at the same site; 11
had 1 co-infection and 1 had 3 fungal co-infections.
Co-infections included 5 A. fumigatus, 3 A. niger, 4
Mucorales, and 2 Prneumocystis jirovecii. Patients with
ENT IA did not exhibit relevant fungal co-infections.
Of note, influenza co-infection was reported in 6.1%
(2/33) of pulmonary IA. In those cases, influenza was
diagnosed before 1A, and the diagnosis was consid-
ered influenza-associated pulmonary aspergillosis.

Among the 7 disseminated IA cases, the most fre-
quent underlying condition was HM in 4 (57%) cases,
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followed by 1 (14.3%) case each of solid-organ tumor
under chemotherapy, solid organ transplant, and se-
vere burns. Patients with disseminated IA infections
were younger (median age 36 [IQR 14-66] years) than
patients with localized IA (median age 60 [IQR 50-70]
years; p = 0.04). The most frequent sites involved in
disseminated IA were pulmonary (85.7%), skin and
soft tissues (42.8%), ENT (28.6%), and CNS (28.6%).
Serum galactomannan was positive in all dissemi-
nated cases. Two patients had A. flavus fungemia (1
patient had metastatic cholangiocarcinoma and 1 had
severe burns). Fungal co-infections were found in
43% (3/7) of cases, including various pathogens iden-
tified in different sites: 1 P. jirovecii in a bronchoalveo-
lar lavage sample associated with A. flavus cutaneous
infection, and 1 candidemia and 1 sinusal mucormy-
cosis associated with A. flavus found in a puncture
of a frontonasal subcutaneaous collection. Finally,
disseminated IA with pulmonary involvement (6/7)
accounted for 15.4% (6/39) of all cases of pulmonary
IA, and disseminated IA with ENT involvement (2/7)
accounted for 13.3% (2/15) of all ENT IA.

Treatment and Outcomes

Before invasive A. flavus infection, only 3 patients, all
of whom had HM, had been receiving antifungal pro-
phylaxis (1 fluconazole and 2 L-AmB). An antifun-
gal treatment was recorded in 50 (92.6%) of 54 cases.
The other 4 (7.4%) patients did not receive antifungal
therapy: 3 patients had localized pleuropulmonary
IA cases diagnosed postmortem, and the fourth pa-
tient had a complete curative surgical treatment for
ENT IA. Antifungal monotherapy was prescribed as
the first-line treatment for 45 (90%) of the 50 patients
who received antifungal treatment, most (66.7%, 30)
of whom received voriconazole, but other azoles
(posaconazole in 7%, itraconazole in 4%, and isavuco-
nazole in 4%) were also administered, as were L-AmB
in13% (n = 6) and an echinocandin in 4% (n = 2). Five
(10%) patients received combined antifungal therapy,
including L-AmB and an echinocandin in 3 cases
and voriconazole and an echinocandin in 2 cases. Of
the 54 ctotal cases, curative surgery was performed
in 9 (16.6%), more frequently in ENT IA (46.1%,
6/13) cases than in pleuropulmonary IA (3%, 1/33)
cases (p = 0.01).

We determined EUCAST MICs for itraconazole,
posaconazole, voriconazole, isavuconazole, L-AmB,
caspofungin, and micafungin on 46 isolates (Table 5).
The MICs for amphotericin B ranged from 0.5 to >4
mg/L, and the MICs for voriconazole ranged from
0.125 to 1 mg/L. A. flavus showed lower susceptibil-
ity to amphotericin B (MIC,, of 2 mg/L and MIC, of
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4 mg/L) than to voriconazole (MIC,, of 0.5 mg/L and
MIC,, of 1 mg/L).

Among 51 patients with available outcome data,
20 patients died, yielding a 30-day CFR of 39.2% (95%
CI 25.8%-53.9%) (Table 1). The CFR was higher (46%)
for patients with malignancy or solid organ trans-
plant than for patients with diabetes mellitus (n = 0)
(p =0.013) (Table 2). Although not statistically signifi-
cant, CFR was higher for disseminated (57%) than lo-
calized (36%) infections (p = 0.4). Among the different
localized IA, pleuropulmonary IA had a higher CFR
than did ENT IA (45% vs. 8%; p = 0.03) (Table 3). IA
associated with fungal co-infections tended to have a
higher 30-day CFR than those without fungal coinfec-
tions (44% [7/16] vs. 37% [13/35]; p = 0.8).

Discussion

Herein, we describe 54 cases of invasive aspergillosis
caused by A. flavus reported in France during 2012-
2018. Few data on A. flavus 1A in the Northern Hemi-
sphere are available, probably because A. flavus is
scarce in high-income countries, cases are underdiag-
nosed because of nonspecific clinical manifestations
and absence of diagnostic confirmation in mildly im-
munocompromised patients, and most countries do
not have specific fungal surveillance programs. Thus,
we sought to identify risk factors specific to A. flavus
and the association of risk factors with clinical mani-
festations and outcomes.

Although some characteristics of our patients,
such as median age (58 years) and CFR (42%), were
similar to cases of IA (all species combined) reported
in France during 2005-2007 (7) and 2012-2018 (1), we
found a relatively lower percentage (55%) of patients
with HM and a higher percentage (14.8%) with dia-
betes among the underlying factors, compared with
71% for patients with HM and <10% for those with
diabetes mellitus from in an earlier study (1). Because
A. flavus has a higher prevalence in dry and warm re-
gions (2-4), we also investigated the possibility of A.
flavus acquisition in tropical or subtropical countries
such as northern or southern Africa and East Asia,
where patients might have lived. Of note, although
recent travel history was not recorded for all patients
in our study, 28% of patients originated from Africa,
suggesting acquisition of A. flavus in the Southern
Hemisphere.

We also assessed seasonality of infections in
France. We found a higher rate (59.2%) of diagno-
ses of IA caused by A. flavus in the hottest months
(Table 1), highlighting the probable influence of hot
temperatures on A. flavus development, as previously
reported (10).
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We identified 2 distinct patterns of disease: pul-
monary IA in highly immunocompromised patients,
and ENT IA primarily occurring in patients with dia-
betes mellitus. Most (87%) cases of IA in our study
were localized pleuropulmonary infections. Charac-
teristics of infection were similar in terms of underly-
ing condition, clinical manifestations, and prognosis
to previously reported IA cases caused by A. fumiga-
tus (11). HM and solid organ transplantation account-
ed for 91% of underlying risk factors in IA cases, con-
sistent with the >85% reported on pulmonary IA from
all species combined in a previous study (11). Clinical
manifestations of A. flavus pulmonary IA among our
patient cohort were similar to those for pulmonary IA
caused by A. fumigatus, including acute symptom on-
set and a short diagnostic delay. ENT IA was the sec-
ond main site of infection in our study, which is con-
sistent with prior data reporting A. flavus as the main
causative species in ENT IA in tropical and subtropi-
cal countries (2-4). ENT infection might be related to
the larger size of A. flavus conidia compared with that
of A. fumigatus (12,13), making progression through
the lower airways difficult.

The main underlying condition among our cohort
was uncontrolled diabetes mellitus, which we noted in
61.5% of cases. The association between diabetes mel-
litus and IA was previously observed in aspergillosis
otitis in a study where all 12 patients had diabetes mel-
litis (14) and another in which where 46.2% of patients
were diabetic (15). The association between diabetes
mellitus and IA has been assumed to be the result of
susceptibility to functional impairment of innate im-
munity because of alteration of phagocytosis and effi-
ciency of neutrophil polymorphonuclear cells that are
known to play a pivotal role in antifungal immunity
(16). We noted a higher (54%) percentage of patients
originating from North Africa, where environmental
prevalence of A. flavus is high, among cases of ENT IA
compared with 21% among patients with pulmonary

Table 5. MICs of first-line antifungal drugs used for 46 cases of
invasive aspergillosis caused by Aspergillus flavus, France,
2012-2018*

Antifungal drug Range, mg/L MICso MICgo
Voriconazole 0.125-1 0.5 1
Isavuconazole 0.25-2 0.5 1
Itraconazole 0.06-0.5 0.125 0.25
Posaconazole <0.015-0.25 0.125 0.25
Liposomal amphotericin B 0.5t0 >4 1 4
Caspofungin 0.125-0.5 0.25 0.5
Micafungin 0.007-0.03 0.007 0.015

*Values according to European Committee on Antimicrobial Susceptibility
Testing broth microdilution method
(https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST _files/AFST/Fil
es/EUCAST_EDef_9.4_method_for_susceptibility_testing_of_moulds.pdf).
MICso, MIC that inhibited 50% of tested microorganisms; MICgo, that
inhibited 90% of tested microorganisms.
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IA (p = 0.068). Despite less acute progression of in-
fection in those forms, ENT IA cannot be considered
benign, considering the frequent (77%) extension to
the skull base reported in our study. That finding is
similar to 2 meta-analyses of osteoarticular aspergil-
losis reported during 1936-2013 (17,18), wherein skull
base osteomyelitis accounted for 18% of cases, 68% of
which were related to a contiguous ENT injury.

Concerning antifungal drug therapy, voricon-
azole, the first-line recommended treatment in current
guidelines (19), was only used in 64% of cases in this
study, similar to data reported in previous epidemio-
logic studies (7). The use of other first-line antifungal
drugs, mainly in L-AmB (23%) and echinocandins
(20%) in pulmonary IA, could be explained by initial
disease severity and diagnostic uncertainty in severe-
ly immunocompromised patients with frequent fun-
gal co-infections. Consistent with prior studies (20),
we found that MICs for L-AmB were high. However,
because of the retrospective design of the study, we
could not evaluate whether the use of L-AmB as ini-
tial therapy was associated with increased mortality
rates. Curative surgical management was also preva-
lent (46%) for ENT IA in our study, consistent with
a previous case series of ENT aspergillosis (15). Re-
search on surgical therapy, which has been shown to
influence illness and death, deserves to be better codi-
fied (21). Despite rapid initiation of treatment, over-
all mortality rates remained high (47% at 3 months),
with notable variability according to underlying risk
factors and IA localizations (17% in ENT vs. 55% in
pulmonary infections).

One of the main limitations of our study remains
the low number of cases reported, which limits the
statistical power of comparisons between groups,
needing further collaborative studies among coun-
tries in Europe or more broadly to increase the num-
ber of cases assessed. Another limitation is a lack of
comparison between groups. We compared general
characteristics of A. flavus 1A patients, including sex
ratio, age, underlying conditions at diagnosis, and
mortality rates, to all cases of IA reported from RES-
SIF for all Aspergillus species, >86% of which were A.
fumigatus, for the same period (2012-2018) (1). How-
ever, we could not compare specific subgroups, such
as those with localized infections, because of the ab-
sence of individual patient data. International studies
would also increase the number of cases studied and
enable comparisons with infections caused by other
non-A. fumigatus species.

A. flavus 1A could represent an increasing issue
in the Northern Hemisphere, and further studies
are needed to clarify its prevalence and risk factors.
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Indeed, during 2005-2007 in France, 3% of reported
IA cases were caused by A. flavus (7), which increased
to 8.7% during 2012-2018 (1). That increase is prob-
ably to the result of multiple reasons, including cli-
mate, migration, and rates of immunodeficiency.
First, global warming could create a more favorable
ecosystem for A. flavus, as observed in the seasonal
pattern in North America, which has seen increased
cases in summer months (10). Second, migrating pop-
ulations could be at risk for IA after long-term car-
riage of A. flavus previously acquired in more south-
ern countries, as noted by the high percentage of
patients originating from North Africa among our A.
flavus 1A cohort. Finally, increases in the population
of patients with acquired immunodeficiency, such as
organ recipients (22), could mean that more patients
are susceptible to present A. flavus infection and have
more severe outcomes.

In conclusion, we found that IA caused by A. fla-
vus shared many similarities with IA caused by A.
fumigatus. Clinical manifestations mainly showed 2
distinct patterns: aggressive pleuropulmonary or dis-
seminated infection in highly immunocompromised
patients, with a high rate of co-infection and a high
mortality rate despite antifungal treatment; and ENT
infections, usually occurring in patients with uncon-
trolled diabetes mellitus, frequently among persons
originating from countries in North Africa, and show-
ing low mortality rates after curative surgery and an-
tifungal treatment. Surveillance studies such as ours
can raise awareness of non-A. fumigatus 1A, includ-
ing in Western countries, where their incidence may
increase in the future because of climate change. Cli-
nicians should remain vigilant for A. flavus and con-
sider it during differential diagnosis for IA.
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Alveolar echinococcosis (AE) is a zoonotic disease of in-
creasing concern worldwide. Before benzimidazole drug
therapy, 10-year death rates were 90% without surgical
resection. In unresectable patients, long-term benzimid-
azole therapy is highly effective in stabilizing the disease
course. We performed a retrospective study of 334 AE
patients treated at the University Hospital Zurich, Zurich,
Switzerland, during 1973—-2022. Annual diagnoses in-
creased over time, and more cases were detected by
chance at earlier stages. Ninety patients died, mostly
from causes unrelated to AE. Relative survival of AE
patients compared with the population of Switzerland
demonstrated a steady decrease 5 years after diagno-
sis. Patient age at diagnosis was the primary variable
associated with overall survival. In a propensity-score
matched survival analysis, early curative surgery was
associated with overall improvement but not AE-specific
survival. We conclude that survival of patients with AE is
limited by non-AE causes and that early curative surgery
does not improve AE-specific survival.

Iveolar echinococcosis (AE) is an orphan zoonosis

caused by the metacestode stage of the fox tape-
worm, Echinococcus multilocularis. This parasite is en-
demic across large parts of the Northern Hemisphere,
including Switzerland, Germany, and France (1). Al-
thoughrare, AE is of increasing concern because of ris-
ing incidences (2-6). Previously nonendemic regions
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such as North America and eastern central Europe are
reporting an increasing number of AE patients (7-10).
Proposed explanations for this phenomenon include
the habitat expansion of a growing fox population, an
increased use of imaging in healthcare, and a more
susceptible population (4,5,11).

AE is a silently progressing and infiltrative dis-
ease that primarily affects the liver and can become
symptomatic through mass effect and occlusion of bile
ducts or blood vessels (12). Various complications can
occur, such as obstructive jaundice, cholangitis, por-
tal vein occlusion or thrombosis, or secondary Budd
Chiari syndrome with or without portal hypertension
(13). On occasion, distant metastasis is observed (12).
For staging of the disease the PNM classification (par-
asite location in the liver, neighboring organ involve-
ment, metastasis) was proposed (14).

Without adequate treatment, 90% of AE patients
died within 10 years of disease onset (15). Cure can
only be achieved through complete resection and
adjuvant benzimidazole drug recurrence prophy-
laxis (16). Curative resection is often not possible
because of advanced disease (16). The use of pal-
liative surgery was abandoned in the early 2000s
because of a lack of survival benefit over benzimid-
azole drug therapy alone (17). Liver transplanta-
tion is associated with frequent disease recurrence
and remains a rescue measure in select cases (18).
In inoperable AE cases, long-term benzimidazole
drug therapy is highly effective at stopping disease
progression (19). Treating icteric patients because
of biliary obstruction with benzimidazole drugs
alone, rather than performing biliary tract inter-
vention, might be as effective and safer (20). Today,
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selected inoperable patients can be considered for
treatment discontinuation (21,22).

The life expectancy of AE patients has increased
since benzimidazole drug therapy was introduced
(19,23). Excess deaths caused by AE were reported to
be highest in the first 2 years after diagnosis (23). The
main death risk was attributed to hilar involvement
of the AE and the age of patients when AE was di-
agnosed (19,23). Radical surgery and benzimidazole
drug therapy have improved overall survival of AE
patients (19,23).

The aim of this study was to assess changes in
the clinical manifestation, treatment, and survival of
AE patients treated at the University Hospital Zurich,
Zurich, Switzerland, over a 50-year period. This study
followed the Strengthening the Reporting of Obser-
vational Studies in Epidemiology statement checklist.

Patients and Methods

Patients

The Zurich Echinococcosis Cohort Study was
launched in November 2020 after receiving ethical
approval (Business Administration System for Eth-
ics Committees approval no. 2020-00495). The study
included all patients who underwent consultations
for AE at Zurich University Hospital from 1973-2022,
identified by the hospital’s electronic system and an
AE cohort registry (2,19,24). We obtained informed
consent during outpatient visits or by letter; for de-
ceased patients, consent was waived by the ethics
committee. We sourced clinical data from the old co-
hort registry and reviewed from both archived and
electronic patient records.

AE Diagnosis, Staging, Symptoms, and Complications
We classified AE diagnoses according to World
Health Organization criteria as possible (imaging
finding or positive serologic test), probable (imag-
ing finding confirmed by 2 serologic tests), and de-
finitive (confirmation through histopathologic test or
PCR) (14). For staging AE, we applied the PNM clas-
sification through review of available imaging data
at diagnosis (14). When no computed tomography
or magnetic resonance imaging images were avail-
able for review, we cross-verified staging data entries
from the cohort registry database with available im-
aging reports, which a radiologist with experience in
AE imaging corrected in case of conflicting results (n
=10). We recorded the presence of any AE-associated
symptoms, such as right upper quadrant pain, and
the presence of any biliary, vascular, or infectious
(nonbiliary) complications at the time of diagnosis.
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Biliary complications comprised biliary tract occlu-
sion with jaundice or cholangitis. Vascular complica-
tions included portal vein, liver vein, or inferior vena
cava occlusion or thrombosis with signs of portal-hy-
pertension or inferior vena cava obstruction, which
included the presence of ascites, esophageal varices,
or lower leg edema. We defined infectious complica-
tions as AE-associated infections other than cholan-
gitis, mainly cyst infections, empyema, or peritonitis.

AE Treatment
We classified initial surgical resection of AE lesions
by intent (curative or palliative) and by involvement
of the liver (hepatic or nonhepatic). In case of cura-
tively intended liver resection, we defined the re-
section margin as RO or R1, depending on whether
the AE lesion extended into the resection margin on
histopathologic examination. We classified liver re-
section as mentioned in the case surgical report into
segmentectomy, hemihepatectomy (segments I-IV or
V-VIII), extended hemihepatectomy (segments I-VI
or IV-VIII), or liver transplantation. We assessed the
time from diagnosis to surgical intervention and clas-
sified into early (<12 months) and late (>12 months)
resection. After curatively intended liver resection,
we defined the detection of any new AE-typical le-
sions on repeat cross-sectional imaging as recurrence.
We recorded the initial benzimidazole drug
therapy, the type (albendazole or mebendazole) of
drug, and time from diagnosis to start of treatment.
Curatively resected patients receive a postoperative
recurrence prophylaxis with benzimidazole drugs
for >2 years (16). In case of R1, palliative resection,
or inoperable disease, benzimidazole drug therapy is
continued indefinitely (16). In addition, if benzimid-
azole drug treatment was prematurely discontinued,
we recorded the reason. We considered a structured
treatment discontinuation in patients meeting the cri-
teria of inactive disease, negative results on Em18/
EmllI (3-10) serologic testing, and no metabolic ac-
tivity of AE lesions on positron emission tomogra-
phy-computed tomography (22). We considered any
physician-initiated treatment discontinuation outside
those criteria nonstructured.

Follow-Up and Survival Data

We recorded the date of last follow-up, follow-
up duration, and clinical course of AE. Complete
follow-up included patient history, imaging report
(computed tomography or magnetic resonance im-
aging), serologic testing, and blood analysis until
last contact or study closure date (by September 30,
2023). We recorded the occurrence of symptomatic
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events, including biliary complications (cholesta-
sis or cholangitis) or vascular obstruction (ascites
or variceal bleeding), cyst rupture, infection, or
fistula formation. We considered patients cured if
parasitic tissue was completely surgically removed
and the disease did not reoccur during follow-up.
In addition, we recorded date of death, obtained
through patient charts or from the hospital admin-
istration that obtained the information through the
national civil register, and cause of death. If the
cause of death was not noted in the patient charts,
we contacted the last treating physician or local
hospital to provide that information. We grouped
causes of death other than AE into 6 groups: malig-
nant, cardiovascular, neurologic, hepatic (non-AE),
infectious, and other diseases.

Statistical Analysis

We conducted all analysis by using R (The R Proj-
ect for Statistical Computing Team, https://www.r-
project.org). We compared the survival of AE patients
with the population of Switzerland by estimating rel-
ative survival curves and by using additive relative
survival models as implemented in the R functions
rs.surv and rsadd (with the method of expectation-
maximization) from the relsurv package (25). We re-
trieved the life tables of the population of Switzerland
from the Human Mortality Database (https://www.
mortality.org).

Table 1. Baseline characteristics of alveolar echinococcosis
patients, University Hospital Zurich, Zurich, Switzerland,
1973-2022*

Baseline characteristics Value
No. patients 334
Age at diagnosis, y, median (IQR) 57.5 (44.0-65.8)
Sex
M 142 (42.5)
F 192 (57.5)
World Health Organization diagnosis criteria
Possible 4(1.2)
Probable 144 (43.1)
Definitive 186 (55.7)
Alveolar echinococcosis stage
| 93 (27.8)
Il 42 (12.6)
lla 50 (15.0)
Illb 74 (22.2)
v 68 (20.4)
Unclassified 7(2.1)
Symptoms at diagnosis
Yes 201 (60.2)
No 127 (38.0)
Missing 6 (1.8)
Complication at diagnosis
Biliary 46 (13.8)
Vascular 8 (2.4)
Infectious 6 (1.8)
Missing 1(0.3)

*Values are no. (%) except as indicated.
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To evaluate whether early curative surgery
(within a year of diagnosis) improved overall and
disease-specific survival compared with no, de-
layed, or palliative surgery, we used propensity
score matching to balance baseline characteristics
and applied Cox proportional hazards models on
the matched set. We estimated the propensity score,
the probability of receiving curative surgery within
1 year, by using logistic regression with patient age
at AE diagnosis, year of diagnosis, PNM classifica-
tion (MX was considered MO0), incidental finding of
AE, benzimidazole drug therapy within 1 year, and
presence of AE complications at diagnosis as explan-
atory variables. We performed matching once by us-
ing 1:1 nearest neighbor matching on the propensity
score without replacement and once by using 1:1 ge-
netic matching, both targeting the average treatment
effect on the treated, as implemented in the R pack-
age Matchlt (26).

Results

Patient Cohort

In total, we included 334 (93.8%) of 356 identified
AE patients in the study (Table 1; Appendix Figure
1, hittps://wwwnc.cdc.gov/EID/article/31/5/24-
1608-Appl.pdf). Diagnosis was probable in 144
(43.1%) cases and definitive in 186 (55.7%) cases, ac-
cording to World Health Organization criteria (14).
Only in 4 patients (1.2%) was the diagnosis solely on
the basis of typical imaging findings. The median pa-
tient age at diagnosis was 57.5 years of age, and there
was a slight female predominance (57.5% female vs.
42.5% male). The liver was affected in most patients
(97%, n = 331), whereas 96 (28.7%) patients demon-
strated involvement of a neighboring organ, and 41
patients (12.3%) demonstrated distant metastasis
(Appendix Table 1). AE manifested in a limited stage
(I-1I) in 135 (40.4%) patients and in an advanced stage
(Ia-IV) in 192 (57.6%) patients; in 7 patients (2.1%)
AE could not be staged because of missing data. Most
(60.2%, n = 201) patients had symptoms attributable
to AE, whereas 127 (38.0%) patients had AE diag-
nosed incidentally. If complications were observed at
diagnosis, biliary complications were reported most
frequently (13.8%, n = 46), whereas vascular compli-
cations and nonbiliary infections occurred only in
rare cases.

Pursued Treatment and Observed Clinical Course

We observed different treatment strategies and clini-
cal courses in our study (Table 2; Appendix Table
2). Surgical resection was performed in 151 (45.2%)
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patients after a median of 1 month. Only 10 patients
had surgery >12 months after diagnosis. Twenty-five
(16.6%) patients underwent an a priori palliative de-
bulking resection. In 126 (83.4%) patients, a curative
resection was intended, which was confirmed by his-
tologic testing in 105 (83.3%) patients (RO resection),
whereas in 21 (16.7%) patients the resection margin
was positive (R1 resection). Of the 126 patients who
underwent curatively intended surgery, 13 suffered
disease recurrence, most in cases of R1 resection (n
= 8). All recurrences were in the liver, in 10 patients
at the resection margin, whereas 3 patients showed
new liver lesions. R1 resection resulted in a prolon-
gation of benzimidazole drug therapy to a median
of 79 months (median 26 months in RO resected pa-
tients), and 10 patients were on drug therapy at last
follow-up. Four patients with RO resection received
no recurrence prophylaxis because of suspected inac-
tive disease. In all 4 patients, surgery was performed
under the assumption of cancer metastasis to the
liver, and AE infection was an incidental diagnosis.
Serologic testing performed shortly after surgery was
completely negative.

Most commonly, patients underwent segmen-
tectomy (n = 51) or hemihepatectomy (n = 53). Only
17 had an extended hemihepatectomy, and 3 pa-
tients underwent liver transplantation. Only 1 trans-
plant was performed because of AE, whereas the
other 2 had independent indications (hepatocellular
and perihilar cholangiocellular carcinoma). Two pa-
tients underwent nonhepatic resection, 1 of an iso-
lated cerebral lesion and 1 of an isolated lesion in the
thoracic spine.

Benzimidazole drug therapy, mainly albenda-
zole, was initiated in most patients (94.3%, n = 315) af-
ter a median of 1 month. In 212 (63.5%) patients who
underwent palliative or no resection, albendazole
was the mainstay of treatment. Only 15 nonresected
patients did not receive benzimidazole drug therapy
because of suspected inactive disease. Twenty (6.0%)
patients who underwent palliative or no resection
had a symptomatic progression event during follow-
up. Twelve of those events were recurrent or new on-
set of cholestasis with or without cholangitis; 4 had
portal-hypertensive complications including ascites
or variceal bleeding, whereas another 5 had cyst rup-
ture, infection, or fistula formation.

In 33 (9.9%) resected and nonresected patients,
benzimidazole drug therapy was discontinued pre-
maturely at various time points during follow-up,
most commonly because of treatment-related ad-
verse events (n = 10), followed by nonstructured
discontinuations in R1 and palliative resected pa-
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Table 2. Treatments used for alveolar echinococcosis patients,
University Hospital Zurich, Zurich, Switzerland, 1973-2022*

Treatment Value
No. patients 334
Surgical therapy 151 (45.2)
Time to surgery, mo, median (IQR) 1(0-4)
Surgery aim
Palliative 25 (7.5)
After >12 mo 5(1.5)
Curative 126 (37.7)
After >12 mo 5(.5)
Resection margins
RO 105 (31.4)
R1 21(6.3)
Surgery type
Segmentectomy 51 (15.3)
Hemihepatectomy 53 (15.9)
Extended hemihepatectomy 17 (5.1)
Liver transplantation 3(0.9)
Nonhepatic surgery 2 (0.6)
Benzimidazole drug therapy 315 (94.3)
Time to benzimidazole start, mo, median (IQR) 1(0-2)
>12 mo 17 (5.1)
Benzimidazole drug type
Albendazole 241 (72.2)
Mebendazole 74 (22.2)
Clinical setting
After curatively intended surgery 122 (36.5)
RO margin 97 (29.0)
Duration, mo, median (IQR) 26 (23-31.5)
R1 margin 21 (6.3)
Duration, mo, median (IQR) 79 (44-152)
Palliative surgery and nonresected 212 (63.5)

*Values are no. (%) except as indicated.

tients (n = 8), terminal illness other than AE (n =7),
patient choice (n = 4), intended pregnancy (n = 2),
and other or unknown 2 (n = 2) (Appendix Table 2).
Of all inoperable patients that discontinued benz-
imidazole drug therapy because of intolerance,
only 1 patient died of AE, 95 months after treat-
ment discontinuation (Table 3). Another 28 (8.5%)
patients on long-term benzimidazole therapy un-
derwent a structured treatment discontinuation af-
ter a median of 58.5 months.

Changes in Clinical Manifestation and

Treatment over Time

Over the decades of the study period, patient demo-
graphics remained similar (Appendix Table 4). Since
2000, a steady increase in new AE diagnosis per year
was noted, with an increasing proportion attributable
to incidental diagnosis (Figure 1). In fact, during the
last 3 years of the study period, most of the patients
with newly diagnosed AE had incidental diagno-
ses. Concordantly, a shift toward earlier AE stages
was observed (Figure 2, panel A). With time, fewer
patients underwent palliative resection; the last was
performed in 2007 (Figure 2, panel B). Although the
proportion of patients undergoing curatively intend-
ed resections rose at first, it decreased sharply in the
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last decade of the study period (Figure 2, panel B).
Of interest, patients were also followed without treat-
ment (Figure 2, panel B).

Symptomatic versus Incidental Diagnosis

As expected, patients with incidental diagnoses
showed more frequently a limited stage of the dis-
ease (Appendix Table 3). In contrast, those patients
were slightly older at diagnosis than were patients
with symptomatic disease (Appendix Table 3). Fur-
thermore, patients with incidental diagnoses less
often underwent surgery. The reported reason to
forgo surgery was either disease inactivity, person-
al choice or presence of comorbidity, and, less fre-
quently, disease extent. Benzimidazole drug treat-
ment was also slightly less frequently initiated. Of
interest, no AE related death was observed in the
incidental group.

Causes of Death
In total, 90 (26.9%) patients died after a median of 176
months, but causes of death were predominantly non-
AE related (Figures 3, 4). AE-related death occurred
more frequently in symptomatic patients whose AE
was diagnosed in earlier decades (Figures 3, 4; Ap-
pendix Table 3). Most of those patients had biliary
or vascular complications when AE was diagnosed
(Table 3). Only 1 patient had undergone curatively in-
tended resection, and 5 had palliative resections. The
median time to AE-related death was 159 months.
The cause of death could not be determined in
13 patients. Their AE was diagnosed in an advanced
stage but without any biliary, vascular, or infectious
complication at diagnosis. The median age at death
in this group was 89 years, and at last clinical visit,
AE was considered as cured or stable, making AE un-
likely as the cause of death (Appendix Table 5).

Table 3. Characteristics of patients who died because of AE, University Hospital Zurich, Zurich, Switzerland, 1973-2022*

Time to
Year Age, surgery, Time to  Survival
ID diag y/sex Stage Symp Comp  Surgery moft Aim BMZ BMZt time, mot Direct cause of death
1 1973 26/M IV Yes None Yes 37 Palliative,  Yest 94 384 Biliocutaneous fistula,
with recurrent biliary
biliodigestive infections, secondary
anastomosis biliary cirrhosis
2 1975 57/M IV Yes Vascular Yes 0 Curative Yes 80 238 Retroperitoneal
recurrence, total IVC
occlusion, Gl
hemorrhage
3 1975 54/F v Yes None NA NA NA Yes 77 104 Cerebral AE
manifestation
4 1978 68/F 1 Yes Biliary Yes 0 Palliative, Yes 0 35 Recurrent biliary
with infections, secondary
biliodigestive biliary cirrhosis
anastomosis
5 1979 44/F llla Yes Vascular NA NA NA Yes 0 281 ERCP for pancreatitis,
decompensation,
peritonitis
6 1980 61/F v Yes Biliary NA NA NA Yes 0 133 Secondary biliary
cirrhosis
7 1982 67/M IV Yes Vascular NA NA NA Yes 0 159 Variceal bleeding
8 1983 64/F b Yes Biliary NA NA NA Yes 0 53 Cholangitis with liver
abscess
9 1983 47/F 1l Yes None Yes 0 Palliative Yes 0 233 Progressive disease,
secondary surgery,
postoperative
multiorgan failure
10 1988 67/M llla Yes Biliary Yes 0 Palliative Yes 1 149 PTCD for cholangitis
11 2001 48/M IV Yes None Yes 0 Palliative, Yes 0 193 Cerebral AE
nonhepatic manifestation
12 2001 56/F b Yes Vascular NA NA NA Yes 0 187 Liver failure because of
portal and liver vein
thrombosis
13 2017 60/F \ Yes Biliary NA NA NA Yes 0 70 PTCD for cyst infection

with rupture and
peritoneal
dissemination

*AE, alveolar echinococcosis; BMZ, benzimidazole drug therapy; comp, complications at diagnosis; diag, diagnosed; ERCP, endoscopic retrograde
cholangiopancreaticography; ID, identification number; IVC, inferior vena cava; PTCD, percutaneous transhepatic cholangiography and drainage; symp,

symptoms at diagnosis; surg, surgery.
tTime after diagnosis.

1Discontinued after 195 months because of intolerance (95 months before death).
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Figure 1. Total number of new,
symptomatic, and incidental
AE diagnosis by calendar
year, University Hospital
Zurich, Zurich, Switzerland,
1973-2022. AE, alveolar
echinococcosis.

Survival Analysis

Relative survival of our cohort of AE patients com-
pared with the population of Switzerland started with
a survival ratio around 1.0 but decreased over time
(Figure 5). The survival ratio was higher in younger
compared with the elderly AE patients; in particular,
patients <40 years of age demonstrated a survival ra-
tio of 1.0 over 20 years after diagnosis (Figure 5). Of
note, those figures leave out 1 patient who had AE
diagnosed in 2008 at 86 years of age (above the aver-
age life expectancy for men in Switzerland) and died
at 99 years of age, resulting in a bump in the relative
survival curves after 13 years (Appendix Figure 2).
In the additive relative survival model, only age at
diagnosis was significantly associated with overall
survival (Table 4). AE-specific variables, in particu-
lar stage of the disease but also treatment initiation
(surgery or benzimidazole drug treatment) within 1
year, did not show significantly associated coefficient
estimates (Table 4).

Before propensity score matching, baseline char-
acteristics of patients undergoing curatively intended
surgery within 1 year were considerably different
from the remaining patients (curatively intended
surgery after 1 year, palliative surgery, or medical
treatment only) (Appendix Table 6). Both 1:1 near-
est neighbor and 1:1 genetic matching resulted in 112
matched pairs of patients, including all patients with
curative surgery within 1 year (all treated patients),
with much better balance of baseline characteristics
(Appendix Tables 7, 8). The absolute standardized
mean difference was considerably reduced for all
characteristics and was <0.2 after matching, except
for age at AE diagnosis and overall distance (Appen-
dix Figure 3). In both matched analyses, patients with

curative surgery within 1 year showed a better over-
all survival, with a hazard ratio (HR) of 0.48 (95% CI
0.30-0.77) for 1:1 nearest neighbor matching and 0.49
(95% CI 0.29-0.84) for 1:1 genetic matching (Figure 6,
panels A, B). Regarding the occurrence of AE death,
matching resulted in an even lower number of events
(n = 7 with 1:1 nearest neighbor matching, n = 6 with
genetic matching) than observed in the whole cohort

Figure 2. Stages and treatment of AE cases by decade, University
Hospital Zurich, Zurich, Switzerland, 1973—-2022. A) AE stages; B)
treatment strategies. Although palliative surgery was discontinued
in the early 2000s, curative surgery was less frequently pursued in
the last decade of the study period. AE, alveolar echinococcosis;
BMZ, benzimidazole drug therapy.
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Figure 3. AE and non-AE associated causes of death for AE
patients, by decade of AE diagnosis, University Hospital Zurich,
Zurich, Switzerland, 1973-2022. AE associated death was
observed more frequently in earlier decades of the study period.
AE, alveolar echinococcosis.

(n =13). Curative surgery within 1 year was not asso-
ciated with a significant disease-specific survival ben-
efit (HR 0.15 [95% CI 0.02-1.27] after nearest neighbor
matching; HR 0.18 [95% CI 0.02-1.56] after genetic
matching) (Figure 6, panels A, B).

Discussion

Our study demonstrates major changes in the clini-
cal manifestations and treatment of AE patients over
a 50-year period in Zurich, Switzerland. In addition,

912

survival was mainly limited by non-AE causes, and
early curative surgery did not provide a survival ben-
efit in our cohort.

Historically, AE prognosis depended on com-
plete surgical removal of all parasitic tissue. The 2010
World Health Organization guidelines recommend
radical resections for all suitable patients (16). De-
spite a shift toward earlier AE stages, our cohort did
not show an expected rise in curative surgeries, es-
pecially in the last decade of the study period, which
might be explained by 2 factors. First, incidentally
diagnosed AE cases were more frequently consid-
ered inactive, and patients were more likely to refuse
surgery. Second, whereas many patients were consid-
ered inoperable because of disease extent, the percep-
tion of operability or willingness to perform more ex-
tensive operations and risk incomplete (R1) resection
could have changed over the decades because of the
increasingly positive experience with benzimidazole
therapy in inoperable patients.

We made several observations about patients
who died from AE. Most of those cases were diag-
nosed before 2000 and in an advanced stage with
biliary or vascular complications. For patients who
had palliative surgery, it is unclear whether compli-
cations leading to death were because of the disease
or the surgery itself; only 1 patient in the entire co-
hort met the criteria for surgical death, defined as

Figure 4. Causes of death other
than alveolar echinococcosis in
alveolar echinococcosis cases,
University Hospital Zurich,
Zurich, Switzerland, 1973-2022.
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Figure 5. Relative survival analysis of alveolar echinococcosis cases, University Hospital Zurich, Zurich, Switzerland, 1973-2022. A)
Relative survival of alveolar echinococcosis patients compared with the population of Switzerland. B) Relative survival grouped by age
at alveolar echinococcosis diagnosis. One patient with an alveolar echinococcosis diagnosis at 86 years of age and died at age 99 was
excluded for better visualization (Appendix Figure 2, https://wwwnc.cdc.gov/ElD/article/31/5/24-1608-App1.pdf).

any death within 30 days or during the same hospi-
talization (27). After an in-house study, University
Hospital Zurich stopped performing palliative resec-
tions, and now its care providers would not consider
surgery for most patients (17). University Hospital
Zurich has also become more restrictive concerning
biliary tract interventions because of the risk for in-
fectious complication (20). Despite receiving mainly
palliative or no surgery, the median survival of pa-
tients who died of AE was 159 months, highlighting
the effectiveness of benzimidazole drugs in slowing
disease progression.

Relative survival analysis of AE patients com-
pared with the population of Switzerland revealed
several key findings. Unlike a cohort in France that
reported excess death in the first 2 years after diagno-
sis (23), our analysis showed a steady decline in rela-
tive survival starting 5 years after diagnosis. The de-
cline was age dependent and observed particularly in
younger patients (<40 years of age at AE diagnosis),
who showed similar survival to the general popula-
tion over a very long time. Disease-specific factors,

such as stage and year of diagnosis or treatment
within 1 year, were not linked to survival, contrast-
ing with the France study (23). That finding might be
because most of the patients in this study received
timely benzimidazole drug treatment. However, di-
rect comparison is limited because of the absence of
baseline treatment data in the France study (23). Our
findings suggest AE is not the main determinant of
life expectancy in infected patients, and the gradual
decline of relative survival 5 years after diagnosis
could reflect a generally sicker population.

To analyze the effect of early curative surgery
on the outcome of our patients, we used propensity-
score matching, focusing on AE-specific variables
related to treatment and outcomes to avoid overfit-
ting the model. Because perception of operability
varies among surgeons, we used the PNM classifica-
tion as a proxy for operability (14,28). Palliative sur-
gery patients remained in the control group because
of their benefit from benzimidazole drug therapy,
despite surgery potentially contributing to death in
some cases. Whereas our approach may overestimate

Table 4. Parameters of the relative survival analysis by using an additive model for cases of alveolar echinococcosis, University

Hospital Zurich, Zurich, Switzerland, 1973-2022*

Characteristic Estimate 95% ClI p value
Age at diagnosis 0.078 0.05-0.11 <0.0001
Year of diagnosis -0.018 -0.04 to 0.00 0.11
Sex, male vs. female 0.033 -0.47 t0 0.53 0.90
Stage -0.036 -0.29t0 0.22 0.78
Surgery within 1 year -0.411 -0.93t00.10 0.12
Benzimidazole within 1 year -0.514 -1.13t00.10 0.10

*The additive survival model provides covariate estimates that reflect the direct effect of each covariate on the excess risk. Compared with a Cox

proportional hazard, this effect is absolute and not exponential.
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Figure 6. Matched survival analysis of AE cases, University Hospital Zurich, Zurich, Switzerland, 1973—-2022. A) Results of nearest
neighbor matching. Non-AE death hazard ratio (HR) = 0.48 (95% CI1 0.30-0.77), p = 0.002; AE death HR = 0.15 (95% CI 0.02-1.27), p
= 0.082. B) Results after genetic matching. Non-AE death HR = 0.49 (95% CI 0.29-0.84), p = 0.009; AE death HR = 0.18 (95% CI 0.02—
1.56), p = 0.12. Patients undergoing curatively intended surgery within 1 year of diagnosis showed better overall survival. AE-related

death did not differ after matching. AE, alveolar echinococcosis.

operability in the control group, the analysis showed
no disease-specific survival benefit for early curative
surgery performed within 1 year of diagnosis. The
analysis is, however, limited by the small number of
AE-related deaths in our cohort and the long survival
times of patients who died from AE. The difference
in overall survival between groups likely reflects re-
sidual confounding, no differences were observed for
non-AE causes of death.

Finally, we confirm previous observations of ris-
ing AE cases since 2000 and great improvement of
patient survival in patients with inoperable disease
(3,4,19). In our cohort, the rise of annual AE cases was
accompanied by a substantial increase in incidental
findings and a shift toward earlier stages, although
symptomatic patients with an advanced disease
stage remained the majority. This difference might
be because of advances in classification of lesions on
imaging and histopathology (29-31). Contrary to ex-
pectation, patients with incidental findings were on
average not younger but older at diagnosis. This find-
ing has 2 implications. First it eliminates the possibili-
ty of a lead-time bias in our survival analysis. Second,
the speculation arises if some of those patients would
ever have become symptomatic or suffered complica-
tions or death because of AE.

In conclusion, our study shows that because of
the excellent disease control with benzimidazole drug
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therapy, curatively intended surgery is only associ-
ated with a marginal disease-specific survival benefit.
Those findings give reason to change our perception
of optimal medical care in AE patients. Today, treat-
ment decisions should be made on the basis of the pa-
tient’s expected remaining years with the disease and
the potential complications and cost-effectiveness of
either a surgical or conservative approach. Although
younger patients will most likely benefit from radical
resection, older patients may not.
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etymologia revisited

Salmonella

[sal’’mo-nel’3]

Named in honor of Daniel Elmer Salmon, an American veterinary
pathologist, Salmonella is a genus of motile, gram-negative bacillus,

Originally published
in December 2020

nonspore-forming, aerobic to facultatively anaerobic bacteria of the fami-
ly Enterobacteriaceae. In 1880, Karl Joseph Eberth was the first to observe
Salmonella from specimens of patients with typhoid fever (from the Greek
typhodes [like smoke; delirious]), which was formerly called Eberthella ty-
phosa in his tribute. In 1884, Georg Gaffky successfully isolated this bacil-
lus (later described as Salmonella Typhi) from patients with typhoid fever,
confirming Eberth’s findings. Shortly afterward, Salmon and his assistant
Theobald Smith, an American bacteriologist, isolated Salmonella Choler-
aesuis from swine, incorrectly assuming that this germ was the causative
agent of hog cholera. Later, Joseph Ligniéres, a French bacteriologist, pro-
posed the genus name Salmonella in recognition of Salmon’s efforts.
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Risk factors for developing bloodstream infections (BSls)
caused by Aerococcus bacteria remain insufficiently ex-
amined. In this nationwide case—control study in Sweden,
19 of 23 clinical microbiological laboratories identified
patients who had aerococcal BSIs during 2012-2016.
We compared each of those index patients with 4 con-
trols matched for age, sex, and county of residence.
Overall, 588 episodes of aerococcal BSI occurred over
39.6 million person-years, corresponding to an average
incidence of 1.48/100,000 person-years (95% CIl 1.37—
1.60/100,000 person-years). Most infections developed
in men >65 years of age. Aerococcal BSI was associ-
ated with neurologic (adjusted odds ratio 2.89 [95% CI
2.26-3.70]) and urologic (adjusted odds ratio 2.15 [95%
Cl 1.72—2.68]) conditions and previous hospitalization
or infection treatment. Our findings support the previous-
ly observed predilection for aerococcal BSIs developing
in elderly men with urinary tract disorders. Awareness of
Aerococcus spp. in patients, especially elderly men, will
be needed to manage invasive infections.

nvasive infections caused by bacteria of the genus
Aerococcus have been increasingly recognized; how-
ever, because of difficulties in identification during
routine care, patients at risk for those infections have
been insufficiently examined. Aerococcus bacteria
were first described in 1953 (1), identified as relatives
of bacteria belonging to Streptococcus and Enterococcus
genera. Since then, specific species have been discov-
ered, of which A. urinae and A. sanguinicola are most
commonly observed in human infections (2-4).
Before matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectrometry
was introduced, accurate identification of Aerococcus
at the species level was difficult. Consequently, the
characteristics of aerococcal infections and infected
patients were not described extensively until about
2016, primarily through case series reports (5-8).
Aerococcus spp. are a fundamental cause of uri-
nary tract infections (9-11). However, the rates of
severe infections, such as aerococcal bloodstream
infections (BSIs), most notably found in elderly men
and persons with urinary tract disorders (6,12-17),
and aerococcal infective endocarditis have also in-
creased in recent years (5,14,17-20). Despite previ-
ous studies indicating that most patients with aero-
coccal infective endocarditis tend to be elderly and

Author affiliations: Central Hospital Kristianstad, Kristianstad,
Sweden (J. Walles); Lund University, Malmé, Sweden (J. Walles);
Lund University, Lund, Sweden (J. Walles, M. Inghammar,

M. Rasmussen, T. Sunnerhagen); Skane University Hospital, Lund
(J. Walles, M. Inghammar, M. Rasmussen, T. Sunnerhagen)

DOI: https://doi.org/10.3201/eid3105.240424

918

have underlying illnesses, the prognosis appears to
be favorable (18). The increased number of reported
cases is likely attributed to MALDI-TOF mass spec-
trometry, a reliable tool for correctly identifying
aerococci and the preferred method for determin-
ing Aerococcus species in most clinical microbiology
laboratories (7,21). Aerococci have been suggested
to adhere to urinary catheters and urothelium and,
thus, form biofilms, but the precise mechanisms by
which they do so remain unknown (22-24). Epide-
miologic studies have been limited primarily to case
series. In this national study, we examined the inci-
dence of and risk factors for aerococcal BSI in Swe-
den during 2012-2016. This study was approved by
the regional ethics review board of Lund University,
Sweden (approval no. 2016/938). The retrospective
nature of the study obviated the need to obtain in-
formed consent.

Materials and Methods

Study Design and Setting

In a retrospective, matched case-control study, we
compared a population of persons who had culture-
proven aerococcal BSI with a matched control popu-
lation by using a set of potential predisposing condi-
tions that existed for >1 month before the detection
of the BSI. Predisposing conditions were predefined
by registered care and drug prescriptions data in na-
tional healthcare registers of Sweden. Healthcare in
Sweden is publicly financed and provided regardless
of a person’s financial or health insurance status. Per-
manent residents of Sweden are assigned a unique
and lifelong 10-digit personal identification number,
enabling cross-referencing of health data sources (25).

Retrieval of Cases and Controls

Clinical microbiology laboratories (19 of 23) in Swe-
den identified patients with >1 episode of aerococcal
BSI (defined as the detection of Aerococcus bacteria in
blood culture, regardless of the species or the pres-
ence of other bacteria) during 2012-2016; the remain-
ing 4 laboratories declined participation (Figure 1).
For each case, Statistics Sweden (https://www.scb.
se) selected 4 controls matched for sex, age (+2 years
difference), and county of residence by using the
Population Register of Sweden (26). We required that
each person designated as a control had been alive on
the date the aerococcal BSI was detected in the corre-
sponding study patient. We intended the controls to
reflect a similar distribution of age, sex, and county
of residence as the case-patients, irrespective of any
interaction with the healthcare system. Sweden’s

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025



National Board of Health and Welfare linked study
participants to registered diagnosis codes (classified
according to the International Classification of Diseas-
es, 10th revision [ICD-10]) from hospital admissions
data (National Inpatient Register) and specialized
ambulatory care data (National Outpatient Register)
(25,27); diagnoses registered in primary care were not
included. The National Board of Health and Welfare
also linked study participants to drugs prescribed dur-
ing specialized and primary healthcare (classified by
the Anatomic Therapeutic Chemical classification sys-
tem) from the National Prescribed Drug Register (25).
We defined repeat aerococcal BSI episodes as relapses
if they occurred within 90 days; we excluded relapse
episodes from all analyses. We defined reinfection as
an aerococcal BSI occurring >90 days after the index
episode; we retained those cases for incidence calcula-
tions but excluded them from other analyses.

Rationale and Definitions of Predisposing Conditions

We defined a set of mechanisms that we considered
plausible contributors to the risk for aerococcal BSI:
ecologic dysregulation, compromise of local dermal
and mucosal barriers, compromise of systemic im-
mune competence, displacement of urogenital or fe-
cal microbiota, healthcare exposure, and frailty (Table

Risk Factors for Aerococcus Infections, Sweden

1). Subsequently, we selected a set of specific, defined
predisposing conditions to capture >1 of those mech-
anisms (Table 1). For example, we considered the
treatment for infection variable to be relevant for cap-
turing aspects of ecologic dysregulation, healthcare
exposure, and compromise of local barriers, whereas
we considered diabetes mellitus to capture ecologic
dysregulation, immune competence, healthcare expo-
sure, and frailty.

We included the following variables in multivari-
able analyses: number of hospital admissions (cat-
egorized as 0, 1-2, 3-5, 6-10, or >10), total number
of prescribed drugs, pulmonary disease, gastrointes-
tinal disease, malignant disease, structural urologic
condition, corticosteroid treatment, rheumatologic
disease, chronic kidney disease, neurologic condition,
diabetes mellitus, cardiovascular disease, and previ-
ous treatment for infection (categorized as a filled
prescription for any antimicrobial drug or registered
treatment for infectious disease before the index date:
1-3 months, 4-9 months, 10-24 months, >24 months,
or never). To capture conditions that were preexist-
ing and relevant at the time of the aerococcal BSI but
avoid conditions that were caused or aggravated
by the infection, we only considered diagnoses and
prescribed drugs registered from 2 years to 30 days

Figure 1. Overview of data collection and curation in nationwide observational case—control study of risk factors for Aerococcus

BSIs, Sweden. Cases of aerococcal BSI were identified at 19 clinical microbiological laboratories across Sweden during 2012-2016.
Matched control data were obtained from the Swedish Population Register. Registered diagnoses were collected from the National
Patient Register, and prescribed drug data were collected from the National Drug Register. Registrations performed 30-730 days before
aerococcal BSI detection were used to define medical conditions and characteristics hypothesized to contribute to aerococcal BSI. ATC,
Anatomic Therapeutic Chemical; BSI, bloodstream infection; ICD-10, International Classification of Diseases, 10th Revision.
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Table 1. Hypothesized mechanisms for and operational definitions of participants’ medical conditions in nationwide observational
case—control study of risk factors for Aerococcus BSls, Sweden, 2012-2016*

Hypothesized mechanisms linking conditions to aerococcal BSI

Ecologic

dysregulation/ Compromised

Lowered
immune

Operational definitions
Patient register,  Drug register,

Healthcare

Conditions displacement  local barriers competence exposure  Frailty ICD-10 codes ATC codes
Hospital admissions No No No Yes Yes Registered NA
admissions
Prescribed drugs No No No Yes Yes NA Registered
prescriptions
Treatment for infection Yes Yes No Yes No A, B, M00-03, Jo1
G00-08, 133, 138—
40, JO-2, N10
Pulmonary disease No Yes No Yes Yes J3-9 RO3
Gastrointestinal disease Yes Yes No Yes No K2-9 NA
Malignant disease, No Yes Yes Yes Yes C0-4, C50, C54— NA
nonurologic 58, C69, C7-9,
7923, 7926
Urologic conditions, No Yes No No No C51-53, C60-68, G04c,
including malignancy R3, N2-5, N7-9, G04bd,
Q5, Q60-64, G04bx
Z935-36
Neurologic conditions Yes No No Yes Yes GO0-3, G6-8, FO, NO06d, NO4
F7,F8, 16
Corticosteroid treatment No No Yes No No NA HO02ab,
H02aa02,
AQ7ea
Diabetes mellitus Yes No Yes Yes Yes E10-14 Al10a, A10b
Heart disease No No No Yes Yes 10, 12-5, 17, Z45, C03c
Q2
Rheumatic disease No No Yes Yes Yes M NA
Kidney disease No No Yes Yes Yes NO, N11-19 NA

*Condition or characteristic considered to capture aspects of >1 prehoc hypothesized mechanisms for aerococcal BSI. Bold font indicates positive
association. Conditions were defined operationally by the presence of any criteria listed in the final 2 columns (registered diagnosis or drug prescription);
absence of a condition was defined as lack of all listed criteria for that condition. Conditions were considered for registrations made 1-24 months
(excluding the most recent month) preceding the aerococcal BSI detection or control date. ATC, Anatomic Therapeutic Chemical; BSI, bloodstream
infection; ICD-10, International Classification of Diseases, 10th Revision; NA, not applicable.

before aerococcal BSI detection; the same dates were
applied for the matched controls. When no compo-
nent of the definition for a particular condition was
registered, we considered those patients did not have
that condition.

Statistical Analysis

We extracted publicly available data from Statistics
Sweden and stratified by age and sex for the total
population that inhabited the uptake areas of the par-
ticipating laboratories during the study period (28).
We calculated crude, age-stratified, and sex-stratified
incidence as the number of cases that occurred within
the strata divided by the number of persons within
the respective strata of the source population and the
study period in years. We included repeat episodes of
aerococcal BSI for this analysis if they were separated
by >90 days.

We applied conditional logistic regression mod-
els to analyze multivariable associations between un-
derlying conditions and aerococcal BSIs, accounting
for matching. We selected the variables for the final
model by structured backward selection according
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to likelihood-ratio tests and a p value of <0.10 as the
threshold that defined a loss of model fitness after
elimination of a variable. For each model, we assessed
multicollinearity and used a variance inflation factor
threshold of 2.4 to discard variables affected by multi-
collinearity, even if it led to loss of model fitness.

We performed secondary analyses by using
models stratified by sex and age (in tertiles) and pre-
sented those data as forest plots. We conducted sta-
tistical analyses and generated graphs by using R
version 4.3.1 (The R Project for Statistical Computing,
https:/ /www .r-project.org). We used the clogit func-
tion of the survival package for conditional logistic
regression, the Imtest function to perform likelihood-
ratio tests, the car function to assess variance inflation,
and the forestplot function to construct forest plots.

Results

Of all 23 clinical microbiology laboratories in Sweden,
19 provided data for this study; those laboratories col-
lectively serve 8.78 million persons and correspond
to #90% of the country’s population. The laboratories
contributed data on cases within a 2- to 5-year period
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(depending on the time of introduction of MALDI-
TOF mass spectrometry for Aerococcus spp. identi-
fication), yielding a total observation of 39.6 million
person-years.

We identified a total of 591 episodes of aerococcal
BSIin 581 persons. Among those episodes, 3 were con-
sidered relapses (<90-day interval) and excluded from
our incidence calculations. The average incidence of
aerococcal BSI was 1.48/100,000 person-years (95%
CI 1.37-1.60/100,000 person-years). Most aerococcal
BSIs occurred in older persons; the median age was
82 (interquartile range 74-87) years, and 78.6% (452
cases) of infected patients were men (Figure 2, pan-
els A, B). Other than 2 cases that occurred in children
<1 year of age, the age-stratified incidence was ~0 in
persons <60 years of age for both sexes, after which a
substantial increase in the number of cases occurred,
especially in men (maximum incidence 62.8/100,000
person-years [95% CI146.9-78.6/100,000 person-years]
in men 90-94 years of age) (Figure 2, panel C).

Most (n = 422 [71.7%]) aerococcal BSI episodes
were caused by A. urinae, whereas 61 (10.4%) episodes
were attributed to A. sanguinicola and 91 (15.5%) epi-
sodes were caused by other or unspecified aerococci;
14 (2.4%) patients had 2 concomitant species of aero-
cocci in their blood cultures. Additional species of
bacteria were identified in blood cultures from 201
(34.2%) cases, including 62 (10.5%) cultures contain-
ing coagulase-negative staphylococci, 35 (6.0%) with
Escherichia coli, 26 (4.4%) with Actinotignum schaali, 17
(2.9%) with Enterococcus faecalis, and 15 (2.6%) with
Staphylococcus aureus.

Comparison with Matched Controls

We identified 4 matched controls for each 0of 577 (99.3 %)
of 581 patients with aerococcal BSIs; the resulting
2,885 persons constituted the study population. Crude

Risk Factors for Aerococcus Infections, Sweden

analyses revealed significantly higher proportions of
most medical conditions in participants with aerococ-
cal BSIs than in controls, including structural urologic
(331/577 [57.4%] vs. 753/2308 [31.8%]; p<0.001) and
neurologic (227/577 [39.3%] vs. 318/2308 [13.8%];
p<0.001) conditions (Table 2).

Structured progressive modeling yielded a final
conditional logistic regression model in which aero-
coccal BSI was associated with structural urologic
conditions (adjusted odds ratio [aOR] 2.15 [95% CI
1.72-2.68]; p<0.001), neurologic conditions (aOR 2.89
[95% CI 2.26-3.70]; p<0.001), number of hospital ad-
missions (aOR 6.81 [95% CI 2.51-8.5]; p<0.001 for >10
vs. 0 hospitalizations), and previous treatment for
infection (for treatment 1-3 months before infection
compared with >2 years or never, aOR 1.88 [95% CI
1.38-2.56]; p<0.001) (Table 3). A borderline significant
negative association with rheumatologic diseases was
also observed (aOR 0.77 [95% CI 0.59-1.00]; p = 0.05).

In age-stratified models, the associations between
aerococcal BSI and hospital admission, previous
treatment for infection, malignancy, and neurologic
or structural urologic conditions were slightly more
pronounced in the lower age tertiles (Figure 3). The
sex-stratified models revealed male or female sex did
not strongly affect other risk factors for aerococcal BSI
(Figure 4).

Post Hoc Analyses

We performed univariable post hoc analyses accord-
ing to the primary multivariable modeling. Prescrip-
tions of oral antimicrobial drugs commonly used dur-
ing 30 days-2 years before aerococcal BSI diagnosis
for lower urinary tract infections, such as pivmecil-
linam, nitrofurantoin, and trimethoprim (odds ratio
[OR] 3.02 [95% CI 2.36-3.85]; p<0.001), and upper uri-
nary tract infections, such as ciprofloxacin (OR 3.23

Figure 2. Age and sex distribution of patients in nationwide observational case—control study of risk factors for Aerococcus bloodstream
infections (BSls), stratified by age in 5-year intervals and sex, Sweden, 2012-2016. A) Number of patients with aerococcal BSI. B)
Populations within the uptake area at risk for aerococcal BSI. C) Incidence of aerococcal BSI.
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Table 2. Characteristics of participants in nationwide observational case—control study of risk factors for Aerococcus BSls, Sweden,

2012-2016*
Characteristics Controls, n = 2,308 Aerococcal BSI, n = 577 p value
Age,y

Median (IQR) 82 (74-87) 82 (74-87) 1.0

0-5 8(0.3) 2(0.3)

6-18 0 0

19-76 796 (34.5) 199 (34.5)

77-85 740 (32.1) 185 (32.1)

>85 764 (33.1) 191 (33.1)
Sex 1.0

M 1,816 (78.7) 454 (78.7)

F 492 (21.3) 123 (21.3)
Residence, regional council 1.0

Skane 584 (25.3) 146 (25.3)

Stockholm 396 (17.2) 99 (17.2)

Vastra Gotaland 376 (16.3) 94 (16.3)

Kalmar 124 (5.4) 31(5.4)

Uppsala 100 (4.3) 25 (4.3)

Othert 728 (31.5) 182 (31.5)
Previous treatment for another infection,¥ mo <0.001

1-3 231 (10.0) 129 (22.4)

>3-9 281 (12.2) 100 (17.3)

>9-24 416 (18.0) 122 (21.1)

>24 or never 1,380 (59.8) 226 (39.2)
Malignant disease, nonurologic 182 (7.9) 75 (13.0) <0.001
Urologic conditions§ 753 (31.8) 331 (57.4) <0.001
Neurologic conditions 318 (13.8) 227 (39.3) <0.001
Hospital admissions, median (IQR) 0 (0-1) 1(0-3) <0.001
Kidney disease 93 (4.0) 52 (9.0) <0.001
Pulmonary disease 346 (15.0) 122 (21.1) 0.001
Gastrointestinal disease 255 (11.0) 105 (18.2) <0.001
Diabetes mellitus 324 (14.0) 113 (19.6) <0.001
Cardiovascular disease 814 (35.3) 292 (50.6) <0.001
Number of prescribed drugs, median (IQR) 7 (4-12) 11 (7-16) <0.001
Rheumatological disease 390 (16.9) 130 (22.5) 0.002
Corticosteroid therapy 309 (13.4) 96 (16.6) 0.05

*Values are no. (%) except as indicated. The matching variables age, sex, and geographic region were distributed equally, but patients with aerococcal
BSI were disproportionately affected by all investigated conditions. p values were calculated by 32 or Mann-Whitney U tests as appropriate. BSI,

bloodstream infection; IQR, interquartile range.

tOther regions were Ostergotland, Jonkdping, Kronoberg, Blekinge, Halland, Varmland, Orebro, Vastmanland, Dalarna, and Norrbotten.
FTime in months indicates when treatment for another infection occurred before the aerococcal BSI was detected.

§Including urologic malignancies.

[95% CI 2.55-4.10]; p<0.001) and trimethoprim/sul-
famethoxazole (OR 2.76 [95% CI 1.71-4.40]; p<0.001),
were associated with aerococcal BSI (Table 4). Peni-
cillins other than pivmecillinam had only a modest
association (OR 1.37 [95% CI 1.11-1.68]; p = 0.003).
Clindamycin, macrolides, and tetracyclins were not
associated with aerococcal BSI (Table 4).

Among urologic conditions, benign prostatic hy-
perplasia was a common condition, having a mod-
est association with aerococcal BSI (OR 1.54 [95%
CI 1.23-1.92]; p<0.001). Prostate cancer (which con-
stituted most urologic malignancies in this group)
also correlated with aerococcal BSI (OR 2.02 [95%
CI 1.45-2.79]; p<0.001). Diagnoses related to urinary
tract stones, especially hydronephrosis (OR 10.8 [95%
CI 5.36-23.7]; p<0.001), were rare but strongly as-
sociated with aerococcal BSI. Conditions involving
kidneys and ureters generally had more robust asso-
ciations with aerococcal BSI than those involving the
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bladder and urethra. In women, gynecologic cancers
were rare and were not significantly associated with
aerococcal BSI (OR 3.27 [95% CI 0.80-12.6]; p = 0.081).

Malignant tumors of the colon and skin did not
correlate with aerococcal BSI, whereas lung cancer
(OR 14.2[95% CI 3.41-95.2]; p<0.001) and hematolog-
ic malignancies (OR 2.47 [95% CI1.23-4.78]; p = 0.008)
were rare risk factors for this infection. Among neu-
rologic conditions, dementia (OR 3.99 [95% CI 3.01-
5.27]; p<0.001), cerebrovascular insult (OR 3.17 [95%
CI 2.37-4.23]; p<0.001), Parkinson’s disease (OR 3.12
[95% CI 2.07-4.67]; p<0.001), paraparesis or tetrapa-
resis (OR 4.50 [95% CI 2.53-8.03]; p<0.001), and mul-
tiple sclerosis (OR 11.2 [95% CI 3.81-40.5]; p<0.001)
were strongly associated with aerococcal BSI.

Discussion
In this nationwide population-based study in Swe-
den, we identified associations between aerococcal

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025



Risk Factors for Aerococcus Infections, Sweden

Table 3. Multivariable models used in nationwide observational case—control study of risk factors for Aerococcus BSls, Sweden,

2012-2016*
First model Final model

Characteristics Adjusted odds ratio (95% Cl) p value Adjusted odds ratio (95% Cl) p value
Previous treatment for infection,T mo

Never Referent NA Referent NA

1-3 1.77 (1.28-2.45) <0.001 1.88 (1.38-2.56) <0.001

>3-9 1.15 (0.83-1.58) 0.40 1.21 (0.89-1.65) 0.23

>9-24 1.19 (0.90-1.59) 0.22 1.22 (0.92-1.61) 0.16
Malignant disease, nonurologic 1.40 (1.01-1.95) 0.046 1.39 (1.00-1.93) 0.052
Structural urologic conditionst 2.05 (1.63-2.57) <0.001 2.15 (1.72-2.68) <0.001
Neurologic conditions 2.74 (2.13-3.52) <0.001 2.89 (2.26-3.70) <0.001
Hospital admissions

None Referent NA Referent NA

1-2 1.80 (1.37-2.37) <0.001 1.74 (1.34-2.25) <0.001

3-5 3.56 (2.46-5.14) <0.001 3.50 (2.50-4.88) <0.001

6-10 4.30 (2.39-7.75) <0.001 4.34 (2.57-7.66) <0.001

>10 5.99 (2.08-17.2) <0.001 6.81 (2.51-18.5) <0.001
Rheumatologic disease 0.77 (0.57-0.01) 0.061 0.77 (0.59-1.00) 0.050
Kidney disease 1.15 (0.80-1.66) 0.4 NA NA
Pulmonary conditions 1.00 (0.75-1.34) 0.98 NA NA
Gastrointestinal conditions 0.86 (0.63-1.16) 0.33 NA NA
Diabetes mellitus 0.97 (0.72-1.29) 0.81 NA NA
Cardiovascular disease 0.84 (0.65-1.08) 0.18 NA NA
No. prescribed drugs 1.03 (1.00-1.05) 0.019 NA NA
Corticosteroid therapy 0.72 (0.52-0.99) 0.040 NA NA

*First model included variables that had univariable associations with aerococcal BSI. Age, sex, and county were included in the models but were hidden
because matching on those variables prevented appropriate interpretation of their respective estimates. Likelihood-ratio tests and variance inflation

analyses were used to guide progressive refinement of the model. BSI, bloodstream infection; NA, not applicable.
1Time in months indicates when treatment for another infection occurred before the aerococcal BSI was detected.

fIncluded urological malignancies.

BSI and urogenital diagnoses in general and uro-
logic malignancy in particular, consistent with
previous observations. We also identified associa-
tions with neurologic conditions, such as dementia,
which has been infrequently reported. Our find-
ings support a considerable predilection for elderly

men to acquire aerococcal BSIs and also support
the hypothesis that aerococci enter the bloodstream
through the urogenital tract and renal mucosa (24).
That hypothesis is strengthened by the observa-
tion that previous prescriptions of antimicrobial
drug classes commonly administered for urinary

Figure 3. Risk factors stratified by age in nationwide observational case—control study of Aerococcus bloodstream infections, Sweden,
2012-2016. Forest plots depicting 3 conditional multivariable logistic regression analyses, 1 analysis each/age tertile. Squares indicate
the aOR; error bars indicate 95% Cls. aOR, adjusted odds ratio.
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Figure 4. Risk factors stratified by sex in nationwide observational case—control study of Aerococcus bloodstream infections, Sweden,
2012-2016. Forest plots depicting 2 conditional multivariable logistic regression analyses, 1 each for male and female patients. Squares
indicate the aOR; error bars indicate 95% Cls. aOR, adjusted odds ratio.

tract infections were positively associated with
aerococcal BSI.

We noted a higher incidence of aerococcal BSI
in this study than in previous reports on A. urinae
and A. sanguinicola, although the number of stud-
ies estimating rates has been low (5,6,12,13,29). As
in previous studies, we observed sex differences in
the tendency toward developing aerococcal BSIs;
men had a greater incidence (56-7,12-14,18,29), but
the mechanisms of this differential pattern of infec-
tion remain unknown. We found male urogenital
tract disorders were more common in patients with
aerococcal BSI than in controls. We speculate that
the disproportionate male prevalence of aerococcal
BSI can be explained in part by the preponderance
of prostate disorders in elderly men.

The mechanisms of susceptibility to aerococ-
cal BSI in male and female patients warrant further
study. Because aerococcal BSIs are more frequent in
elderly men, Aerococcus spp. have been proposed
to enter the bloodstream through the prostate (3,5-
7,12-14,18,29,30). Our findings indicate prostate can-
cer increases the risk for aerococcal BSI, whereas the
association between infection and benign prostate
hyperplasia was modest compared with conditions
in other structures of the urogenital system. Our re-
sults indicate that clinical conditions in the kidneys
and ureters were also associated with a higher risk
for aerococcal BSI than those in the bladder, pros-
tate, or urethra. A link between neurologic condi-
tions in general, particularly dementia and paresis,
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and aerococcal BSI has been suggested in a small
case series from Denmark, although only for A.
sanguinicola (31). It is possible that a connection be-
tween neurologic diseases and aerococcal BSI is me-
diated by immobility issues in some patients (e.g.,
cerebrovascular insults leading to immobility) and,
in the case of paresis, through catheterization of the
urinary tract. Rheumatologic disease and aerococcal
BSI had a negative association in multivariable anal-
ysis but had a positive crude association; however,
the association was relatively modest and borderline
significant and might have been a spurious effect of
multiple comparisons.

In women, the levels of A. urinae and A. sanguinic-
ola in vaginal microbiota increase during hormone re-
placement therapy (32). We did not, however, observe
an increased risk for aerococcal BSI in women who
had been prescribed estrogen medication, although
the validity of that finding is limited by the low num-
ber of female study participants. One possible expla-
nation is that urogenital carriage of aerococci is less
likely to lead to bacteremia in women. That interpre-
tation is consistent with smaller studies in Scotland
and southern Sweden in which a larger proportion of
men compared with women had Aerococcus spp. in
blood but not urinary cultures (11,12,33,34).

The main strengths of this study are that it is
population-based, examined the incidence of and
risk factors for aerococcal BSI, and had a follow-
up of ~40 million person-years and a matched con-
trol group from the source population, enabling
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high-precision estimates and robust control for
confounding. Access to healthcare in Sweden is
not restricted by having private insurance, which
might have otherwise introduced bias and possibly
caused underestimation of aerococcal BSI incidence
and limited the generalizability of our results to
persons in lower socioeconomic strata or vulner-
able subgroups (25). Second, in contrast to previ-
ous studies in which species were identified by us-
ing varied methods (often involving hospital-based
or local inclusion of patients), the participating
laboratories used MALDI-TOF mass spectrometry

Risk Factors for Aerococcus Infections, Sweden

throughout the study period, and we included per-
sons from multiple regions in a population-based
manner (12-14). MALDI-TOF mass spectrometry
has been shown to reliably identify Aerococcus spp.
and has rectified the misclassification of A. san-
guinicola as A. viridans and of aerococci in general
as streptococci (35). Third, using population-based
selection of matched controls enabled relevant
comparisons with aerococcal BSIs among persons
of the same age, sex distribution, and county of
residence. That setup promoted a more efficient
analysis of risk factors other than age and sex and

Table 4. Post hoc analyses of risk factors for Aerococcus BSls in nationwide observational case—control study, Sweden, 2012-2016*

Controls,  Aerococcal BSI,
Risk factor no. (%) no. (%) Odds ratio (95% CI) p value Codest
Prescribed antimicrobial drugs
Phenoxymethylpenicillin, amoxicillin, or 512 (22.2) 162 (28.1) 1.37 (1.11-1.68) 0.003 ATC: JO1CEO02,
flucloxacillin JO1CFO5,
JO1CA04
Macrolides or clindamycin 90 (3.9) 24 (4.2) 1.07 (0.66-1.67) 0.8 ATC: JO1F
Tetracyclins 171 (7.4) 49 (8.5) 1.16 (0.82-1.60) 0.4 ATC: JO1A
Pivmecillinam, nitrofurantoin, or trimethoprim 201 (8.7) 129 (22.4) 3.02 (2.36-3.85) <0.001  ATC: JO1XEO1,
JO1CAO08,
JO1EA01
Ciprofloxacin 208 (9.0) 140 (24.3) 3.23(2.55-4.10) <0.001  ATC: JO1MAO2
Trimethoprim or sulfamethoxazole 45 (1.9) 30(5.2) 2.76 (1.71-4.40) <0.001 ATC: JO1EEO1
Urologic conditions, including malignancy 753 (31.8) 331 (57.4) 2.88 (2.39-3.47) <0.001 See Table 1
Renal or ureteral conditions 31(1.3) 43 (7.5) 5.91 (3.71-9.55) <0.001 C64-66, D300—
302, D410-412,
N13, N20, Q60—
63, S370-371
Vesical or urethral conditions 40 (1.7) 25 (4.3) 257 (1.53-4.24) <0.001 C67-68, D303—
304, D090, D413~
414, N21, Q64,
S372-373
Prostate and other male reproductive organs 241 (10.4) 123 (27.2) 2.43(1.89-3.11) <0.001 C60-63, D074—
76, D29, D40,
N40-42
Urologic malignancy 152 (6.6) 70 (12.2) 1.96 (1.45-2.63) <0.001 C51-53, C60-68
Urologic malignancy except prostate 36 (1.6) 15 (2.6) 1.68 (0.89-3.04) 0.094 C51-53, C60,
C62-68
Prostate cancer, men 121 (5.2) 58 (10.1) 2.02 (1.45-2.79) <0.001 C61
Gynecologic cancer, women 5(1.0) 4 (3.3) 3.27 (0.80-12.6) 0.081 C51-59
Prescription of drugs for prostatic hyperplasia, 367 (20.2) 130 (28.6) 1.54 (1.23-1.92)  <0.001 ATC: G04C
men
Urinary tract stones 25(1.1) 25 (4.5) 4.31 (2.46-7.55) <0.001 N20-21
Hydronephrosis 10 (0.4) 26 (4.5) 10.8 (5.36-23.7)  <0.001 N13
Malignant disease, nonurologic 182 (7.9) 75 (13.0) 1.75 (1.30-2.31) <0.001 See Table 1
Lung cancer 2(0.1) 7(1.2) 14.2 (3.41-95.2) <0.001 C34
Skin cancer 112 (4.9) 29 (5.0) 1.04 (0.67-1.56) 0.9 C43-44
Colon cancer 11 (0.5) 5(0.9) 1.83 (0.57-5.04) 0.3 C18-20
Hematologic malignancy 23 (1.0) 14 (2.4) 2.47 (1.23-4.78) 0.008 C8-9
Neurologic conditions
Cerebrovascular insult 124 (5.4) 88 (15.3) 3.17 (2.37-4.23) <0.001 161-63, 169
Paraparesis or tetraparesis 23 (1.0) 25 (4.3) 4.50 (2.53-8.03)  <0.001 G8
Dementia 122 (5.3) 105 (18.2) 3.99 (3.01-5.27)  <0.001 G30-31, FO0-03,
F051; ATC: NO6D
Parkinson’s disease 58 (2.5) 43 (7.5) 3.12 (2.07-4.67)  <0.001 G20-22; ATC:
NO4
Multiple sclerosis 4(0.2) 11(1.9) 11.2 (3.81-40.5)  <0.001 G35
Estrogen prescription, women 111 (22.5) 23 (18.7) 0.80 (0.48-1.30) 0.4 GO03C

*Descriptive analysis of subdivisions of risk factor categories identified in multivariable analyses. ATC, Anatomic Therapeutic Chemical; BSI, bloodstream

infection.

tDiagnostic codes were derived from the International Classification of Diseases, 10th Revision; drug prescription codes were derived from the ATC

classification system (as indicated).
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reduced potential biases from variabilities in the
structure or care registration between counties in
Sweden. Moreover, considering the low incidence
of aerococcal BSI, we consider it highly unlikely
that a substantial proportion of the control popula-
tion would have had an aerococcal BSI outside of
the study uptake area or before the study period.
Finally, the use of structured backward selection,
according to variance likelihood ratio and variance
inflation, enabled additional control for confound-
ing and multicollinearity.

The first limitation of our study is that, despite
our approach to control for confounding, residual
confounding from factors that were not included in
the registers cannot be ruled out. Despite efforts to
limit potential sources of bias, claims on causality can-
not be made by using a register-based study design.
We also acknowledge that our findings might not be
generalizable to children and young adults because of
the limited number of those participants in this study.
Second, information on over-the-counter drugs and
drugs given during inpatient care was unavailable;
however, except for topical estrogen, no drug report-
ed in this study was available over the counter. Third,
iatrogenic immune suppression caused by drugs
(other than corticosteroids), especially chemothera-
peutics, was not possible to define operationally by
using the available registers because those drugs are
often administered directly at the clinic and not filled
by prescription in a pharmacy outside of the hospi-
tal. Thus, the relative effects of treatments for malig-
nancy versus treatments for aerococcal BSI were not
possible to evaluate in this study. Fourth, information
on intermittent catheterization and the use of medical
devices, including permanent urinary catheters, was
lacking. Therefore, it was not possible to study the
extent to which urinary catheterization might explain
the link between neurologic conditions and aerococ-
cal BSL. Finally, A. urinae has recently been proposed
to comprise a cluster of related species (36). Because
our study data were collected before that publication
appeared, potential clustering was not possible to in-
clude in our analyses.

Previous validation studies of inpatient registry
data in Sweden have shown that 85%-95% of diag-
noses are correct, inasmuch as the ICD-10 code cor-
responds to the diagnosis entered into the medical
records (27). However, diagnoses made during pri-
mary healthcare are unavailable in the patient regis-
ter. That lack of accessibility could lead to selection
bias, wherein each predisposing condition would
only be represented by the stratum of disease sever-
ity that justified specialized care, potentially causing
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low power and inflated OR estimates because milder
disease would be undetected. To minimize that risk,
we combined registered ICD-10 codes with drug pre-
scription data to capture the conditions of interest
more robustly, which is especially critical for condi-
tions such as diabetes mellitus, benign prostatic hy-
perplasia, and less severe infectious diseases that are
generally managed during primary care in Sweden.

We defined aerococcal BSI according to the de-
tection of aerococci in a blood culture. In =33% of
cases, >1 bacteria species grew in the blood culture.
We do not believe that polymicrobial growth reflects
contamination of blood cultures by aerococci to any
appreciable extent, because they are not known to
routinely colonize the skin. It was not possible to de-
termine the relative significance of aerococci when
identified with other bacteria; however, we consider
the presence of Aerococcus spp. in a patient’s blood to
represent true bacteremia. A high degree of co-isola-
tion with other established uropathogens, including
E. coli, E. faecalis, and A. schaali, also suggests bacte-
remia originated from a urinary tract infection. Fur-
thermore, prescriptions of antimicrobial drugs com-
monly taken for urinary tract infections were strongly
associated with the development of aerococcal BSI.
Whereas that association might reflect a chronic pre-
dilection for urinary tract infections, it is also possible
that antimicrobial drug treatment promotes ecologic
dysregulation, causing aerococcal overgrowth and
invasive disease.

In conclusion, our findings substantially
strengthen the proposed link between urologic con-
ditions and aerococcal BSI. Neurologic conditions
were also strongly associated with aerococcal BSI,
although this association might be mediated by bac-
terial entry through the urothelium. Further study
of the mechanisms that underly the associations be-
tween urologic and neurologic conditions and aero-
coccal bacteremia might be especially valuable in
light of our findings. Awareness of Aerococcus spp.
in patients, especially elderly men, will be needed to
manage invasive infections.
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Powassan and Eastern
Equine Encephalitis Virus
Seroprevalence in Endemic Areas,
United States, 2019—-2020

Hannah Padda, Claire Y.-H. Huang, Kacie Grimm, Brad J. Biggerstaff, Jeremy P. Ledermann,
Janae Raetz, Karen Boroughs, Eric C. Mossel, Stacey W. Martin, Jennifer A. Lehman,
Rebecca L. Townsend, David Krysztof, Paula Sa4, Emily T.N. Dinh, Mary Grace Stobierski,
Brenda Esponda-Morrison, Karen Ann A. Wolujewicz, Matthew Osborne, Catherine M. Brown,
Brandi Hopkins, Elizabeth K. Schiffman, Alex Garvin, Xia Lee, Rebecca A. Osborn, Ryan J. Wozniak,
Aaron C. Brault, Sridhar V. Basavaraju, Susan L. Stramer, J. Erin Staples, Carolyn V. Gould

Powassan virus (POWYV) and Eastern equine encephali-
tis virus (EEEV) are regionally endemic arboviruses in the
United States that can cause neuroinvasive disease and
death. Recent identification of EEEV transmission through
organ transplantation and POWV transmission through
blood transfusion have increased concerns about infection
risk. After historically high numbers of cases of both viruses
were reported in 2019, we conducted a seroprevalence sur-
vey using blood donation samples from selected endemic
counties. Specimens were screened for virus-specific

Powassan virus (POWYV) and Eastern equine en-
cephalitis virus (EEEV) are geographically focal
arthropodborne viruses (arboviruses) in the United
States (1-3). Most human infections are asymptom-
atic, but both viruses can cause disease ranging from
acute febrile illness to severe encephalitis that can
cause long-term disability or death. Recent increases
in disease cases, outbreaks with high rates of illness
and deaths, and identification of blood and organ
donor-transmitted infections have led to greater con-
cerns about human risk.

POWYV, a flavivirus in the tickborne encephalitis
serogroup, is spread to humans primarily by Ixodes

neutralizing antibodies, and population seroprevalence was
estimated using weights calibrated to county population
census data. For POWV, median county seroprevalence in
4 states was 0.84%, ranging from 0% (95% Cl 0%—2.28%)
to 11.5% (95% CI 0.82%—40.9%). EEEV infection was iden-
tified in a single county (estimated seroprevalence 1.62%
[95% CIl 0.04%—8.75%]). Although seroprevalence esti-
mates in sampled areas were generally low, additional in-
vestigation of higher-prevalence areas could inform risk for
transmission from asymptomatic blood and organ donors.

spp. ticks in eastern Canada and the upper Mid-
west and Northeast United States (2). The number of
POWYV disease cases reported to the Centers for Dis-
ease Control and Prevention (CDC) has been rising;
an average of 10 cases were reported annually before
2016, compared with 30 cases reported annually dur-
ing 2016-2022 (4). In 2018, a probable case of blood
transfusion transmission of POWYV from a Wisconsin
donor was identified in a kidney transplant recipient
with neuroinvasive disease (5).

EEEV is an alphavirus spread to humans by sev-
eral species of mosquitoes, most often near freshwater
hardwood swamps in US states of the Atlantic, Gulf

Author affiliations: Centers for Disease Control and Prevention,
Fort Collins, Colorado, USA (H. Padda, C.Y.-H. Huang,

B.J. Biggerstaff, J.P. Ledermann, J. Raetz, K. Boroughs,

E.C. Mossel, S.W. Martin, J.A. Lehman, A.C. Brault, J.E. Staples,
C.V. Gould); American Red Cross, Rockville, Maryland, USA

(K. Grimm, R.L. Townsend, D. Krysztof, P. Saa); Michigan
Department of Health and Human Services, Lansing, Michigan,
USA (E.T.N. Dinh, M.G. Stobierski); Connecticut Department of
Public Health, Hartford, Connecticut, USA (B. Esponda-Morrison,

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 5, May 2025

K.A.A. Wolujewicz); Massachusetts Department of Public Health,
Boston, Massachusetts, USA (M. Osborne, C.M. Brown, B. Hopkins);
Minnesota Department of Health, Saint Paul, Minnesota, USA

(E.K. Schiffman, A. Garvin); Wisconsin Department of Health
Services, Madison, Wisconsin, USA (X. Lee, R.A. Osborn,

R.J. Wozniak); Centers for Disease Control and Prevention, Atlanta,
Georgia, USA (S.V. Basavaraju); Infectious Disease Consultant,
North Potomac, Maryland, USA (S.L. Stramer)

DOI: https://doi.org/10.3201/eid3105.240893

929



RESEARCH

Coast, and Great Lakes regions (6). EEEV disease has
the highest reported case-fatality rate among arbovi-
ral diseases endemic to the United States; 78 (41%)
deaths were reported among 189 neurologic cases of
EEEV disease during 2003-2022 (7). In 2017, EEEV
disease developed in 3 organ transplant recipients
who received an organ from an infected donor, and
2 died (8). In 2019, a record number of EEEV disease
cases was reported during a multistate outbreak of 34
cases in 7 states with 12 (35%) fatalities (9,10).

Few POWV and EEEV seroprevalence studies
have been performed to assess the burden of infec-
tion. We conducted a seroprevalence study using
residual blood donation samples collected from per-
sons residing in selected POWV- and EEEV-endemic
areas during 2019-2020 to determine infection risk
among county residents and to assess potential risk
to the blood supply for these pathogens.

Methods

Ethics Considerations

Routine informed consent obtained at the time of
blood donation includes potential use of samples and
demographic information for research purposes. The
protocol for this study was approved by the Ameri-
can Red Cross Institutional Review Board (protocol
no. 2021-038).

Study Population

We obtained residual serum and plasma samples
from blood donations collected by the American
Red Cross during December 2019-July 2020 from a
selected number of states and counties. We restrict-
ed the study population to unique blood donors (all
>16 years of age) who resided in a county endemic
for either POWYV or EEEV, which we defined as hav-
ing either >2 human disease cases in 2019 or 1 case in
2019 and >1 case during 2010-2018 reported to CDC’s
ArboNET, the national arboviral disease surveillance
system. We designed the criteria to capture counties
with suitable habitats for the sustained circulation of
the viruses resulting in human disease cases; howev-
er, we limited counties assessed to those with avail-
able blood donor samples.

Sampling Strategy

We selected samples using proportional-to-size strati-
fied sampling by county. We specified the expected se-
roprevalences and acceptable margins of error (ME) on
the basis of the only known previously published se-
roprevalence estimates, both from focal areas of New
Jersey that experienced outbreaks of human POWV

930

disease in 2019 (11) and EEEV disease in 1959 (12). For
POWYV, the expected seroprevalence was 0.5% and the
ME 0.4%. Given the low expected seroprevalence, we
used the available blood donor population, rather than
the county population, to calculate sample sizes. For
EEEV, the expected seroprevalence was 3% and the
ME 2%. We used the 2020 United States Census Bureau
County population of adults to determine the sample
size needed to calculate EEEV population seropreva-
lence (13). We randomly chose samples from the avail-
able pool of donor samples in each county.

Laboratory Testing

We first screened samples for the presence of neu-
tralizing antibodies against POWV, EEEV, or both,
depending on the endemic county (Table 1). For
initial POWV screening, we used a reporter vi-
rus-based microfocus neutralization reduction test
(R-mFRNT) to identify positive samples as those
with a 90% R-mFRNT (R-mFRNT,) titer >10. For
EEEV, we used plaque reduction neutralization
test (PRNT) to identify positive samples as those
with a 90% PRNT (PRNT,,) titer >10 (14). The high-
throughput R-mFRNT method is based on the same
principle as PRNT in measuring virus infection foci
(plaques) reduction by neutralizing antibodies (15).
The method uses live reporter-POWYV and report-
er-West Nile virus (WNV) that were engineered
using the chimeric platform previously described
(16). We validated the R-mFRNT,; using reporter
viruses against PRNT,, using wild-type viruses
with panels of positive POWV or WNV samples be-
fore use in this study and found strong correlation
of the 90% effective concentrations between the R-
mFRNT, and PRNT, assays.

We also endpoint titrated samples that screened
positive for POWV neutralizing antibodies for both
POWYV and WNV by R-mFRNT,, to assess potential
cross-reactivity between the 2 flaviviruses. We con-
ducted the endpoints of R-mFRNT,, in 2-fold serial
dilutions of samples in triplicate to determine the
effective concentration for 90% neutralization (EC,;
concentration is the log,  reciprocal of dilutions) by
the 4-parameter logistic curve analysis using Graph-
Pad Prism version 10.1.2 (GraphPad Software Inc.,
https:/ /www.graphpad.com). We used a >4-fold
difference in the R-mFRNT,, to confirm exposure to
POWY or WNV. We considered similar titers (<4-fold
difference) to both viruses as undifferentiated flavi-
virus exposures and did not include them in POWV
seroprevalence estimates. We then tested samples
positive for POWV- and EEEV-neutralizing antibod-
ies for presence of IgM using IgM capture ELISA

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025
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Table 1. Demographics of blood donors tested for POWV and EEEV and disease cases and population census of selected counties of
residence in study of seroprevalence in endemic areas, United States, 2019—2020*

No. disease cases reported, 2010-2019

2020 US Census population, No. (%) specimens tested

Demographics POWV EEEV age >15y POWV EEEV
Sex
F 835 (47.2) 276 (48.7)
M 935 (52.8) 291 (51.3)
Age group, y
16-29 225 (12.7) 65 (11.5)
3049 436 (24.6) 147 (25.9)
50-64 751 (42.4) 243 (42.9)
>65 358 (20.2) 112 (19.8)
State/county of residence
Connecticut
Fairfield 3 771,950 420
Litchfield 2 155,110 164
New London 3 224,538 17
Massachusetts
Barnstable 5 187,694 21
Bristol 4 467,915 36
Essex 9 3 650,007 184 49
Middlesex 10 3 1,343,808 337 100
Norfolk 2 583,823 206
Plymouth 4 428,646 32
Worcester 2 4 684,405 160 52
Michigan
Berrien 2 126,184 81
Cass 2 42,929 24
Kalamazoo 5 216,792 137
Van Buren 2 60,928 39
Minnesota
Anoka 5 284,136 141
Cass 2 24,286 3
Itasca 7 37,544 8
Morrison 3 26,551 8
Wisconsin
Jackson 2 16,881 16
Shawano 2 33,692 3
Trempealeau 2 23,357 19
Wood 2 59,811 80
Total 1,770 567

*Blank cells indicate not applicable. EEEV, Eastern equine encephalitis virus; POWV, Powassan virus.

(MAC-ELISA) for POWV and a microsphere immu-
noassay for EEEV to assess for evidence of recent in-
fection, as previously described (17,18).

Statistical Analysis

We calculated seroprevalence estimates and 95%
Cls at the county population level by calibrating
the sample design weights to population age group
distributions obtained from the 2020 US Census Bu-
reau data (13). We calibrated sample weights using
poststratification to the census data on the basis of
the age group of the blood donors and county pop-
ulation. For the weighting calibration, we grouped
age into 4 categories (Table 1) according to previ-
ously described methods (19). We computed esti-
mates both for presence of neutralizing antibodies
(any previous infection) and for presence of both
neutralizing antibodies and IgM (recent infection)
(20). We excluded counties with <5 blood donor

samples because of instability in the estimates. For
the county in which the source of infection was most
likely outside the county of residence according to
previous case investigations by the state health de-
partment, we restricted seroprevalence estimates to
the county blood donor population, rather than to
the general population.

To estimate the percentage of EEEV infections that
resulted in neuroinvasive disease, we multiplied esti-
mated county IgM seroprevalence (with 95% CI) by the
county population (>15 years of age, the closest avail-
able census data age category to the blood donor popu-
lation) for the expected number of recent infections. We
then divided the reported number of EEEV disease cas-
es during June 2019-July 2020 by the expected number
of recent infections (95% CI). We assumed IgM against
EEEV persisted for up to 6 months for this calculation
(21,22). We analyzed data using R version 4.3.1 using
the survey package version 4.2 (23).
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Results

POWV Seroprevalence

We tested a total of 1,770 samples from 15 counties in
4 states (Connecticut, Massachusetts, Minnesota, and
Wisconsin) for evidence of POWYV infection (Table 1;
Figure 1). We found 50 (2.8%) samples had neutral-
izing antibodies for either POWYV or WNV; 3 of those
samples had WNV-specific neutralizing antibodies
and 31 had indistinguishable results. Sixteen samples
had POWV-specific neutralizing antibodies: 4 from
Connecticut, 5 from Massachusetts, 3 from Minneso-
ta, and 4 from Wisconsin (Table 2). County estimates
by state among counties with locally acquired POWV
infections ranged from 0% (95% CI 0%-2.28%) to
11.5% (95% CI 0.82%-40.9%). The highest and almost
equivalent estimates were in 2 neighboring coun-
ties in Wisconsin: 11.5% (95% CI 0.82%-40.9%) and
11.5% (95% CI 0.87%-40.3%). Of the 16 samples with
POWYV-specific neutralizing antibodies, 6 (38%) were
IgM positive. Recent seroprevalence estimates by
county ranged from 0% (95% CI 0%-2.28%) to 1.68%
(95% CI 0.14%-6.70%) (Table 2). In Anoka County,
Minnesota, where cases were considered likely to be
travel-associated, estimated county blood donor sero-
prevalence was 1.42% (95% CI 0.39%-5.02%) for any
infection and 0.71% (95% CI 0.04%-3.91%) for recent
infection (Table 2).

EEEV Seroprevalence

We tested a total of 567 samples from 10 counties in
3 states (Connecticut, Massachusetts, and Michigan)
for evidence of EEEV infection (Table 1; Figure 2).

Only 1 sample in Worcester County, Massachusetts,
was positive for both neutralizing antibodies and
IgM against EEEV, for an estimated recent infec-
tion seroprevalence of 1.62% (95% CI 0.04%-8.75%)
(Table 3). The demographics of this blood donor did
not match any of the EEEV disease case-patients re-
ported to ArboNET; therefore, the donor most likely
had an asymptomatic infection or nonneuroinvasive
disease that was not diagnosed. The estimated total
number of recent infections in Worcester was 11,086
(95% CI 272-59,912), and 3 human EEEV neuroin-
vasive disease cases were reported in the county in
2019, for a neuroinvasive disease-to-infection per-
centage of 0.027% (95% C1 0.005%-1.10%).

Discussion

On the basis of this blood donor serosurvey, we es-
timated that population seroprevalence for POWV
and EEEV in the counties sampled is generally low.
The finding of a low number of infections suggests
the risk to the blood supply is minimal in most areas
surveyed. However, 2 adjacent counties in Wiscon-
sin had higher POWV seroprevalence than the oth-
ers, suggesting a potential risk for blood donor infec-
tion, although the estimates were imprecise because
of small numbers of blood donor samples available
from those locations.

Limited data are published on human seropreva-
lence for POWYV and EEEV. For POWYV, in a household
survey conducted after a 2019 cluster of POWYV dis-
ease cases in a focal area of New Jersey, estimated
neutralizing antibody seroprevalence was 1.1% (95%
CI0%-2.3%) and IgM seroprevalence was 0.31% (95%

Figure 1. Selected counties for Powassan virus sampling in in study of Powassan virus and Eastern equine encephalitis virus
seroprevalence in endemic areas, United States, 2019—2020. A) Connecticut and Massachusetts; B) Minnesota and Wisconsin.
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Table 2. Blood donor and estimated population seroprevalence for Powassan virus in selected endemic counties in study of Powassan
virus and Eastern equine encephalitis virus seroprevalence in endemic areas, United States, 2019-2020

No. (%) donors

Neutralizing Neutralizing
Calculated No. samples antibody antibody and % Seroprevalence (95% ClI)
sample size tested positive IgM positive Estimated* Estimated recentt

Connecticut

Fairfield 422 420 2(0.48) 1(0.24) 0.29 (0.04-1.04) 0.15 (0.00-0.81)

Litchfield 164 164 2(1.2) 2(1.2) 1.68 (0.14-6.70) 1.68 (0.14-6.63)
Massachusetts

Barnstable 21 21 0 0 0 (0-16.1) 0 (0-16.1)

Essex 184 184 3(1.6) 2(1.1) 1.12 (0.22-3.32) 0.81 (0.09-2.96)

Middlesex 339 337 2 (0.59) 0 0.98 (0.10-3.67) 0 (0-1.09)

Norfolk 206 206 1(0.49) 0 0.70 (0.02-3.81) 0 (0-1.77)

Worcester 160 160 0 0 0 (0-2.28) 0 (0-2.28)
Minnesota

Anokat 141 141 2(1.4) 1(0.71) 1.42 (0.39-5.02) 0.71 (0.04-3.91)

Cass§ 3 3 0 0 - -

Itasca 8 8 0 0 0 (0-36.9) 0 (0-36.9)

Morrison 8 8 0 0 0 (0-36.9) 0 (0-36.9)
Wisconsin

Jackson 16 16 1(6.3) 0 11.48 (0.82—-40.92) 0 (0-20.59)

Shawano§ 3 3 0 0 - -

Trempealeau 19 19 1(5.3) 0 11.47 (0.87—40.3) 0 (0-17.65)

Wood 78 80 2(2.5) 0 2.12 (0.27-7.37) 0 (0—4.51)

*Neutralizing antibodies present.
TNeutralizing antibodies and IgM present.

FCounty where cases were suspected to be travel-associated rather than locally acquired.

§Counties with <5 samples were excluded from seroprevalence calculations.

CI 0.04%-1.0%) (11). Those estimates fell within the
range of our county estimates for the 2 East Coast
states in this study, Connecticut and Massachusetts,
despite differences in methodologies and locations
sampled. However, we did find higher POWYV serop-
revalence estimates in some Wisconsin counties. Geo-
graphic variation in occurrence and seroprevalence
has been well documented for vectorborne diseases
and is likely dependent on several factors, such as vec-
tor density, infection prevalence in vectors and ani-
mal reservoirs, climate effects on ecology, and human
behavior affecting a person’s risk for infection (24).
Further study is warranted to obtain a more precise
estimate of POWYV seroprevalence in these counties in
Wisconsin, the state of residence for the blood donor
implicated in the only reported transfusion-transmit-
ted POWYV infection (5), to determine whether risk for
infection might be heightened in that region.

The imprecision in the POWYV estimates, particu-
larly in the Midwestern states, precluded us from cal-
culating the proportion of infections that resulted in
neuroinvasive disease. Vahey et al. (11) reported that
23% (95% CI 7%-100%) of POWYV infections result in
neuroinvasive disease. That estimate is higher than
those for WNV, in which neuroinvasive disease de-
velops in <1% of infected persons (25-27).

Although we sampled from EEEV-endemic ar-
eas affected by the 2019 multistate EEEV disease out-
break (10), we found only 1 positive blood donor, for a
county seroprevalence estimate of 1.6%. This finding

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 5, May 2025

was slightly lower but within the range of the only
known published estimate of 2.3% (range by town-
ship 0.9%-6.2%) from a 1959 EEEV outbreak in New
Jersey, despite differences in serologic methods used
(12). The finding of just 1 blood donor with antibodies
to EEEV after the large outbreak in the season before
the samples were collected suggests that human in-
fections are uncommon and the risk to the blood sup-
ply is limited.

Our estimate of the percentage of EEEV-infected
persons who develop neuroinvasive disease was low-
er than that of the 1959 New Jersey study, which esti-
mated 4.4% and ranged from 2% in younger adults to
13% in young children (12,28). Differences in the set-
ting and methodologies of the studies make compari-
sons of estimates challenging; however, the upper
limit of our 95% CI (1.1%) supports the approxima-
tion that <5% of EEEV infections result in neuroin-
vasive disease, although the risk varies by age group
(12,28-30). Additional seroprevalence studies con-
ducted after an outbreak could be done to calculate
more precise estimates.

The first limitation of our study is that use of a
convenience sample of blood donations collected
by a single collection agency resulted in small sam-
ple sizes in some areas, limiting the precision of the
estimates and our ability to assess all areas endemic
for these viruses. The lack of blood donor samples
from endemic areas such as New Jersey or New York
precluded estimates and comparisons in those areas.
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Figure 2. Selected counties for Eastern equine encephalitis virus sampling in study of Powassan virus and Eastern equine encephalitis
virus seroprevalence in endemic areas, United States, 2019-2020. A) Connecticut and Massachusetts; B) Michigan.

Also, sample size calculations were based on the only
known seroprevalence estimates from focal New Jer-
sey outbreaks (11,12), which might have led to under-
sampling in some areas.

The blood donor population is not likely to be
representative of the general population in all re-
spects. In addition, the blood donor samples used
for this study were collected during the early part
of the COVID pandemic, which might have af-
fected the characteristics of the donor population;
donors in March 2020-February 2022 were more
likely to be repeat donors who were older, white,
and women than were donors in the previous 2
years (31). However, those demographic factors are

not known to be associated with risk for arboviral
disease. To address that limitation, we used simi-
lar weighting methods to other published studies
to generate population estimates from blood donor
seroprevalence (19,25,32). Our estimates are similar
to those of previous household seroprevalence sur-
veys for the target viruses (11,12), suggesting our
results are plausible.

By testing for antibodies, we cannot directly deter-
mine the chance of viremia being present in a blood
donor for these pathogens. However, the overall low
occurrence of antibodies, including IgM, suggests that
having a viremic blood donor would be even less com-
mony; for other arboviruses, IgM can persist for months

Table 3. Blood donor and estimated population seroprevalence for Eastern equine encephalitis virus in selected counties in study of
Powassan virus and Eastern equine encephalitis virus seroprevalence in endemic areas, United States, 2019-2020

No. (%) donors

Neutralizing Neutralizing
Calculated No. samples antibody antibody and % Seroprevalence (95% CI)

State/county sample size tested positive IgM positive Estimated* Estimated recentt
Connecticut

New London 17 17 0 0 0 (0-19.5) 0 (0-19.5)
Massachusetts

Bristol 36 36 0 0 0(0-9.74) 0 (0-9.74)

Essex 49 49 0 0 0 (0-7.25) 0 (0-7.25)

Middlesex 100 100 0 0 0 (0-3.62) 0 (0-3.62)

Plymouth 32 32 0 0 0(0-10.9) 0 (0-10.9)

Worcester 52 52 1(1.9) 1(1.9) 1.62 (0.04-8.75) 1.62 (0.04-8.75)
Michigan

Berrien 81 81 0 0 0 (0-4.45) 0 (0—4.45)

Cass 27 24 0 0 0 (0-14.3) 0 (0-14.3)

Kalamazoo 137 137 0 0 0 (0-2.66) 0 (0-2.66)

Van Buren 39 39 0 0 0(0-9.03) 0 (0-9.03)

*Neutralizing antibodies present.
tNeutralizing antibodies and IgM present.
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to years after infection, and viremia is present for up to
2 weeks (21,33,34). In addition, studies of WNV-infect-
ed blood donors suggest that viremic donors with IgM
are less likely to be infectious than those without IgM
(21,35). Consistent with that hypothesis, in the only
report of POWYV transmission through blood transfu-
sion, the implicated donation was RNA positive and
IgM negative (5). The duration of IgM persistence in
POWYV and EEEV is unknown. Although nucleic acid
testing could have identified potentially infectious
donors, given the low seroprevalence of infection, the
likelihood of detecting RNA in an asymptomatic per-
son would have been so low as to require a much larg-
er sample size. Finally, we could have underestimated
the seroprevalence of POWYV, given that >50% of the
flavivirus-positive specimens could not be differenti-
ated between POWV and WNV.

In conclusion, in POWV- and EEEV-endemic ar-
eas of the United States sampled during 2019-2020,
seroprevalence estimates for POWV and EEEV in-
fection were generally low, suggesting a low risk for
transmission by blood transfusion or organ trans-
plantation. Further studies in the Wisconsin coun-
ties with higher seroprevalence estimates using
high-throughput molecular assays and larger sample
sizes could lead to improved understanding of risk.
Potential blood donors could lower their risk for tick
and mosquito bites by taking such steps as wearing
long sleeves and pants, using Environmental Protec-
tion Agency-registered insect repellent, and treating
clothing and gear with permethrin. Of note, POWV
can be transmitted within 15 minutes of tick attach-
ment, so preventing ticks from attaching and remov-
ing them before attachment is key (36). CDC will
continue to work with partners to monitor infectious
threats to blood transfusions and organ transplanta-
tion and identify prevention and control interven-
tions to reduce the risk among transfusion and trans-
plant recipients.

About the Author

Dr. Padda is an Epidemic Intelligence Service Officer
in the Arboviral Diseases Branch, the Division of
Vector-Borne Diseases, National Center for Emerging
and Zoonotic Infectious Diseases, Centers for Disease
Control and Prevention, Fort Collins, CO. Her research
interests include infectious disease epidemiology and
One Health.

References
1. Calisher CH. Medically important arboviruses of the United
States and Canada. Clin Microbiol Rev. 1994;7:89-116.
https:/ /doi.org/10.1128/CMR.7.1.89

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 5, May 2025

10.

11.

12.

13.

14.

15.

16.

Powassan and Eastern Equine Encephalitis Virus

Krow-Lucal ER, Lindsey NP, Fischer M, Hills SL. Powassan
virus disease in the United States, 2006-2016. Vector Borne
Zoonotic Dis. 2018;18:286-90. https:/ / doi.org/10.1089/
vbz.2017.2239

Lindsey NP, Staples JE, Fischer M. Eastern equine
encephalitis virus in the United States, 2003-2016. Am J
Trop Med Hyg. 2018;98:1472-7. https:/ / doi.org/10.4269/
ajtmh.17-0927

Centers for Disease Control and Prevention. Powassan
virus: historic data (2004-2023) [cited 2024 Oct 1].

https:/ /www.cdc.gov/powassan/data-maps/
historic-data.html

Taylor L, Stevens T, Destrampe EM, Brown JA, McGavic J,
Gould CV, et al. Powassan virus infection likely acquired
through blood transfusion presenting as encephalitis in a
kidney transplant recipient. Clin Infect Dis. 2020.

Ciota AT. Eastern equine encephalitis virus taxonomy,
genomics, and evolution. ] Med Entomol. 2022;59:14-9.
https:/ /doi.org/10.1093/jme/ tjab079

Centers for Disease Control and Prevention. Eastern equine
encephalitis virus: historic data (2003-2023) [cited 2024 Oct
1]. https:/ /www.cdc.gov/ eastern-equine-encephalitis /
data-maps/historic-data.html

Pouch SM, Katugaha SB, Shieh W], Annambhotla P,
Walker WL, Basavaraju SV, et al. Transmission of eastern
equine encephalitis virus from an organ donor to three
transplant recipients. Clin Infect Dis. 2018.

Hill V, Koch RT, Bialosuknia SM, Ngo K, Zink SD,
Koetzner CA, et al. Dynamics of eastern equine
encephalitis virus during the 2019 outbreak in the
Northeast United States. Curr Biol. 2023;33:2515-2527.e6.
https:/ /doi.org/10.1016/j.cub.2023.05.047

Lindsey NP, Martin SW, Staples JE, Fischer M. Notes

from the field: multistate outbreak of eastern equine
encephalitis virus — United States, 2019. MMWR Morb
Mortal Wkly Rep. 2020;69:50-1. https:/ /doi.org/10.15585/
mmwr.mm6902a4

Vahey GM, Wilson N, McDonald E, Fitzpatrick K,
Lehman J, Clark S, et al. Seroprevalence of Powassan virus
infection in an area experiencing a cluster of disease

cases: Sussex County, New Jersey, 2019. Open Forum
Infect Dis. 2022;9:0fac023. https:/ /doi.org/10.1093/ ofid/
ofac023

Goldfield M, Sussman O. The 1959 outbreak of Eastern
encephalitis in New Jersey. I. Introduction and

description of outbreak. Am ] Epidemiol. 1968;87:1-10.
https:/ /doi.org/10.1093/ oxfordjournals.aje.a120789
United States Census Bureau. American community
survey [cited 2023 Oct 1]. https:/ /www.census.gov/
programs-surveys/acs/data.html

Beaty BJ, Calisher CH, Shope RE. Arboviruses. In:
Lennette EH, Lennette DA, Lennette ET, editors. Diagnostic
procedures for viral, rickettsial and chlamydial infections.
7th edition. Washington: American Public Health
Association; 1995. p. 189-212.

Calvert AE, Horiuchi K, Boroughs KL, Ong YT,

Anderson KM, Biggerstaff BJ, et al. The specificity of the
persistent IgM neutralizing antibody response in Zika
virus infections among individuals with prior dengue
virus exposure. ] Clin Microbiol. 2021;59:e0040021.

https:/ /doi.org/10.1128 /JCM.00400-21

Baldwin WR, Livengood JA, Giebler HA, Stovall JL,
Boroughs KL, Sonnberg S, et al. Purified inactivated Zika
vaccine candidates afford protection against lethal challenge
in mice. Sci Rep. 2018;8:16509. https:/ /doi.org/10.1038/
s41598-018-34735-7

935


https://doi.org/10.1128/CMR.7.1.89
https://doi.org/10.1089/vbz.2017.2239
https://doi.org/10.1089/vbz.2017.2239
https://doi.org/10.4269/ajtmh.17-0927
https://doi.org/10.4269/ajtmh.17-0927
https://doi.org/10.1093/jme/tjab079
https://doi.org/10.1016/j.cub.2023.05.047
https://doi.org/10.15585/mmwr.mm6902a4
https://doi.org/10.15585/mmwr.mm6902a4
https://doi.org/10.1093/ofid/ofac023
https://doi.org/10.1093/ofid/ofac023
https://doi.org/10.1093/oxfordjournals.aje.a120789
https://doi.org/10.1128/JCM.00400-21
https://doi.org/10.1038/s41598-018-34735-7
https://doi.org/10.1038/s41598-018-34735-7

RESEARCH

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

936

Basile AJ, Horiuchi K, Panella AJ, Laven ], Kosoy O,
Lanciotti RS, et al. Multiplex microsphere immunoassays for
the detection of IgM and IgG to arboviral diseases.

PLo0S One. 2013;8:75670. https:/ /doi.org/10.1371/
journal.pone.0075670

Martin DA, Biggerstaff BJ, Allen B, Johnson AJ, Lanciotti RS,
Roehrig JT. Use of immunoglobulin M cross-reactions in
differential diagnosis of human flaviviral encephalitis
infections in the United States. Clin Diagn Lab Immunol.
2002;9:544-9.

Jones JM, Stone M, Sulaeman H, Fink RV, Dave H,

Levy ME, et al. Estimated US infection- and vaccine-
induced SARS-CoV-2 seroprevalence based on blood
donations, July 2020-May 2021. JAMA. 2021;326:1400-9.
https:/ /doi.org/10.1001/jama.2021.15161

Korn EL, Graubard BI. Confidence intervals for proportions
with small expected number of positive counts estimated
from survey data. Surv Methodol. 1998;24:193-201.

Busch MP, Kleinman SH, Tobler LH, Kamel HT, Norris PJ,
Walsh I, et al. Virus and antibody dynamics in acute

West Nile virus infection. J Infect Dis. 2008;198:984-93.
https:/ /doi.org/10.1086/591467

Prince HE, Tobler LH, Yeh C, Gefter N, Custer B, Busch MP.
Persistence of West Nile virus-specific antibodies in viremic
blood donors. Clin Vaccine Immunol. 2007;14:1228-30.
https://doi.org/10.1128/CVI1.00233-07

Lumley T. Survey: analysis of complex survey samples.

] Stat Software. 2004;9:1-19. https:/ /doi.org/10.18637/
jss.v009.i08

de Souza WM, Weaver SC. Effects of climate change and
human activities on vector-borne diseases. Nat Rev
Microbiol. 2024;22:476-91. https:/ /doi.org/10.1038/
s41579-024-01026-0

Busch MP, Wright DJ, Custer B, Tobler LH, Stramer SL,
Kleinman SH, et al. West Nile virus infections projected
from blood donor screening data, United States, 2003.
Emerg Infect Dis. 2006;12:395-402. https:/ /doi.org/10.3201/
€id1205.051287

Mostashari F, Bunning ML, Kitsutani PT, Singer DA,

Nash D, Cooper MJ, et al. Epidemic West Nile encephalitis,
New York, 1999: results of a household-based
seroepidemiological survey. Lancet. 2001;358:261-4.

https:/ /doi.org/10.1016 /S0140-6736(01)05480-0
Williamson PC, Custer B, Biggerstaff BJ, Lanciotti RS,
Sayers MH, Eason SJ, et al. Incidence of West Nile virus
infection in the Dallas-Fort Worth metropolitan area

during the 2012 epidemic. Epidemiol Infect. 2017;145:2536-
44. https:/ /doi.org/10.1017/50950268816000042

28.

29.

30.

31.

32.

33.

34.

35.

36.

Goldfield M, Welsh N, Taylor BF. The 1959 outbreak of
Eastern encephalitis in New Jersey. 5. The inapparent
infection:disease ratio. Am ] Epidemiol. 1968;87:32-3.

https:/ /doi.org/10.1093/ oxfordjournals.aje.a120807
Deresiewicz RL, Thaler SJ, Hsu L, Zamani AA. Clinical

and neuroradiographic manifestations of eastern

equine encephalitis. N Engl ] Med. 1997;336:1867-74.

https:/ /doi.org/10.1056/ NEJM199706263362604

Luethy D. Eastern, western, and Venezuelan equine
encephalitis and West Nile viruses: clinical and public health
considerations. Vet Clin North Am Equine Pract. 2023;39:99-
113. https:/ /doi.org/10.1016/j.cveq.2022.11.007

Conti G, Notari EP IV, Dodd RY, Kessler D, Custer B,

Bruhn R, et al.; U.S. Transfusion-Transmissible Infections
Monitoring System (TTIMS). Changes in transfusion-
transmissible infection prevalence and demographics among
US blood donors during the COVID-19 pandemic.
Transfusion. 2024;64:1040-9. https:/ /doi.org/10.1111/

trf. 17851

Lindsey NP, Menitove JE, Biggerstaff BJ, Turabelidze G,
Parton P, Peck K, et al. Seroprevalence of Heartland virus
antibodies in blood donors, northwestern Missouri, USA.
Emerg Infect Dis. 2019;25:358-60. https:/ /doi.org/10.3201/
€id2502.181288

Griffin I, Martin SW, Fischer M, Chambers TV, Kosoy O,
Falise A, et al. Zika virus IgM detection and neutralizing
antibody profiles 12-19 months after illness onset. Emerg
Infect Dis. 2019;25:299-303. https:/ /doi.org/10.3201/
€id2502.181286

Staples JE, Gibney KB, Panella AJ, Prince HE, Basile A]J,
Laven J, et al. Duration of West Nile virus immunoglobulin
M antibodies up to 81 months following West Nile virus
disease onset. Am ] Trop Med Hyg. 2022;106:1721-4.

https:/ /doi.org/10.4269/ ajtmh.21-1234

Pealer LN, Marfin AA, Petersen LR, Lanciotti RS, Page PL,
Stramer SL, et al.; West Nile Virus Transmission
Investigation Team. Transmission of West Nile virus through
blood transfusion in the United States in 2002. N Engl ] Med.
2003;349:1236-45. https:/ / doi.org/10.1056 / NEJMo0a030969
Ebel GD, Kramer LD. Short report: duration of tick
attachment required for transmission of powassan virus

by deer ticks. Am ] Trop Med Hyg. 2004;71:268-71.

https:/ /doi.org/10.4269/ ajtmh.2004.71.3.0700268

Address for correspondence: Carolyn Gould, Centers for Disease
Control and Prevention, 3156 Rampart Rd, Mailstop P-02, Fort
Collins, CO 80521, USA; email: cgould@cdc.gov

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025


https://doi.org/10.1371/journal.pone.0075670
https://doi.org/10.1371/journal.pone.0075670
https://doi.org/10.1001/jama.2021.15161
https://doi.org/10.1086/591467
https://doi.org/10.1128/CVI.00233-07
https://doi.org/10.1038/s41579-024-01026-0
https://doi.org/10.1038/s41579-024-01026-0
https://doi.org/10.3201/eid1205.051287
https://doi.org/10.3201/eid1205.051287
https://doi.org/10.1016/S0140-6736(01)05480-0
https://doi.org/10.1017/S0950268816000042
https://doi.org/10.1093/oxfordjournals.aje.a120807
https://doi.org/10.1056/NEJM199706263362604
https://doi.org/10.1016/j.cveq.2022.11.007
https://doi.org/10.1111/trf.17851
https://doi.org/10.1111/trf.17851
https://doi.org/10.3201/eid2502.181288
https://doi.org/10.3201/eid2502.181288
https://doi.org/10.3201/eid2502.181286
https://doi.org/10.3201/eid2502.181286
https://doi.org/10.4269/ajtmh.21-1234
https://doi.org/10.1056/NEJMoa030969
https://doi.org/10.4269/ajtmh.2004.71.3.0700268

Highly Pathogenic Avian Influenza
A(H5N1) Outbreak in Endangered
Cranes, lzumi Plain, Japan, 2022—-23

Mana Esaki,! Kosuke Okuya,* Kaori Tokorozaki, Yuko Haraguchi, Taichi Hasegawa, Makoto Ozawa

During the 202223 winter season, >1,500 endangered
cranes, including hooded cranes (Grus monacha) and
white-naped cranes (Grus vipio), were found debilitated
or dead in the Izumi Plain, Japan. Most of the cranes,
particularly those collected in November, were infected
with highly pathogenic avian influenza (HPAI) H5N1 vi-
ruses; virus shedding was higher from the trachea than
from the cloaca. The isolation rate from the cranes’ roost
water was not markedly higher than that of previous sea-
sons, suggesting that the viruses might be more effec-
tively transmitted among cranes via the respiratory route
than through feces. Most wild bird—derived H5N1 iso-
lates were phylogenetically distinct from viruses isolated
on nearby chicken farms, indicating limited relationship
between the wild bird and chicken isolates. Serologic
analyses suggested that herd immunity had little effect
on outbreak subsidence. This study deepens our under-
standing of the circumstances surrounding the unexpect-
ed HPAI outbreaks among these endangered cranes.

he Izumi Plain in Kagoshima Prefecture, Japan, is

an internationally important wetland registered
under the Ramsar Convention. It serves as a crucial
wintering site for <70% of the global population of
hooded cranes (Grus monacha) (1-3) and 20% of white-
naped cranes (Grus vipio) (1,2,4). To support the con-
servation of those endangered species, artificial wet
paddies are systematically established to provide
roosting areas every winter. The roosting sites are
also frequented by wild ducks, such as mallards (Anas
platyrhynchos) and Eurasian wigeons (Mareca penelo-
pe). Of note, wild waterfowl belonging to the orders
Anseriformes and Charadriiformes are known natu-
ral reservoirs of avian influenza viruses (AIVs) (5,6),
which raises concerns about possible transmission
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of AlVs to cranes through shared roost water. We es-
tablished efficient methods to isolate AIVs from the
roost water of cranes and have been monitoring AIVs
every winter season since 2012 (7-15).

We previously isolated highly pathogenic avian
influenza (HPAI) subtype H5 viruses from the roost
water of cranes and dead or debilitated cranes in the
Izumi Plain during the 2014-15, 2016-17, 2020-21, and
2021-22 winter seasons (12-15). Despite the frequent
isolation of HPAI viruses (HPAIVs) from the roost
water of cranes, only a few cranes were confirmed to
be infected with HPAI H5 virus. For example, dur-
ing the 2020-21 winter season, we isolated 29 HPAI
H5NS8 viruses from the roost water of cranes and con-
firmed 6 cases of HPAI H5NS infection in dead cranes
(13). Overall, our previous reports suggested that
endangered cranes have low susceptibility to HPAI
infection and that the viruses have been circulating
primarily among wild ducks in the Izumi Plain.

During the 2022-23 winter season, we encoun-
tered a large HPAI outbreak among the endangered
cranes in the Izumi Plain. More than 1,500 cranes, most
of which were hooded and white-naped cranes, died
likely because of HPAI H5N1 infection (16). Of note,
11 HPAI outbreaks on chicken farms were reported
from the Izumi Plain during the same winter season
(17), leading us to speculate that the HPAIVs circu-
lating among the endangered cranes may have acci-
dentally and repeatedly invaded the nearby chicken
farms. Here, we aimed to describe the details of the
unexpected HPAI outbreak among the wild birds in
the Izumi Plain, including the results of genetic and
serologic analyses of the isolated viruses.

Materials and Methods
Ethics Statement

We conducted this study in compliance with the Inter-
national Guiding Principles for Biomedical Research

These authors contributed equally to this article.
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Involving Animals, Japan's Act on Conservation of
Endangered Species of Wild Fauna and Flora, and the
regulations of the Kagoshima University Research
Ethics Committee. No animal experiments were con-
ducted as part of this study. Veterinary staff at the
crane observatory center collected swab samples for
analysis from wild cranes during the wintering pe-
riod. We carried out all handling procedures to mini-
mize stress and ensure the welfare of the animals.

Sample Collection

We collected tracheal and cloacal swab samples from
317 debilitated or dead wild birds (295 cranes and 22
other bird species) that were found in the [zumi Plain
during November 2022-April 2023. We suspended
the collected swab samples in BD Universal Viral
Transport Medium (BD, https://www.bd.com) and
stored at <4°C until further use.

We collected environmental water samples
weekly (50 mL/sample) from 2 crane roost sites, a
total of 14 spots/week, at the Izumi Plain, follow-
ing the same protocol as in the 2020-21 (13) and
2021-22 (18) winter seasons. We collected a total
of 196 samples during November 7, 2022-February
20, 2023 and stored them at <4°C until further use
(Appendix Figure 1, https:/ /wwwnc.cdc.gov/EID/
article/31/5/24-1410-Appl.pdf).

AlV Isolation

For AIV isolation, we filtered the collected swab sam-
ples through a 0.22-pm pore membrane (Sartorius,
https:/ /www .sartorius.com) and inoculated into the
allantoic cavity of 10-day-old embryonated chicken
eggs (2 eggs/sample), as described previously (8).
We isolated AIVs from the collected water samples as
described previously (14). In brief, we added chicken
red blood cells to roost water samples of cranes that
potentially contained AIVs and subsequently inocu-
lated those cells into the allantoic cavity of 10-day-old
embryonated chicken eggs (4 eggs/sample). We incu-
bated the inoculated eggs at 37°C for 2 days. We used
hemagglutination assay (8) to confirm AIV isolation.

AlV Gene Detection from Swab Samples

and Allantoic Fluids

We extracted RNA from swab samples and allantoic
fluids using the innuPREP Virus DNA/RNA Kit (An-
alytik Jena AG, https:/ /www.analytik-jena.com) and
used for influenza A viral gene detection via 1-step
real-time reverse transcription PCR RT-PCR with the
iTaq Universal SYBR Green One-Step Kit (Bio-Rad
Laboratories, https:/ /www.bio-rad.com) and primer
sets specific for the H5 hemagglutinin (HA), H7 HA,

938

and matrix (M) genes (10). To calculate gene copy
number from swab samples, we used plasmids (pCR-
Blunt II-TOPO; Thermo Fisher Scientific, https://
www.thermofisher.com) inserted with the M gene of
A/ California/04/2009 (HIN1) for constructing stan-
dard curves.

Targeted Sequencing of H5 HA Cleavage Site

We subjected the sample-derived RNAs in which the
H5 HA gene was detected to sequence the H5 HA
cleavage site to genetically evaluate viral pathogenici-
ty. Using H5 HA gene-positive samples as a template,
we amplified the H5 HA cleavage site through PCR
with the PrimeScript One-Step RT-PCR Kit Version
Two (TaKaRa Bio Inc., https:/ /www.takara-bio.com)
and a primary primer set specific for the full-length H5
HA gene; 5-CAGGGGTTCAMTCTGTCAAAATG-
GA-3' (H5-uni-f_mod) and 5-ACAAGGGTGTTTT-
TAACTACAATCTGA-3' (H5-uni-r_mod), followed
by nested PCR with the Tks Gflex DNA Polymerase
(TaKaRa Bio Inc.) and a secondary primer set;
5-AACGTGGAAGAATGGAYTTC-3' (H5_713F) and
5'-TGTCTGCAGCGTACCCACT-3' (H5_cle-1149R).
We determined nucleotide sequences of the cleavage
sites in the H5 HA gene through Sanger sequencing
(Azenta Inc., https:/ /www.azenta.com).

HA and NA Subtyping

To identify potential singular isolates from the allan-
toic fluids inoculated with the roost water samples
of cranes, we subjected the M gene-positive RNA
samples to additional scrutiny through real-time RT-
PCR with primer sets specific to the H1, H3, H4, Ho6,
and H10 HA genes; those genes have been frequent-
ly detected in the Izumi Plain since 2012 (13). RNA
samples that responded exclusively to a single HA
subtype-specific primer set were subjected to reverse
transcription using SuperScript IV reverse transcrip-
tion (Thermo Fisher Scientific) for complementary
DNA (cDNA) synthesis. cDNA served as the template
for conventional PCR-based HA and NA subtyping
using Tks Gflex DNA Polymerase (TaKaRa Bio Inc.),
along with a set of subtype-specific primer sets (19).

Comprehensive Sequencing of AlV Genes

Using AIV ¢cDNA as the template, we amplified each
gene segment using Tks Gflex DNA Polymerase and
KOD One PCR Master Mix-Blue (TOYOBO Co., Ltd.,
https:/ /www.toyobo-global.com), in conjunction
with gene segment-specific primer sets (20), through
conventional PCR. Subsequently, we determined the
nucleotide sequences of the open reading frames for
all viral gene segments through nanopore sequencing
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using the MinlON MKk1b system (Oxford Nanopore
Technologies, https://nanoporetech.com), as de-
scribed previously (21). In brief, we purified PCR am-
plicons and performed adaptor ligation using a direct
cDNA sequencing kit (Oxford Nanopore Technolo-
gies), along with a native barcoding expansion kit
(Oxford Nanopore Technologies). We conducted se-
quencing using the Flongle flow cells (Oxford Nano-
pore Technologies).

We generated consensus sequences for each gene
segment using Geneious Prime version 2021.1.1 (Bio-
matters Ltd, https:/ /www.geneious.com). The nucle-
otide sequences have been deposited in the GISAID
database (http://www.gisaid.org) (Table 1, Appen-
dix Tables 2, 3).

Phylogenetic Analyses

We conducted phylogenetic analysis on the nucleo-
tide sequences of viral gene segments obtained from
the isolates, along with their representative coun-
terparts retrieved from the GISAID database; the

Influenza A(HS5N1) Outbreak in Endangered Cranes

analysis captured the temporal and spatial distribu-
tion of AIVs. We aligned the sequences using the
MUSCLE program (22) and constructed phylogenetic
trees for each viral gene using the maximum-likeli-
hood method in MEGA 7 software (23) with a boot-
strapping set of 1,000 replicates.

Hemagglutination Inhibition Assay

We evaluated neutralizing antibody titers against
HPAI H5 viruses using hemagglutination inhibition
(HI) assays as described in the World Health Organi-
zation standards (24). We treated 30 crane serum sam-
ples with receptor destroying enzyme (Denka-Seiken,
https:/ /www.denka.co.jp), according to the manufac-
turer’s instructions. Those samples were collected from
the debilitated or dead wild cranes found in the Izumi
Plain during November 2021-March 2023 (Appendix
Table 4). For the viral antigens, we selected 5 geneti-
cally diverse HPAI H5 viruses isolated from the Izumi
Plain: A/hooded crane/Kagoshima/KU-106/2021
(H5N8) (G1 group), A/hooded crane/Kagoshima/

Table. HI titers for HA antigen in serum samples of cranes tested for influenza A, Izumi Plain, Japan*

HA antigen titer

A/hooded A/hooded

Alcrane/Kagoshima A/Environment/Ka A/hooded

Genetic crane/Kagoshima/K crane/Kagoshima/K /KU-93/2021 goshima/KU- crane/Kagoshima/K
Crane testing for  U-106/2021 (H5N8) U-5T/2021 (H5N8) (H5N8) B20/2021 (H5N1) U-105/2022 (H5N1)
sample HPAI H5N1 G1 group G2a subgroup G2a subgroup G2b subgroup G2c subgroup
2021-22
21-8 Neg ND ND ND 4 ND
21-11 Neg ND ND ND ND ND
21-14 Neg 8 ND ND 4 4
21-15 Neg ND ND ND ND ND
21-21 Neg ND ND ND ND ND
21-19 Neg ND ND ND ND ND
21-20 Neg ND ND ND ND ND
21-10 Neg ND ND ND ND 4
21-36 Neg ND ND ND ND ND
21-38 Neg ND ND ND ND ND
21-51 Neg ND ND ND ND ND
21-52 Neg ND ND ND ND ND
21-53 Neg ND ND ND ND ND
2022-23
22-105 Pos 4 ND ND 8 8
22-151 Pos 8 4 4 8 16
22-152 Pos ND ND ND 8 8
22-265 Neg ND ND ND ND ND
22-272 Pos 4 ND ND 4 4
22-278 Neg ND ND ND ND ND
22-280 Neg ND ND ND ND ND
22-281 Neg ND ND ND ND ND
22-282 Neg ND ND ND ND ND
22-283 Neg ND ND ND ND ND
22-285 Neg ND ND ND ND ND
22-286 Neg ND ND ND ND ND
22-287 Neg 8 8 4 16 16
22-288 Neg 8 4 ND 16 16
22-289 Neg ND ND ND ND 4
22-313 Neg ND ND ND ND ND
22-318 Neg ND ND ND ND ND

*HI, hemagglutination inhibition; HPAI, highly pathogenic avian influenza; ND, specific antibody was not detected (detection limit: 4 HI titer); Neg,

negative; Pos, positive.
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KU-5T/2021 (H5N8) (G2a subgroup), A/crane/Ka-
goshima/KU-93/2021 (H5N8) (G2a subgroup), A/
environment/Kagoshima/KU-B20/2021 (H5N1) (G2b
subgroup), and A/hooded crane/Kagoshima/KU-
105/2022 (H5N1) (G2c subgroup) (7,13,14).

Results

Large-Scale Mortality of Endangered Cranes
in the Izumi Plain

During the 2022-23 winter season, 1,425 hooded
and 79 white-naped cranes were found debilitated or
dead in the Izumi Plain (Appendix Table 1). The peak
daily collection number reached 92 cranes on Novem-
ber 18, 2022 (Figure 1, panel A). The number of col-
lected cranes gradually decreased; daily collections
averaged <10 cranes from mid-December onward.
We collected swab samples from 295/1,504 cranes
and subjected them to genetic testing for influenza A
viral M and H5 HA genes. We further analyzed the
H5 HA-positive samples by sequencing the H5 HA
cleavage site, revealing that 170 (57.6%) cranes tested
positive for HPAI H5N1 viruses (Figure 1, panel B).
Although most (132/138 [95.7%]) of the samples col-
lected in November were positive for HPAI H5N1
viruses, the positivity ratio began to decrease in sam-
ples collected in December (Figure 2). Of note, a swab
sample collected on March 20, 2023, tested positive,
indicating the circulation of HPAIVs by the end of the
winter season in the Izumi Plain.

To isolate HPAI viruses from the samples that
tested positive for HPAI H5N1, we inoculated all
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swab samples from the 170 cranes into embryonated
chicken eggs. We isolated 136 HPAI H5N1 viruses
from the swab samples (Appendix Table 1).

HPAI H5N1 Virus Shedding of in Endangered Cranes
To compare oral and cloacal virus shedding from the
HPAI H5N1-infected cranes, we measured numbers
of copies of influenza A viral M gene in their tracheal
and cloacal swab specimens individually. However,
we combined the tracheal and cloacal swab speci-
mens collected from the same cranes before analysis
beginning November 22, 2022, because of the dras-
tic increase in the number of cases and shortage of
equipment. In total, we tested tracheal and cloacal
swab samples from 86 cranes collected during No-
vember 1-21, 2022, in this study (Figure 3; Appen-
dix Table 2, Figure 2). In addition, we included RNA
extracted from the swab samples of 7 HPAl-infected
cranes from previous seasons as comparison controls
(13,14). We found that the gene copy numbers in tra-
cheal swab samples were significantly higher than
those in cloacal swab samples during the 2022-23
season, as confirmed by a paired t-test (p<0.05); how-
ever, we observed no significant difference during the
2020-21 and 2021-22 seasons (Figure 3). Our results
suggest that virus shedding in the cranes was more
pronounced in the trachea than in the cloaca.

Limited Number of HPAI Virus Isolates from

Roost Water

A total of 53 of 196 allantoic fluid samples acquired
from the eggs inoculated with roost water samples of

Figure 1. Numbers of collected
cranes in the Izumi Plain, Japan,
and the samples subjected to
genetic testing for influenza A viral
matrix (M) and H5 hemagglutinin
(HA) genes during the 2022-23
winter season. A) Number of
debilitated and dead cranes
collected in the Izumi Plain per day.
B) Number of cranes subjected to
genetic testing for influenza A viral M
and H5 HA genes per day.
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cranes tested positive for influenza A viral M gene.
We identified HA genes of multiple subtypes, includ-
ing the H5 genes, in 15/53 samples; we excluded
those 15 samples from further genetic analyses. Ge-
netic analyses of the HA and NA genes revealed that
the remaining 38 AIVs were singular isolates; we clas-
sified 24 as subtype H5N1, 8 as H3NS, and 6 as HION6
(Appendix Table 3). Despite the large HPAI H5N1
outbreak among the endangered cranes, the number
of HPAIV isolates from the roost water of cranes dur-
ing the 2022-23 season was not markedly higher than
that in previous seasons; we identified 107 (42.46%)
HPAIV-containing isolates out of 252 samples dur-
ing the 2020-21 season (13) and 29 (14.80%) HPAIV-
containing isolates out of 196 samples during the
2021-22 winter season (18) (Figure 4). The ratio of
HPAIV-containing isolates during the 2022-23 sea-
son (37/196 [18.88%] samples) was significantly low-
er than that in the 2020-21 season (p<0.05 by y test);
no significant difference was observed between the
2022-23 and 2021-22 seasons. Those results suggest
that virus shedding from the HPAIV-infected cranes
into environmental water was minimal. Furthermore,
considering that virus shedding in the cranes was
more evident in the tracheal swab than in the cloacal
swab samples, HPAI H5N1 viruses might be effec-
tively transmitted via the respiratory route among the
cranes, rather than through waterborne transmission.

AlV Isolation from Other Bird Species
We isolated 2 HPAI H5N1 virus strains, A/north-
ern pintail/Kagoshima/KU-64/2022 (H5N1) and

Influenza A(HS5N1) Outbreak in Endangered Cranes

Figure 2. Monthly rate of highly pathogenic avian influenza
A(H5N1) infection among tested cranes in the Izumi Plain, Japan,
2022-23 winter season.

A/black kite/Kagoshima/KU-140/2022 (H5N1),
and 1 low pathogenicity avian influenza (LPAI)
H11N9 virus, A/mallard/Kagoshima/KU-
131/2022 (H11N9), from 22 wild birds other than
cranes collected in the Izumi Plain (Appendix Table
2). The results indicated that HPAI H5N1 viruses
were spread not only among cranes but also among
other species of wild birds in the Izumi Plain dur-
ing the 2022-23 season.

Detection of Multiple Genotypes of HPAI H5N1 Viruses
We phylogenetically genotyped the HPAI H5N1 iso-
lates for genetic characterization of each gene segment
(Appendix Table 5); we constructed phylogenetic
trees for representative H5N1 isolates from each gen-
otype (Figure 5; Appendix Figure 3). We categorized
the HA genes of the H5N1 isolates, except those of
A/hooded crane/Kagoshima/KU-40/2022 (H5N1),
into the G2c subgroup (Figure 5, panel A). The HA
gene of A/hooded crane/Kagoshima/KU-40/2022
(H5N1) formed a cluster with HPAI H5 viruses

Figure 3. Box-and-whisker

plot showing the distribution

of copy numbers of the avian
influenza virus (AlV) matrix

(M) gene in swabs from AIV
gene—positive cranes from

the 2022-23 winter season
compared with the combined
2020-21 and 2021-22 seasons
in the Izumi Plain, Japan. We
used RNA extracted from each
AlV gene—positive swab sample
for quantifying the copy number
of the AIV M gene using real-
time reverse transcription PCR.
Boxes represent interquartile
ranges; horizontal lines inside
boxes indicates median; whiskers
indicate maximum and minimum
values. We evaluated significant
differences between groups

by paired t-test; p<0.05 was
considered statistically significant.
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Figure 4. Avian influenza virus
(AlV) isolation from roost water

of cranes in the Izumi Plain,
Japan. Weekly representation
illustrates the numbers of AlV-
positive allantoic fluid samples
during the 2020-21 (A) (13),
2021-22 (B) (18), and 2022-23
(C) winter seasons. Bars show
AlV isolates containing HPAIV H5
and those containing LPAIV. The
weekly chart displays the number
of AlV-positive allantoic fluid
samples. HPAIV, highly pathogenic
avian influenza virus; LPAIV, low
pathogenicity avian influenza virus.
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mainly isolated from chicken farms in Japan, in-
cluding 9 farms in the Izumi Plain (https://www.
maff.go.jp/j/syouan/douei/tori/220929.html#2)
(25), during the 2022-23 winter season and was cat-
egorized into the G2b subgroup (Figure 5, panel A).
Those results indicate that HPAI H5N1 virus strains
circulating among the crane population were geneti-
cally distinct from those isolated from chicken farms,
suggesting that the invasion of HPAIV in the farms
was not attributable to the crane species.

Genetic analyses revealed that the N1 NA genes
could be classified into 2 genetic clusters, N1-I and
N1-II (Figure 5, panel B). Similarly, we classified
the PB2, NP, and NS genes into 6 genetic clusters,
the PB1 and PA genes into 7 genetic clusters, and
the M gene into 5 genetic clusters (Appendix Ta-
ble 5, Figure 3). According to the genetic clusters
of the remaining 6 gene segments, we classified

942

HPAI H5NT1 virus strains isolated in this study into
13 genotypes (H5N1-I to -XIII) (Appendix Table 5).
Furthermore, genetic analyses of LPAI viruses re-
vealed that 4 genotypes of H3N8 (H3N8-I to -1V)
and 2 genotypes of H10N6 (H10N6-I and -II) were
introduced into the Izumi Plain during the 2022-23
winter season (Appendix Table 5, Figure 4). We
found that multiple genotypes of H5N1 HPAIVs
were introduced into the Izumi Plain in the early
winter season. Of note, the PA gene of A/hooded
crane/Kagoshima/KU-38/2022 (H5N1), whose
HA gene was categorized to the G2c subgroup,
was almost identical to that of A/hooded crane/
Kagoshima/KU-40/2022 (H5N1), whose HA gene
was categorized into the G2b subgroup (Appendix
Figure 3, panel C). Those results suggest that a ge-
netic reassortment event occurred among the H5N1
HPAIVs circulating in the Izumi Plain.
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Figure 5. A portion of the
phylogenetic tree of H5
hemagglutinin (HA) genes
from avian influenza virus
gene—positive cranes from the
2022-23 winter season in the
Izumi Plain, Japan, compared
with reference sequences.
Tree was constructed using
the maximum-likelihood
method with a bootstrapping
set of 1,000 replicates. Circles
indicate isolates from wild birds
and cranes’ roost water during
the 2022-23 winter season.
Squares indicate isolates from
chickens during the same
season. Triangles indicate H5
HA genes of highly pathogenic
avian influenza viruses used
for the hemagglutination
inhibition assay. Scale

bar indicates nucleotide
substitutions per site. An
expanded figure showing the
full tree is available online
(https://wwwnc.cdc.gov/EID/
article/31/5/24-1410-F5.htm).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 5, May 2025 943



RESEARCH

Figure 6. A portion of the phylogenetic tree of N1 neuraminidase (NA) genes from avian influenza virus gene—positive cranes from the
2022-23 winter season in the Izumi Plain, Japan, compared with reference sequences. Tree was constructed using the maximum-
likelihood method with a bootstrapping set of 1,000 replicates. Nodes with bootstrap values >90% are shown. Circles indicate

isolates from the 2022—-23 winter season. Triangles indicate H5 NA genes of highly pathogenic avian influenza viruses used for the
hemagglutination inhibition assay. Scale bar indicates of nucleotide substitutions per site. An expanded figure showing the full tree is
available online (https://wwwnc.cdc.gov/ElID/article/31/5/24-1410-F6.htm).
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HI Titer against H5 HPAIVs in Crane Serum
To assess herd immunity against HPAIV infection
among endangered cranes, we measured antibody
titers using HI assay in 30 crane serum samples: 13
serum samples collected during the 2021-22 winter
season and 17 serum samples collected during the
2022-23 winter season (Appendix Table 4). Of note,
14/17 serum samples were collected during Janu-
ary-February 2023, after the large outbreak of HPAI
H5NT1 infection in the Izumi Plain. Among 17 cranes
from which serum samples collected during the 2022~
23 winter season, 4 cranes (i.e., cranes 22-105, 22-151,
22-152, and 22-272) had been confirmed to be infected
with H5N1 HPAIV. We selected 5 phylogenetically
distant HPAI H5 viruses as viral antigens: A/hooded
crane/Kagoshima/KU-106/2021 (H5N8) from G1
group, A/hooded crane/Kagoshima/KU-5T/2021
(H5NS8) from G2a subgroup, A/crane/Kagoshima/
KU-93/2021 (H5N8) from G2a subgroup, A/environ-
ment/Kagoshima/KU-B20/2021 (H5N1) from G2b
subgroup, and A/hooded crane/Kagoshima/KU-
105/2022 (H5N1) from G2c subgroup (Figure 5).

We detected specific antibodies against >1 HPAI
HS5 viruses in 3 (23.1%) of 13 serum samples collected
during the 2021-22 winter season and in 7 (41.2%) of
17 samples from the 2022-23 winter season (Table 1).
Although the antibody-positive rate in crane serum
samples collected during the 2022-23 winter season
was higher than that for samples collected during the
2021-22 winter season, it was unexpectedly lower
even after the large HPAI outbreak (26-28). Those
results suggest the limited contribution of herd im-
munity to the subsidence of the outbreak among en-
dangered cranes.

Discussion
We report a large HPAI outbreak among endangered
cranes. In total, 1,504 debilitated or dead endangered
cranes were collected during the 2022-23 winter sea-
son in the Izumi Plain, Japan (Figure 1, panel A). We
confirmed that most of the debilitated or dead cranes,
particularly those collected in November (95.7%),
were infected with H5N1 viruses (Figure 1, panel B).
In wild ducks, LPAI viruses mainly replicate in
the intestine and are thus shed in the feces (5,6). Envi-
ronmental water contaminated with the feces of wild
ducks has been effectively used for AIV surveillance
in the Izumi Plain since 2012 (10,11,13,14,18,29). Dur-
ing the 2022-23 winter season, we isolated 24 HPAI
H5NT1 virus strains from the roost water of cranes
(Appendix Table 3). Despite the large outbreak of
HPAI H5N1 among endangered cranes, the number
of water HPAI isolates during the 2022-23 winter
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season was not markedly higher than that in previous
seasons (Figure 4). In addition, the gene copy num-
bers of HPAIVs in tracheal swabs from the infected
cranes were higher than those in cloacal swabs (Fig-
ure 3), indicating high virus shedding in the respira-
tory tracts. Overall, these findings suggest that HPAI
H5NT1 circulating among the endangered cranes dur-
ing the 2022-23 season might have been transmitted
more efficiently via the respiratory route rather than
through environmental water.

We isolated 162 HPAI H5N1 viruses of the G2c
subgroup from wild birds and roost water of cranes
during the 2022-23 winter season; we categorized 1
isolate, A/hooded crane/Kagoshima/KU-40/2022
(H5N1), in the G2b subgroup. Of note, all HPAIVs
isolated from 9 chicken farms in the Izumi Plain dur-
ing the 2022-23 winter season belonged to the G2b
subgroup (Figure 5, panel A) (22). Those results sug-
gest that the HPAI outbreaks in the chicken farms in
the Izumi Plain are not closely associated with the
HPAIVs circulating among nearby wild birds. Al-
though our findings do not diminish the importance
of wild birds as a major source of HPAIVs causing
outbreaks on chicken farms (29), further studies are
urgently needed to identify other factors contributing
to HPAIV invasion in chicken farms.

Phylogenetic analyses revealed that the H5 HA
gene of the G2c subgroup was located on a lower
branch of the G2e subgroup (Figure 5, panel A), indi-
cating that the H5 HPAIVs of G2c subgroup are prog-
eny viruses of the G2e subgroup, which had caused
large-scale mortality of common cranes (Grus grus)
in Israel in 2021 (https://www.woah.org/app/up-
loads/2022/01/hpai-situation-report-20220117.pdf).
Although specific factors affecting the pathogenicity
and transmissibility of HPAI H5 in crane species re-
main unclear, the H5 subtype of G2e and G2c sub-
groups may share genetic background related to high
mortality rates in crane species.

Serologic analyses revealed that only 41.2% of
crane serum samples collected during the 2022-23
winter season were seropositive for HPAI H5 circu-
lating in the same crane populations after the large
HPAI outbreak in that season (Table 1). A limita-
tion of our study is that the sample size was insuf-
ficient and the samples might contain potential bi-
ases. Nevertheless, the results suggest that the HPAI
H5 outbreak among cranes has not subsided because
of herd immunity resulting from widespread infec-
tion in the Izumi Plain. One possible factor contrib-
uting to the low seropositive rate is the dispersal of
dense crane gatherings at their roosts around mid-
November, which likely reduced opportunities for
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uninfected birtds to contract the infection. Therefore,
the potential for another HPAI H5 outbreak among
endangered cranes remains. Preventive measures, in-
cluding intentional dispersal of crane wintering sites
to avoid excessive concentration of birds in a single
location (30-33), are urgently needed to protect the
endangered cranes in the Izumi Plain.

In conclusion, HPAI H5N1 viruses caused large-
scale mortality of endangered cranes, including
hooded cranes and white-naped cranes, in the Izumi
Plain of Japan during the 2022-23 winter season. Our
findings suggest that H5N1 circulated mainly via the
respiratory route, but not the environmental water-
borne route, among the endangered cranes. Most of
the HPAIVs circulating in wild birds were geneti-
cally distant from those isolated from chicken farms.
In addition, the endangered crane populations have
not developed herd immunity against H5N1. Our
study provides new insights into understanding the
circumstances surrounding HPAI H5N1 outbreaks
among endangered cranes and could help in their
conservation.
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Metagenomic Identification of
Fusarium solani Strain as Cause
of US Fungal Meningitis Outbreak
Associated with Surgical
Procedures in Mexico, 2023

Charles Y. Chiu, Venice Servellita, Mikael de Lorenzi-Tognon, Patrick Benoit, Nanami Sumimoto,
Abiodun Foresythe, Filipe M. Cerqueira, Natalie Williams-Bouyer, Ping Ren, Lauren Nicholas S. Herrera,
David C. Gaston, Leanna Sayyad, Shannon L. Whitmer, John Klena, Holenarasipur R. Vikram,
Jeremy A.W. Gold, Lalitha Gade, Lindsay Parnell, Elizabeth Misas, Tom M. Chiller, Isabel S. Giriffin,
Sridhar V. Basavaraju, Dallas J. Smith, Anastasia P. Litvintseva, Nancy A. Chow

We used metagenomic next-generation sequencing
(mNGS) to investigate an outbreak of Fusarium solani
meningitis in US patients who had surgical procedures
under spinal anesthesia in Matamoros, Mexico, during
2023. Using a novel method called metaMELT (metage-
nomic multiple extended locus typing), we performed
phylogenetic analysis of concatenated mMNGS reads
from 4 patients (P1-P4) in parallel with reads from 28
fungal reference genomes. Fungal strains from the 4

hole-genome sequencing (WGS) of pathogens,

including viruses, bacteria, and fungji, is a vital
tool for detecting and investigating outbreaks (1-3).
In addition to providing definitive identification of
the causative organism, WGS can be used to construct
phylogenetic trees, which in turn can be used to de-
tect more cases, resolve disease transmission patterns,
and identify potential outbreak sources. However,
conventional WGS depends on the ability to grow the
pathogen in culture. For fastidious organisms such
as mycobacteria, fungi, and some viruses, successful
culturing is often difficult and slow; growth of the
organism requires weeks to months and sometimes

patients were most closely related to each other and to
2 cultured isolates from P1 and an additional case (P5),
suggesting that all cases arose from a point source
exposure. Our findings support epidemiologic data im-
plicating a contaminated drug or device used for epi-
dural anesthesia as the likely cause of the outbreak. In
addition, our findings show that the benefits of mMNGS
extend beyond diagnosis of infections to public health
outbreak investigation.

is not possible at all. To bypass the requirement for
culture, techniques such as multilocus sequence typ-
ing/multilocus sequence analysis (MLST/MLSA)
have been developed, whereby specific regions of the
microbial genome (loci) are targeted for PCR amplifi-
cation directly from primary clinical material (4,5). A
key limitation of MLST/MLSA, however, is the need
to have the target organism identified, loci defined,
and primers at hand a priori. Thus, MLST/MLSA is
typically not useful for immediate outbreak situa-
tions caused by rare or unexpected pathogens.
Metagenomic next-generation sequencing (mINGS)
is an agnostic diagnostic method with the potential to
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identify any pathogen, whether bacterial, viral, para-
sitic, or fungal, on the basis of shotgun sequencing of
DNA or RNA (6). The use of mNGS testing from clini-
cal samples has been shown to increase diagnostic yield
and provide actionable results in multiple prospective
studies (7-11). In addition, mNGS has proven to be an
invaluable tool for identifying and initially character-
izing emerging pathogens, such as SARS-CoV-2 (12).
However, the use of mNGS to date has been mainly
focused on pathogen detection for clinical diagnostic
purposes, rather than outbreak investigation, because
coverage of the pathogen genome recovered by mNGS
is generally sparse and uneven.

On May 8, 2023, the Centers for Disease Control
and Prevention (CDC) Emerging Infections Network
reported cases of suspected fungal meningitis in US
patients who had undergone surgical procedures
performed under epidural anesthesia in the city of
Matamoros in Durango state, Mexico (13). Using
clinical mNGS testing, the University of California,
San Francisco (UCSF), clinical microbiology labora-
tory reported identification of Fusarium solani spe-
cies complex in cerebrospinal fluid from an affected
patient (P1) with probable fungal meningitis in the
United States on May 28, 2023 (14). That initial case
and additional cases were subsequently confirmed in-
dependently by panfungal PCR followed by sequenc-
ing of the amplicon to confirm detection of F. solani
(13). During the outbreak, a total of 184 patients in 22
US states were identified as persons potentially ex-
posed, among whom 24 were identified with fungal
meningitis and 12 died, mainly from severe vascular
complications (13,15). Here, we describe a novel ana-
lytic technique called metaMELT, or metagenomic
multiple extended locus typing, as a tool for simulta-
neously diagnosing infections and characterizing the
interrelatedness of F. solani strains in patients from
the Matamoros outbreak.

Methods

Human Sample Collection and Processing
Cerebrospinal fluid (CSF) samples from 5 patients
(P1-P5) in the Matamoros outbreak were available for
analysis. A CSF sample from patient P1 was sent to the
UCSF Clinical Microbiology Laboratory for CSF mNGS
testing and was processed and sequenced as previ-
ously described (16). Residual CSF, plasma, and brain
tissue biopsy samples from patients P1-P4 were also
processed and sequenced using mNGS. Cultures of F.
solani were also obtained from P1 and P5 CSF samples.
For P1-P4 samples, we extracted DNA by us-
ing the MagMAX Viral/Pathogen II (MVP II)

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 5, May 2025
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Nucleic Acid Isolation Kit (Thermo Fisher Scientific,
https:/ /www.thermofisher.com) and the King-
Fisher Flex Purification System with a 96 deep-well
head (Thermo Fisher Scientific). We loaded the ex-
tracted DNA on the MagicPrep NGS instrument
(Tecan Genomics, Inc., https://www.tecan.com) to
undergo end repair, adaptor ligation and barcod-
ing, amplification (25 cycles), and purification. We
enriched some of the libraries for microbial DNA
by using DepleteX (Jumpcode Genomics, https://
www .jumpcodegenomics.com), an early release of a
CRISPR-based human DNA depletion kit, according
to the manufacturer’s specifications. That kit lever-
ages Cas9 depletion and exonuclease activity to effi-
ciently remove human DNA from samples with high
human content.

CRISPR-based host depletion increased the
number of Fusarium-specific reads in the P1 CSF
DNA library from 13 to 223 (16.4-fold enrichment
increase), corresponding to an increase of 1.5 to 2.4
reads per million (RPM), a 1.6-fold enrichment in-
crease. In the P3 plasma DNA library, the number
of reads decreased from 60 to 36 after enrichment,
but that decrease corresponded to an RPM increase
from 0.12 to 0.16 (1.3-fold enrichment increase). We
quantified and normalized the libraries by using the
Qubit dsDNA HS Assay on the Qubit Flex (Thermo
Fisher Scientific). We sequenced final pooled librar-
ies as single-end reads on the NextSeq 550 (Illumina,
https:/ /www.illumina.com) by using the High-
Output Kit or the NovaSeq Kit (Illumina) at
150 cycles.

F. solani WGS

We performed WGS of 18 F. solani isolates, including
isolates cultured from 2 patients (P1 and P5) in the
Matamoros outbreak as follows. We extracted DNA
by using the DNeasy Blood and Tissue kit (QIA-
GEN, https:/ /www.qiagen.com), and then used the
NEBNext Ultra DNA Library Prep kit (New England
Biolabs, https://www.neb.com) to construct DNA
fungal genomic libraries for Illumina sequencing.
We sequenced the isolate from patient P1 (genome
B27264) on the Illumina MiSeq (250-bp paired-end
sequencing, or 500 cycles). We sequenced the isolate
from patient P5 (genome B27166) and 16 additional F.
solani genomes unrelated to the Matamoros outbreak
by using the NovaSeq 6000SP Reagent Kit (Illumina)
at 500 cycles.

Bioinformatic Methods

We used the SURPI+ computational pipeline version
1.0.0 (https:/ / github.com/chiulab/SURPI-plus-dist),
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run as a container on either a secure server or cloud
infrastructure, to identify pathogens from mNGS
data (16,17). We preprocessed reads by trimming
adapters and removing low-complexity and low-
quality sequences and then performed computational
subtraction of human reads by using SNAP version
1.0 (16) and Bowtie2 version 2.3.2 GTCh38/hg38
build (https://sourceforge.net/ projects/bowtie-bio)
to align and exclude reads mapping to the human ge-
nome. We aligned the remaining nonhuman reads to
microbial reference sequences in the National Center
for Biotechnology Information (NCBI) nucleotide da-
tabase (https://www.ncbi.nlm.nih.gov/nucleotide;
March 2019 build) using the SNAP nucleotide aligner
(18). We performed filtering and taxonomic classifica-
tion algorithms to remove spurious hits and classify
each read at the species, genus, or family level, as pre-
viously described (16).

We further analyzed CSF mNGS reads from P1
by nucleotide BLASTn (https://blast.ncbi.nlm.nih.
gov) alignment to the genome of an F. solani reference
strain (ATCC strain no. MYA-4622) with an E-value
of 1 x 107® and the remaining parameters set to corre-
sponding default values (19). We visualized mapped
reads by using Ensembl Fungi (20). Among the 28 F.
solani cultured isolates included in the analysis, 10
were from genomes downloaded from GenBank. For
the other 18 newly sequenced isolates, we obtained
draft genomes by de novo assembly of raw reads us-
ing the SPADES genome assembler version 3.15.4 at
default parameters (21).

We wrote Linux scripts and code to perform the
metaMELT method for each patient as follows. For
reads from patients P1-P4 identified as F. solani in
SURPI+, we trimmed to the desired length and suc-
cessively aligned reads by using BLASTnata 1 x 107

E-value cutoff for each of the 28 F. solani reference
genomes, including the assembled genomes from P1
and P5. If an alignment was successful, we extracted
the mapped region corresponding to the read from
the reference genome; otherwise, the system gener-
ated a synthetic dummy read consisting of a stretch
of Ns (ambiguous nucleotides). We then concatenat-
ed reads from all 4 patients and the corresponding
mapped regions in each reference genome by using
a 50-bp spacer of Ns to separate each read or region.
We performed multiple sequence alignment of the
concatenated sequences by using MAFFT version
7.388 (22) and the following parameters: FFT-NS-2
algorithm, 200 PAM/k = 2 scoring matrix, gap open
penalty = 3, and offset value = 0.123. We then con-
structed phylogenetic trees by using PhyML 3.0 (23)
and substitution model TN93 with SH-like branch
supports, in Geneious version 11.1.5 (24).

Inclusion and Ethics

Sequencing data from clinical CSF mNGS testing and
deidentified residual samples from hospitalized pa-
tients who were part of the F. solani outbreak were
analyzed under protocols approved by the UCSF
institutional review board (protocol no. 11-05519).
Clinical and demographic patient-level data were not
collected because that information was not consid-
ered relevant to this study. All patients with sufficient
remaining volume of residual samples were included
in the study.

Results

We used clinical CSF mNGS testing and SURPI+ anal-
ysis to diagnose F. solani infection in case P1. Among
the 8.7 million reads that we recovered from CSF,
13 (0.00015%) aligned most closely to the genome of

Figure 1. Identification of Fusarium solani in CSF from a patient with fungal meningitis associated with surgical procedures in
Matamoros, Mexico, 2023. A) Heat map of 13 mNGS CSF reads from patient P1 showing reads aligning to Nectria hematococca, the
anamorph of F. solani. That initial detection triggered a Centers for Disease Control and Prevention notification recommending testing
for all patients in the outbreak who might have been exposed (14). B) Mapping of the 18 total Fusarium spp. mNGS reads recovered
from patient P1 to the F. solani reference genome (ATCC MYA-4622). Arrows indicate the mapped positions of the 18 reads. CSF,
cerebrospinal fluid; MNGS, metagenomic next-generation sequencing; RPM(pp), reads per million (preprocessed).
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Nectria hematococca, the anamorph of F. solani (Figure
1, panel A). We did not observe any co-infections from
viruses, bacteria, or parasites. The default SURPI+
pipeline uses the GenBank nucleotide database for
its microbial reference database (16,17), which does
not contain any fungal whole-genome sequences. Be-
cause fungal whole-genome sequences are found in
the GenBank whole-genome shotgun database (25),
we used that database to align the mNGS reads di-
rectly to an F. solani reference genome (ATCC strain
no. MYA-4622) and identified an additional 5 fungal
reads. We found that the 18 total mapped F. solani
reads were distributed randomly across the ~53 Mb
genome (Figure 1, panel B).

We subsequently obtained more F. solani reads
from the P1 CSF sample by additional sequencing
and we also sequenced CSF, plasma, or brain tissue
from 3 more patients (P2, P3, and P4) in the Mat-
amoros outbreak who had PCR-confirmed F. solani
meningitis. To maximize recovery of F. solani reads,
we sequenced mNGS libraries both without and
with enrichment for microbial DNA using DepleteX,
although the level of enrichment was only 1.3-1.6
RPM using that kit. The total number of F. solani
reads recovered from each patient ranged from 263
to 187,773.

The number of fungal mNGS reads was not suf-
ficient to assemble the F. solani genome from any
single patient. To achieve 30% coverage, we esti-
mated that ~10.6 million 150-bp F. solani-specific
reads would need to be sequenced. The actual read
numbers and percent coverage achieved from CSF
mNGS from infected patients was extremely low;
the number of reads ranged from 263 to 187,773
and the coverage ranged from 0.0005% to 0.35% of
the fungal genome (Table 1). Thus, we developed
metaMELT as a tool to enable comparison of fun-
gal strains from individual patients using sparse
mNGS data. The metaMELT method involves first

Fusarium solani as Cause of Meningitis Outbreak

Table 1. Number of reads recovered from CSF, plasma, or brain
tissue from 4 patients used for identification of Fusarium solani
strain as cause of fungal meningitis US outbreak associated with
surgical procedures in Mexico, 2023*

Patient ID Location, USA Sample type (no. reads)
P1tf State 1 CSF (263)

P2t State 2 CSF (187,773)

P3t State 2 CSF (2,669), plasma (96)
P4 State 2 CSF (4), brain tissue (608)

*Reads were recovered by using mNGS. CSF, cerebrospinal fluid; ID,
identification; MNGS, metagenomic next-generation sequencing.
tNewly diagnosed case by mNGS testing of CSF.

fFatal case.

extracting the regions defined by randomly se-
lected mNGS reads from each patient sample from
their corresponding locations (loci) in all available
F. solani reference genomes (n = 28) (Figure 2). The
total number of extracted reads or loci is equal to
the product of the number of samples and the num-
ber of mNGS reads that are randomly selected from
each sample. After concatenating the extracted
reads, we performed phylogenetic analysis of the
concatenated sequences, with each sequence de-
rived from a single patient or a reference genome
(Figure 3).

By early 2024, only 10 complete F. solani reference
genomes were available for download in the GenBank
whole-genome shotgun database (Figure 4, panel A).
We performed de novo assembly on additional draft
genomes from 18 cultured F. solani isolates in the
CDC fungal biorepository from raw next-generation
sequence data and included those in the phylogenetic
analysis (Figure 4, panel B). Each draft genome con-
sisted of a series of contigs (26), ranging from 1,057
to 7,216 contigs (Table 2). Of note, 2 draft genomes,
B27264 from P1 and B27166 from P5, had been newly
assembled from cultured outbreak isolates; patient
P5 was part of the Matamoros outbreak for whom re-
sidual CSF was not available for mNGS. The accuracy
of phylogenetic analysis relied on polymorphisms be-
tween an outbreak strain or cultured isolate and each

Figure 2. Flowchart showing the metaMELT analysis workflow used for identification of Fusarium solani strain as cause of fungal
meningitis US outbreak associated with surgical procedures in Mexico, 2023. metaMELT (metagenomic multiple extended locus typing),
is a novel analytic technique for simultaneously diagnosing the infection and characterizing the interrelatedness of F. solani strains.
metaMELT uses the following steps: A) perform mNGS analysis of patient samples (i.e., cerebrospinal fluid, plasma, or brain tissue),
using the SURPI+ computational pipeline (https://github.com/chiulab/SURPI-plus-dist) to identify pathogens; B) identify F. solani reads;
C) map reads to the F. solani reference genome and then extract and concatenate; D) perform phylogenetic analysis on concatenated
sequences. SURPI, sequence-based ultra-rapid pathogen identification.
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Figure 3. Diagram of concatenation and alignment step of the metaMELT procedure (metagenomic multiple extended locus typing, a
novel analytic technique for simultaneously diagnosing the infection and characterizing the interrelatedness of Fusarium solani strains)
used for identification of F. solani strain as cause of fungal meningitis US outbreak associated with surgical procedures in Mexico, 2023.
The diagram shows concatenated metagenomic next-generation sequencing reads from 4 patients and the corresponding regions
extracted from reference genomes, which are aligned to by using MAFFT version 7.388 (22). This diagram demonstrates the steps

shown in Figure 2, panels C-D..

reference genome in the database and not on poly-
morphisms between individual strains or isolates, be-
cause the sparse mNGS reads recovered from the =53
Mb genome were unlikely to overlap.

We performed phylogenetic analysis of the con-
catenated sequences from P1-P4 and the 28 reference
genomes. To evaluate the flexibility of metaMELT for
different sample types, P1 and P2 included CSF reads,
P3 included only plasma reads (n = 96), and P4 includ-
ed mostly brain biopsy tissue reads (608 of 612 reads).
Each concatenated sequence consisted of 90 randomly
selected mNGS reads of 150-bp length because only 96
total plasma mNGS reads were available for patient
P3. The topology of the resulting tree revealed that the
F. solani strains from all 5 patients in the Matamoros
outbreak were positioned together in a single cluster
(Figure 4, panel A). To account for potential bias in the
phylogenetic estimates because of the high proportion
of ambiguous nucleotides in each of the concatenated
sequences from patients P1-P4 (27), we reran the phy-
logenetic analysis including only 1 patient at a time,
and all trees positioned the individual patient in the
same cluster (Figure 4, panels B-E).

Next, we assessed whether clustering of mNGS
reads from patients P1-P4 could still be visualized
if only 1 outbreak-related reference genome from
P5 was available for comparison or if no outbreak-
related reference genome was available. We ob-
served clustering of patients P1-P4 for both analyses
(Figure 5, panels A, B), albeit with 11 unrelated ge-
nomes assigned to the cluster if no outbreak-related
genome was included (Figure 5, panel B). Because
only a few reference genomes might be in the exist-
ing reference databases for a given target pathogen,
we then determined how the total number of avail-
able reference genomes affected patient clustering
by metaMELT. Despite inclusion of only 10 or 5 total
reference genomes, we still observed clustering of
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patients P1-P5 by phylogenetic analysis (Figure 5,
panels C, D).

Based on MLST/MLSA analysis of the concat-
enated ITS, rpb2, and tefl genes (28), the predicted
nucleotide pairwise identity between the 2 draft ge-
nomes from the Matamoros outbreak, B27264 (P1)
and B27166 (P5), was 96% (Appendix Figure 1, panel
A), and overall pairwise identities for the 28 refer-
ence genomes ranged from 89% to 96%. The high
pairwise identity between the P1 and P5 isolates and
positioning in the same subcluster by phylogenetic
analysis (Appendix Figure 1, panel B) supported
the notion of a single F. solani strain as the cause of
the outbreak. Of note, the larger cluster consisting
of an additional 11 genomes unrelated to the out-
break (Appendix Figure 1) was the same cluster that
included the concatenated mNGS sequences from
cases P1-P4 in all previous metaMELT phylogenetic
analyses (Figures 4, 5).

We sought to ascertain the effect of read lengths
and numbers on the clustering of the F. solani strains
from patients P1-P5 by metaMELT. All 4 sequenced
strains were correctly clustered at read lengths of
>100 bp and >40 mNGS reads (Appendix Figure 2,
panel A). To establish a quality control criterion for
metaMELT at the empirically determined 40-read
cutoff (Appendix Figure 2, panel A), we performed 20
bootstrap replicates in which we randomly sampled
and analyzed 40 100-bp reads from patients P1-P4 by
metaMELT. Phylogenetic trees from all 20 replicates
correctly positioned patients P1-P4 in the same clus-
ter (Appendix Figure 2, panel B).

Discussion

In this study, we used clinical mNGS testing to
identify F. solani in a patient from a fungal menin-
gitis outbreak associated with surgical procedures
in Matamoros, Mexico. We used a novel analytic
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Figure 4. Phylogenetic analysis of concatenated metagenomic next-generation sequencing reads from US patients from a fungal
meningitis outbreak associated with surgical procedures in Mexico, 2023. A) Phylogenetic trees showing clustering of strains from
patients P1-P5 (pink shaded region) within a subclade that also includes fungal genomes unrelated to the outbreak (dotted rectangle).
B-E) Phylogenetic trees of individual patients exhibiting similar topologies: B) P1; C) P2; D) P3; E) P4. Each patient is positioned in a
cluster containing the same reference genomes, including the 2 outbreak genomes recovered from patients P1 and P5. Outbreak reads
were mapped to corresponding regions from Fusarium solani reference genomes by using metaMELT (metagenomic multiple extended
locus typing, a novel analytic technique for simultaneously diagnosing the infection and characterizing the interrelatedness of F. solani
strains). Scale bars indicate nucleotide substitutions per site. P1-P5, patients 1-5.
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Table 2. Data from de novo assembly of 18 draft genomes used
for identification of Fusarium solani strain as cause of fungal
meningitis US outbreak associated with surgical procedures in
Mexico, 2023*

Total contig
Genome assembly  No. contigs length, bp N50, bp
B10740 2,589 50,517,664 489,689
B10927 3,421 49,206,550 371,903
B10983 3,198 57,260,205 506,490
B15100 2,250 49,683,915 842,580
B17986 3,037 47,958,675 381,199
B18090 5,155 60,209,829 470,869
B18091 6,769 59,741,266 458,563
B18313 1,448 51,560,784 467,209
B18339 2,419 55,485,754 565,856
B18386 1,781 52,521,438 575,687
B18421 7,187 59,392,883 357,605
B18478 7,244 56,253,777 441,893
B18854 2,695 54,697,765 562,797
B21339 2,532 55,305,429 898,025
B22247 2,284 56,659,172 747,616
B22248 1,071 51,606,190 538,696
B27166 2,186 53,744,553 512,232
B27264 2,262 54,164,081 802,132

*bp, base pairs; N50, shortest contig length that needs to be included to
cover 50% of the genome.

method, metaMELT, to leverage the mNGS data to
aid the public health investigation. The metaMELT
method is a powerful tool for species identification
and evaluation of the interrelatedness of outbreak
strains for pathogens that are difficult to culture.
Clinical samples from 4 infected patients (P1-P4)
and cultured isolates from P1 and another patient
from the outbreak (P5) clustered together by phy-
logenetic analysis, showing that the strains from all
5 patients are the same or closely related. Those re-
sults indicate a high likelihood that all 5 infections,
and, by extension, the US outbreak, originated from
a single point source. The results of the CDC epi-
demiologic investigation, taken together with our
findings, suggest a single point source and implicate
a contaminated drug or device used for epidural an-
esthesia, either at the site of manufacturing or from
breakdown of infection control practices at the clin-
ics, as the likely cause of the outbreak.

The minimum number of reads necessary for ac-
curate metaMELT analyses is dependent on multiple
factors, including the sequence diversity of the spe-
cies” genome, availability of closely related reference
genomes, and the quality and length of reads. Given
the high levels of sequence diversity and large num-
ber of potential outbreak pathogens, we propose an
empirically derived quality control criterion for in-
vestigation of interrelatedness of outbreak samples
that uses bootstrap sampling of randomly selected
mNGS reads and a >95% accuracy cutoff (i.e., at
least 19 of 20 trees with the correct topology) (Ap-
pendix Figure 2, panel B).
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The usefulness of metaMELT for analysis of the
Matamoros outbreak described is likely due in part
to the high sequence diversity of circulating Fusarium
species isolates. In a previously published interna-
tional outbreak of F. keratitis associated with contact
lens wear, 19 of 39 isolates tested had a unique multi-
locus genotype (29). For other pathogens with lower
genetic diversity, the usefulness of metaMELT may
be limited because determining the relatedness of
outbreak strains can be challenging. Another poten-
tial limitation of metaMELT is the need for enough
complete reference genomes in publicly available da-
tabases for comparison, which might not be the case
for rare or unusual pathogens.

Our study also extends the utility of mNGS
and subsequent metaMELT analyses to not only
agnostic diagnosis of infections in clinical settings
but also the monitoring and tracking of commu-
nicable diseases, which are relevant to infection
control, public health surveillance, and outbreak
investigation. To date, those activities have largely
relied on microbial WGS and phylogenetic analysis
of the assembled sequences. However, WGS can be
problematic because many atypical bacteria, fungi,
and viruses grow slowly in culture or do not grow
at all. The requirement for culture also inevitably
delays the generation of actionable results in time-
critical scenarios, such as outbreak investigation.
Targeted methods, such as tiled multiplex ampli-
con sequencing for viruses (30) and MLST/MLSA
for bacteria, parasites, and fungi (4,5,31,32), includ-
ing F. solani (28,33), can be applied in lieu of WGS-
based phylogenetic analysis. However, those ap-
proaches require that the pathogen be identified a
priori and depend on the assays being immediately
available at the time of identification, which is usu-
ally not the case with rare or unexpected pathogens
such as F. solani. Clustering and phylogeny inferred
from MLST/MLSA are also known to be inferior
for some organisms compared to more detailed
WGS analyses (34,35). Unlike WGS, metaMELT
can be useful with mNGS reads that can vary by
several orders of magnitude in number from sam-
ple to sample but typically produce very sparse
coverage of the genome. In addition, metaMELT
analysis enables the leveraging of mNGS data gen-
erated at the time of diagnosis and thus has the
potential of providing immediate and actionable
information to guide infection control and public
health efforts.

In summary, our mNGS findings support epide-
miologic data implicating a contaminated drug or de-
vice used for epidural anesthesia as a common point
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source and the likely cause of a F. solani meningitis ings show that mNGS could have benefits that extend
outbreak in US patients associated with surgical pro- beyond diagnosis of infections to more broadly assist
cedures in Matamoros, Mexico. In addition, our find- in outbreak investigations.

Figure 5. Effect of number of reference genomes on performance of metaMELT (metagenomic multiple extended locus typing, a novel
analytic technique for simultaneously diagnosing the infection and characterizing the interrelatedness of Fusarium solani strains) for
identification of F. solani strain as cause of fungal meningitis US outbreak associated with surgical procedures in Mexico, 2023. A, B)
metaMELT phylogenetic trees that include mNGS reads from patients P1-P4 are shown with and without outbreak-related genomes:
A) only 1 outbreak-related reference genome from P5; B) tree without any outbreak-related reference genomes. Note the clustering of
patients P1-P4 (pink shaded regions) even in the absence of an outbreak-related reference genome. C, D) metaMELT phylogenetic
trees that include mNGS reads from patients P1-P4 are shown with only 10 reference genomes, including patient P5 (C); and only 5
reference genomes, including patient P5 (D). Scale bars indicate nucleotide substitutions per site. P1-P5, patients 1-5.
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Detection of SARS-CoV-2
Reinfections Using Nucleocapsid
Antibody Boosting

Eduard Grebe, Daniel Chacreton, Mars Stone, Bryan R. Spencer, James Haynes, Akintunde Akinseye,
Marion C. Lanteri, Valerie Green, Hasan Sulaeman, Roberta Bruhn, Vivian I. Avelino-Silva, Paul Contestable,
Brad J. Biggerstaff, Melissa M. Coughlin, Brian Custer, Jefferson M. Jones, David Wright,* Michael P. Busch!

More than 85% of US adults had been infected with
SARS-CoV-2 by the end of 2023. Continued serosurveil-
lance of transmission and assessments of correlates of
protection require robust detection of reinfections. We
developed a serologic method for identifying reinfections
in longitudinal blood donor data by assessing nucleocap-
sid (N) antibody boosting using a total immunoglobulin
assay. Receiver operating characteristic curve analysis
yielded an optimal ratio of >1.43 (sensitivity 87.1%, spec-
ificity 96.0%). When prioritizing specificity, a ratio of >2.33
was optimal (sensitivity 75.3%, specificity 99.3%). In do-
nors with higher anti-N reactivity levels before reinfection,
sensitivity was reduced. Sensitivity could be improved by
expanding the dynamic range of the assay through dilu-
tional testing, from 38.8% to 66.7% in the highest reactiv-
ity group (signal-to-cutoff ratio before reinfection >150).
This study demonstrated that longitudinal testing for N
antibodies can be used to identify reinfections and es-
timate total infection incidence in a blood donor cohort.

In earlier phases of the COVID-19 pandemic,
cross-sectional serosurveillance was informative
for establishing cumulative incidence rates and the
prevalence of previous infection in a population (1).
In countries with spike (S)-based vaccines, previous
SARS-CoV-2 infection could be detected using anti-
nucleocapsid (N) serologic assays, which in combina-
tion with anti-S assays could discriminate vaccine-

induced antibody reactivity from infection-induced
antibody reactivity (2). However, because the epi-
demic evolved with increasing seroprevalence and
most of the global population have experienced >1
SARS-CoV-2 infections, using serologic methods to
estimate infection incidence now requires robust de-
tection of reinfections. Furthermore, after the public
health emergency declaration expired, case report-
ing and collection for public health surveillance de-
creased, limiting the ability to monitor transmission
and disease burden, particularly rates of asymptom-
atic infection and subclinical reinfection.

The National Blood Donor Cohort (NBDC) is a
longitudinal study of blood donors sponsored by the
US Centers for Disease Control and Prevention and
conducted in partnership with the 2 largest US blood
collectors, Vitalant and the American Red Cross; their
central testing laboratory, Creative Testing Solutions;
and Westat (3). An earlier iteration of this program,
the National Blood Donor Serosurvey, executed se-
rial monthly cross-sectional serosurveys during July
2020-December 2021 (1,4-7) to provide population-
weighted seroprevalence estimates. By the end of
2021, the proportion of donation specimens with
vaccine-induced or infection-induced anti-S serop-
revalence approached 95%, and infection-induced
anti-N seroprevalence approached 30% (6). Because
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reinfections were known to become more common
beginning in 2022 (8-10), we modified the blood do-
nor study to a longitudinal design to enable detection
of reinfections. Longitudinal testing is required to
identify reinfections through boosting of infection-
induced antibodies. Here, we describe the methods
developed to detect reinfections in blood donors by
detecting boosting of N antibodies, and measure the
performance of those methods.

Materials and Methods

Study Population
Blood donors with a history of regular blood dona-
tion and with known prior SARS-CoV-2 infection
and COVID-19 vaccination status (determined dur-
ing the June 2020-June 2021 screening period) were
selected for continued monitoring in the NBDC.
Eligible donors were those who sought to donate
blood at least twice during the screening period
and met all blood donor eligibility criteria. The
NBDC included 142,599 donors who were catego-
rized into 4 groups by previous SARS-CoV-2 in-
fection and vaccination status as of mid-2021. We
established groups by testing donation specimens
with the VITROS Anti-SARS-CoV-2 S total immu-
noglobulin (Ig) assay (QuidelOrtho, https:/ /www.
quidelortho.com) and Elecsys Anti-SARS-CoV-2 N
total Ig assay (Roche, https:/ /www.roche.com), as
well as self-reported COVID-19 vaccination status
(1,3,6,11). During follow-up, July 2021-December
2022, we identified donation specimens from do-
nors in the cohort in real time and stored those
specimens frozen. In 2022, we typically tested 1
donation specimen per donor per quarter (if the
donor presented in that quarter), using VITROS
Anti-SARS-CoV-2 IgG Quantitative test (Ortho
anti-S IgG; QuidelOrtho) and VITROS Anti-SARS-
CoV-2 Total N Antibody assay (Ortho anti-N total
Ig; QuidelOrtho) at Creative Testing Solutions and
Vitalant Research Institute. For certain substudies,
more frequent longitudinal samples were tested.
Self-reported vaccination status was captured
at each donation as part of routine donation proce-
dures (M. Stone, unpub. data). We invited all cohort
donors to respond to quarterly electronic surveys to
report vaccination and infection history, including
date and manufacturer of vaccine doses, which were
not collected routinely at donation. Survey data en-
abled identification of swab-confirmed or physician-
diagnosed first infections and reinfections, and asso-
ciated symptoms and clinical outcomes. The overall
survey response rate was 46.5%. We restricted this
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study to survey respondents with informative survey
responses, i.e., responses that followed tested dona-
tion specimens.

Definition of Cases and Controls for

Identifying Anti-N Boosting Criteria

We defined confirmed reinfections (cases) as survey-
reported swab-confirmed reinfections. Methods for
confirmation were a viral test, such as a rapid anti-
gen test or laboratory-based PCR test, or a physician
diagnosis (presumed to be on the basis of diagnostic
testing). The first infections before the confirmed re-
infections could be serologically identified by anti-N
seroconversion or be reported as swab-confirmed in-
fections. To classify a swab-confirmed infection as a
reinfection, the reinfection had to occur >90 days after
either seroconversion or a previous swab-confirmed
infection. We identified a total of 2,681 cases of swab-
confirmed reinfection.

We identified donors from early in the pandem-
ic (the second half of 2020), when reinfections were
rare (12). We selected donors for whom we had >2
longitudinal anti-N results, the first of which had
been >56 days after seroconversion. Among those
donors, we defined controls as donors who respond-
ed to the electronic survey and did not report any
swab-confirmed or suspected infections during rel-
evant interdonation intervals (IDIs). We identified a
total of 5,150 controls.

Laboratory Testing and Anti-N Reactivity Trajectories
We tested donation specimens from cases and con-
trols with the Ortho anti-N total Ig assay in accor-
dance with the manufacturer’s instructions. That
semiquantitative assay reports signal-to-cutoff (S/
CO) ratios, which we used to calculate changes in an-
ti-N reactivity. The assay has high sensitivity to detect
first infections in vaccinated (98.2% sensitivity) and
unvaccinated (95.6% sensitivity) persons (13).

After initial results indicated insufficient dy-
namic range to detect boosting in persons who had
high anti-N reactivity (5/CO >100), we developed a
dilutional testing algorithm to extend the dynamic
range of the assay. The algorithm implemented a
2-step dilution procedure: if the undiluted specimen
(neat testing) yielded an S/CO >100, we retested
the specimen in a 1:20 dilution. If the S/CO yielded
by the 1:20 dilution (before multiplication) was still
>100, we further tested the sample in a 1:400 dilu-
tion. We programmed and performed those dilu-
tions on the VITROS instrument as reflex testing.
The final estimated S/CO (reactivity) of the sample
was then the S/CO obtained from the final dilution
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(neat, 1:20, or 1:400) multiplied by the dilution factor
(1, 20, or 400).

We plotted individual donors” anti-N trajectories,
and derived average trajectories across all donors in-
cluded in the analysis after first infection, before re-
infection, and after reinfection. We stratified average
trajectories by vaccination status.

Identifying Anti-N Boosting Criteria
We evaluated 2 methods to detect anti-N boosting
for sensitivity and specificity. First, we estimated the
slope in reactivity between 2 donation specimens (dif-
ference in log S/ CO obtained on subsequent samples
divided by time elapsed between samples). If the
slope was positive (indicating an increase in reactivi-
ty) and exceeded a set threshold, we classified the IDI
as a reinfection. We used the identified cases and con-
trols for identifying optimal slope and ratio thresh-
olds and to assess the performance of thresholds. We
included only first reinfection (i.e., second infection)
cases in the analysis.

Second, we derived a ratio of anti-N reactivity at
the end of the IDI to reactivity at the start of the ID],
and if the ratio exceeded a threshold, we classified it
as a reinfection. The first approach has the theoretical
advantage over the second of accounting for lengths
of IDIs, which are highly variable, but has the disad-
vantage of being more complicated to calculate.

Time to peak anti-N reactivity after first infec-
tions is variable. Misclassification can result from
computing a ratio using sequential values observed
during the initial ramp-up phase of anti-N reactivi-
ty after a first infection. That misclassification could
result in an apparent reinfection-associated boost
when in fact it represents continuing antibody re-
activity increase (maturation) associated with 1 in-
fection. For those reasons, we refined the method to
only consider IDIs eligible for reinfection detection
when the first specimen was collected >56 days af-
ter initial seroconversion (i.e., after first observed
anti-N reactive donation). We chose the cutoff of 56
days on the basis of reported peak anti-N at 30-90
days after symptom onset, although that peak can
be influenced by disease severity (14). Our reason
was that a 56-day minimum was likely to reduce
misclassification because of maturing antibody re-
sponses after first infection, while retaining most
whole-blood donors for whom a minimum inter-
donation interval of 56 days applied. Furthermore,
because very low S/COs can be unstable, and be-
cause very small absolute increases might exceed
identified ratio thresholds, we set S/COs <1 to 1
for the purpose of calculating the ratio (Appendix,
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https:/ /wwwnc.cdc.gov/EID/article/31/5/25-0021-
Appl.pdf). We imposed no maximum IDI length.

Statistical Analysis

Identification of Optimal Boosting Thresholds

We used ROC curve analysis to identify optimal
anti-N boosting thresholds for detection of first re-
infections, using the 2 approaches to quantify boost-
ing we described. We defined optimality in 2 ways:
first, on the basis of an equal weighting of sensitiv-
ity and specificity, as the threshold that maximized
Youden’s ] statistic. Second, given that poor specific-
ity would severely affect population-level estimates
in a context in which reinfections are relatively rare,
we defined optimality based on a weighted Youden’s
J, which prioritized specificity (Appendix). We chose
the weight on the basis of the conservative assump-
tion that 1 in 40 infections are reinfections. We there-
fore identified 2 sets of optimal thresholds, based on
Youden’s ] and weighted Youden’s ], for both the
slope and ratio methods of classification. The weight
could be adjusted or abandoned for later studies
conducted when reinfections represented a larger
proportion of all infections. Beyond sensitivity and
specificity, we further evaluated only the ratio meth-
od in this analysis, given similar performance and
reduced complexity. To further assess performance
of anti-N boosting thresholds, we computed positive
and negative predictive values (PPVs and NPVs) un-
der different scenarios defined by hypothetical rates
of reinfection.

Effect of Prereinfection Anti-N Reactivity Level on

Sensitivity and Specificity

To assess the effect of assay saturation (limited dy-
namic range suppressing higher S/COs, which po-
tentially limited the ability to observe reinfection-as-
sociated boosting), we stratified cases and controls
by the anti-N S/CO at the start of the IDI and com-
puted sensitivity and specificity using the thresholds
derived from Youden’s | and weighted Youden’s ]
in each stratum. The strata were S/CO <50, >50 to
<100, >100 to <150, and >150. We further computed
the median ratio observed in cases and controls in
each stratum.

Sensitivity of Dilutional Anti-N Testing for

Detection of First Reinfections

Because we performed dilutional testing only on a
subset of cases, and not controls, we could assess per-
formance only in terms of sensitivity, which was the
parameter affected by the reactivity level at the start
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of the interval used to compute ratios. We computed
the sensitivity (using both thresholds) in each stratum
for the neat (undiluted) testing-only algorithm and
the dilutional-testing algorithm. We further report
the median observed ratios in cases for each testing
algorithm. We conducted all analyses using SAS ver-
sion 9.4 (SAS Institute Inc., https://www.sas.com)
and Python version 3.10.11 (Python Software Foun-
dation, https:/ /www.python.org).

Detection of SARS-CoV-2 Reinfections

Results

Anti-N Boosting Associated with Reinfection

In donors reporting swab-confirmed reinfections,
individual neat anti-N reactivity trajectories tended
to wane slowly or remain stable after first infections
with clear boosting of antibody reactivity after rein-
fection (Figure 1). As previously reported (15), vacci-
nation history affected the level of reactivity observed;

Figure 1. Individual anti-N S/
CO trajectories before and after
swab-confirmed reinfection in
vaccinated and unvaccinated
participants in study of detection
of SARS-CoV-2 reinfections
using nucleocapsid antibody
boosting. A) S/CO trajectories
with neat-only anti-N testing

of all donors with reinfections

in the study. B) Trajectories of
test results from 434 donors
with reinfections subjected

to expanded dynamic range
dilutional anti-N testing; neat
results only. C) Trajectories

of test results from the same
434 donors with reinfections
subjected to dilutional anti-N
testing; dilutional (expanded
dynamic range) testing results
only. Images show average
anti-N trajectories of donors
who experienced reinfections,
with and without expanded
dynamic range testing, stratified
by vaccination status. Time
represents days before or after
swab-confirmed reinfection
(vertical red dashed line). N,
nucleocapsid; S/CO, signal-to-
cutoff ratio; UU, unvaccinated
at the time of first infection and
reinfection; UV, unvaccinated
at first infection and vaccinated
at reinfection; VV, vaccinated at
first infection and reinfection.
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Table 1. Reinfection classification data determined from receiver operating characteristic curve analysis in study of SARS-CoV-2

reinfections detected by nucleocapsid antibody boosting*

Classification method StatisticT

Optimal threshold (95% CI)

Sensitivity, % (95% CI),¥ Specificity, % (95% CI),
h = 2,681 n = 5,150

Pre—/post—anti-N slope
Pre—/post-anti-N slope
Post—/pre—anti-N ratio
Post—/pre—anti-N ratio

Unweighted Youden's J
Weighted Youden's J
Unweighted Youden's J
Weighted Youden's J

0.003 (0.003-0.004)
0.006 (0.006-0.007)
1.43 (1.27-1.61)
2.33 (2.12-2.56)

87.24 (86.09-87.84) 96.97 (96.04-97.61)
78.78 (76.73-80.16) 99.38 (99.18-99.38)
87.09 (84.48-88.77) 95.96 (93.24-97.51)
75.31 (72.7-77.88) 99.34 (99.13-99.38)

*N, nucleocapsid.

TWeighted method prioritized specificity by applying a weight to specificity (see Methods).
FSensitivity and specificity associated with lower and upper Cl limits on optimal threshold.

unvaccinated donors exhibited higher postinfection
anti-N reactivity than vaccinated donors. Donors who
were vaccinated before their first infection showed
overall lower reactivity levels than unvaccinated do-
nors, and donors who were vaccinated between the 2
infection events showed reactivity that fell between
donors who were vaccinated before the first infection
and those who were not vaccinated (Figure 1, panel
A). However, the relative magnitude of the anamnes-
tic boost induced by reinfection was similar across
vaccination groups.

Identification of Optimal Boosting Thresholds

The optimal anti-N boosting threshold for the slope
approach, using the unweighted Youden’s ] meth-
od, was >0.003 log, (S/CO) per day, and using the
weighted Youden’s ] method was >0.006 log, (S/CO)
per day. Using unweighted Youden’s ] method, sen-
sitivity was 87.2% and specificity was 97.0%. Using
weighted Youden’s ] method sensitivity was 78.8%
and specificity was 99.4% (Table 1). For the simpler ra-
tio approach, the optimal thresholds were >1.43 (95%
CI 1.27-1.61) for the unweighted Youden’s ] method
and >2.33 (95% CI 2.12-2.56) for specificity-priori-
tized weighted Youden’s ] method. For unweighted
Youden's ] method, associated sensitivity was 87.1%
and specificity was 96.0%; for specificity-prioritized
weighted Youden’s | method, sensitivity was 75.3%
and specificity was 99.3% (Table 1).

Seroconversion in Anti-N Negative

Prereinfection Samples

Of 2,681 swab-confirmed reinfection cases, 328 (12.2%)
did not demonstrate anti-N reactivity above the
threshold for positivity (S/CO >1) at the immediate

prereinfection sample. Of those that did not demon-
strate anti-N reactivity, 296 were available for further
evaluation; 246 (83.1%) had never seroconverted after
the first reported infection and 50 (16.9%) serorev-
erted before reinfection. All 328 donors with negative
prereinfection results seroconverted after reinfection
(Figure 1).

Effect of Post—First Infection Anti-N Reactivity

on Performance of Anti-N Boosting Thresholds

Using the lower threshold of the ratio method de-
rived from the unweighted Youden’s ] method, we
noted that as prereinfection S/CO increased, sensi-
tivity declined from 93.8% in the S/CO <50 group
to 88.0% in the S/CO >100-150 group and was low-
est at 38.8% in the S/CO >150 group. Specificity was
similar across prereinfection reactivity strata (91.7%
to 97.0%) (Table 2). Using the higher threshold de-
rived from the weighted Youden's ] method, we not-
ed that sensitivity declined from 91.6% in the S/CO
<50 group to 0.8% in the S/CO >150 group. Specific-
ity was similar across prereinfection reactivity strata
(98.9% to 100.0%). Median observed postreinfection
to prereinfection S/CO ratios in cases also declined
in higher prereinfection reactivity strata, from 15.2 in
the lowest reactivity stratum to 1.3 in the highest re-
activity stratum (Table 2).

Dilutional Anti-N Testing to Improve

Detection of Reinfections

We tested a subset of cases using the anti-N dilutional
algorithm (n =434). When we used the neat testing re-
sults only, sensitivities were 85.1% in the group with
prereinfection S/CO <50 and 38.5% in the S/CO >150
group when using the unweighted ratio threshold

Table 2. Reinfection classification data determined from ratio approach in study of SARS-CoV-2 reinfections detected by nucleocapsid

antibody boosting*

Cases Controls Unweighted Youden's J (1.43) Weighted Youden's J (2.33)
S/ICO No. Median ratio No. Median ratio Sensitivity, % Specificity, % Sensitivity, % Specificity, %
Overall 2,681 6.22 5,150 0.55 87.1 96.0 75.3 99.3
0-50 1,661 15.2 2,237 0.49 93.8 97.0 91.6 98.9
50-100 485 3.41 1,042 0.49 89.5 97.3 81.9 99.2
100-150 275 2.15 757 0.56 88.0 91.7 35.6 99.9
>150 260 1.28 1,114 0.76 38.8 95.5 0.8 100.0

*S/CO value is prereinfection. Unweighted and weighted boosting thresholds are ratios of postreinfection to prereinfection S/CO. S/CO, signal-to-cutoff ratio.
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Table 3. Reinfection detection data by prereinfection anti-N reactivity level in study of SARS-CoV-2 reinfections detected by

nucleocapsid antibody boosting*

No. Median ratio Sensitivity of unweighted Youden's J (1.43) Sensitivity of weighted Youden's J (2.33)
S/COt cases Neat Dilution Neat, % Dilution, % Neat, % Dilution, %
Overall 434 4.50 58.54 79.3 81.6 65.0 80.6
0-50 262 10.94 9432 85.1 85.1 84.4 84.4
50-100 78 2.82 64.97 78.2 78.5 69.2 78.2
100-150 55 1.90 29.49 81.8 80.0 12.7 80.0
>150 39 1.35 9.20 38.5 66.7 0.0 61.5

*Reactivity was measured with and without expanded dynamic range anti-N testing reinfection cases. S/CO, signal-to-cutoff ratio. Unweighted and
weighted boosting thresholds are ratios of postreinfection to prereinfection S/CO.

1S/CO value is prereinfection.

and 84.4% in the S/CO <50 and 0.0% in the S/CO
>150 group when using the weighted ratio threshold
(Table 3). Dilutional testing improved sensitivity in
the group with prereinfection S/CO >150 to 66.7%
for the unweighted ratio thresholds, and to 61.5% for
weighted ratio thresholds. For groups with prerein-
fection S/CO 100-150, sensitivity remained >80% for
weighted and unweighted ratio thresholds when we
performed dilutional testing (Table 3; Figure 2).

Performance of Anti-N Boosting Thresholds

at Different Population Reinfection Rates

When the percentage of population experiencing
reinfection was low, NPV was high and declined
slowly as the rate of reinfection increased, and PPV
was low but increased rapidly as the reinfection rate
increased. PPV >80% was achieved when the lower
ratio threshold was >15% of the population reinfected
(Figure 3, Panel A), and when the higher ratio was
>5% of the population reinfected (Figure 3, panel B).
The optimal scenario for our thresholds (maximizing
PPV and NPV) were 37% reinfected for the lower ra-
tio threshold and 16% reinfected for the for the higher
ratio threshold.

Discussion

We evaluated a method for serologic identification of
reinfections using anamnestic boosting of anti-N re-
activity in longitudinal blood donor samples. Anti-N
boosting thresholds optimized to maximize specificity
achieved reasonable sensitivity (>75%) and excellent
specificity (>99%) for detection of first reinfections. We
also derived a lower threshold that achieves sensitiv-
ity >87%, but sacrifices some specificity. However, the
sensitivity to detect first reinfections was quite low in
donors with high anti-N reactivity after first infections;
reactivity plateaued near the top of the assay’s limited
dynamic range and masked anamnestic boosting as-
sociated with reinfections. Thus, we developed a di-
lutional testing algorithm that dramatically expanded
the dynamic range, greatly improving sensitivity to
detect reinfections in persons with high anti-N reactiv-
ity before reinfection. We based the trigger for dilu-
tions (S5/CO >100) on guidance from the manufacturer,
who conducted studies to identify the linear dilutional
performance range (P. Contestable, pers. comm., con-
firmed by email 2025 Apr 7). As multiple reinfections
become increasingly common, expanded dynamic
range testing will become increasingly important.

Figure 2. Effect of prereinfection anti-N S/CO on performance of boosting thresholds in study of detection of SARS-CoV-2 reinfections
using nucleocapsid antibody boosting. A) Sensitivity by prereinfection anti-N S/CO using neat and dilutional testing for the unweighted
threshold (>1.43); B) sensitivity by prereinfection anti-N S/CO using neat and dilutional testing for the weighted threshold (>2.33). S/CO,

signal-to-cutoff ratio.
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Figure 3. PPV and NPV in a
study of detection of SARS-
CoV-2 reinfections using
nucleocapsid antibody boosting.
A) Unweighted threshold ratio
>1.43. B) Weighted threshold
ratio >2.33. Predictive values
were calculated as a function

of percentage of a population

of blood donors experiencing
SARS-CoV-2 reinfection, at
different rates of reinfection.
Vertical red lines indicate the
proportions reinfected that
represent the optimal scenarios
for the given threshold ratio,
i.e., where PPV and NPV are
simultaneously maximized. NPV,
negative predictive value; PPV,
positive predictive value.

We could not assess the specificity of the dilu-
tional algorithm on the basis of the reflex testing cri-
teria used in this study because we did not perform
dilutional testing of controls; the risk for reduced
specificity (as demonstrated in neat specimen reactiv-
ity ratios) suggests using the higher threshold (ratio
>2.33) in expanded dynamic range testing. Although
sensitivity in the neat testing dropped to 0% using
the higher threshold for donors with anti-N S/CO
>150 before reinfection, sensitivity was maintained at
>60% for this group with dilutional testing.

We considered multiple methods for identify-
ing reinfections based on anti-N boosting. The first
and most complex relied on estimating an individual
postinfection anti-N reactivity waning rate on the ba-
sis of >2 observations after first infection. That wan-
ing rate would then be used to estimate an expected
value of anti-N reactivity at the time of a later dona-
tion specimen, and the expected value compared to
the observed reactivity. That approach would have
enabled us to incorporate uncertainty in expected
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reactivity arising from assay variability, inconsistent
waning patterns, or other factors. We could then com-
pare the observed anti-N reactivity to the expected
reactivity; if the former exceeded the latter by a set
threshold (e.g., 2 SD), we would classify the IDI as one
in which a reinfection occurred. We abandoned that
approach because of its complexity, highly variable
time to peak and peak level of reactivity time after
first infections, relative stability in anti-N reactivity in
the Ortho assay, and difficulty in robustly estimating
individual waning rates.

Although we did not pursue the originally en-
visaged method based on estimating average and
person-specific anti-N waning rates, that approach
could be further explored, especially if an IgG assay
is used; IgG assays tend to show more rapid waning
than total Ig assays (2,16). The method and thresholds
identified as optimal in this study apply specifically
to the Ortho Total Ig anti-N assay. The rapid waning
of IgG assays may have advantages for detection of
reinfection-associated antibody boosting, although
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the length of time intervals between specimens would
also be important for interpretation.

We did not expect the finding that 12.2% of prere-
infection samples had anti-N S/ CO below the thresh-
old for positivity. Possible causes are misreporting
of infections or infection dates, seroreversion, or a
failure to develop anti-N antibodies after the first in-
fection. We previously reported that 1.9% of samples
from unvaccinated donors and 4.4% collected from
vaccinated donors after first swab-confirmed infec-
tions tested anti-N nonreactive on the Ortho assay
(14). Petersen et al. (17) also reported similar rates of
failure to develop antibodies after SARS-CoV-2 infec-
tion. All donors seroconverted after the reported rein-
fection, although serology alone would classify those
infections as first infections.

A limitation of our study is that we relied on self-
reported infection and vaccination history, supported
by our serologic testing. Furthermore, we could not
establish with certainty that our (nonreinfected) con-
trols for the ROC curve analysis had not experienced
reinfections. However, the contamination of our re-
sults by controls who did experience reinfections dur-
ing the intervals used in the analysis is likely minimal
because reinfections were very rare at the time that
the donation specimens were collected (12). Cases
were all swab-confirmed, and because testing is usu-
ally triggered by symptomatic disease, cases largely
represent symptomatic reinfection cases. Therefore,
our thresholds might not be accurate for detection of
asymptomatic reinfections; accuracy is further com-
plicated by the possibility of exposures that do not re-
sult in substantial viral replication and consequently
do not trigger an anamnestic boosting of antibodies
(18). A further limitation is that no expanded dynam-
ic range testing was available on controls because of
limited testing capacity; therefore, we could not iden-
tify optimal thresholds for a dilutional testing regime.
Second, third, and subsequent reinfections are not
included in this study but are the subject of future
work. Finally, blood donors are not demographical-
ly representative of the general population, and the
healthy donor effect means that chronic health condi-
tions are less prevalent in blood donors than in the
general population (19,20).

Despite those limitations, blood donor cohorts
have tremendous value for public health research,
including enabling serosurveillance of infectious dis-
eases in a healthy population, related focused studies
such as correlates of protection and population im-
munity studies, rapid response to emerging infec-
tious threats, and the ability to address a wide range
of general health-related questions in a low-cost
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manner. The platform established by the NBDC has
been leveraged by the Centers for Disease Control
and Prevention and its partners to develop a broader
respiratory virus surveillance program.

In conclusion, we developed and measured the
performance of a method for detecting boosting of N
antibodies to identify SARS-CoV-2 reinfections. The
method enables detection of total infection incidence by
combining detections of first-time infections through
anti-N seroconversion with detection of reinfections.
Given that most persons have previously been infected
with SARS-CoV-2 and public health case reporting has
decreased, methods to detect reinfections are needed
to estimate the burden of COVID-19 moving forward.
Seroepidemiology can provide specific estimates of
infections, complementing trends in wastewater sur-
veillance, and COVID-19 test positivity. In addition,
antibody testing enables assessment of correlates of
protection and vaccine effectiveness against mild or
asymptomatic infections.
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Postexposure Antimicrobial Drug
Therapy in Goats Infected with
Burkholderia pseudomallei

Richard A. Bowen, Airn E. Hartwig, Angela M. Bosco-Lauth, Josilene N. Seixas, Jana M. Ritter,
Pamela S. Fair, Mindy G. Elrod, Zachary P. Weiner, Robyn A. Stoddard, Antonio R. Vieira,
Rachel M. Maison, Elizabeth Lawrence, Hannah Sueper, Mckinzee Barker, William A. Bower

Infection with Burkholderia pseudomallei, the causative
agent of melioidosis, occurs by exposure to the organism
in soil or water. There is concern for B. pseudomallei use
as a potential bioweapon and as an exposure hazard in
diagnostic laboratories processing samples or cultures
containing the bacterium. The optimal strategies for treat-
ment and postexposure prophylaxis are inadequately de-
veloped. This study used goats to evaluate 3 antimicro-
bial drug treatment regimens for postexposure therapy
because they are a species naturally susceptible to B.
pseudomallei infection. Goats were infected by percuta-
neous inoculation, and antimicrobial drug therapies were
initiated 48 hours later. Widespread infection with abscess
formation in multiple organs developed in untreated goats
and goats treated with either amoxicillin/clavulanate or
sulfamethoxazole/trimethoprim. In contrast, treatment with
the combination of all 4 antimicrobial drugs might have
eradicated the infection. Our findings suggest combination
therapy with those 4 antimicrobial drugs may be useful for
postexposure prophylaxis in humans.

Melioidosis is an infectious disease caused by the
soilborne saprophytic gram-negative bacterium
Burkholderia pseudomallei (1-3). The organism is en-
demic in large regions of southeast Asia and northern
Australia (4) and has been detected in the Caribbean
(5), South America (6), and most recently in the gulf
coast region of the United States (7,8).

B. pseudomallei is a public health concern and has
a very broad host range, causing disease in many
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domestic and wild mammals and even ectothermic
vertebrates (9-11). Although a wide range of animal
species are susceptible to infection, melioidosis is not
typically considered a zoonotic disease. However,
animals can shed B. pseudomallei in the environment,
and therefore, infected animals are a potential source
for human transmission (12,13).

In addition to the large burden of naturally oc-
curring melioidosis, there are 2 additional causes of
concern. First, B. pseudomallei is a potential bioweap-
on and is classified as a tier 1 select agent by the US
government because of its low infectious dose by in-
halation and resistance to conventional antimicrobial
therapy. Second, there are concerns for accidental ex-
posure of clinical or research laboratory personnel by
needle stick or aerosol, especially when isolation of
B. pseudomallei is not expected and biosafety practices
are inadequate (14-16). In contrast to natural disease,
where exposure time is likely unknown and could
have occurred many weeks if not years earlier, the
timing of deliberate or accidental exposures could be
known, providing the opportunity for rapid postex-
posure prophylaxis (PEP). Those scenarios highlight
the need to determine the most effective treatment
regimen for PEP.

Clinical manifestations of melioidosis are highly
variable in both humans and animals and may in-
volve abscess formation in multiple organs, pneumo-
nia, cutaneous lesions, and sepsis (12,17). Guidelines
for therapy in humans are in place and widely used in
endemic regions on the basis of long-standing clinical
experience (18). A major challenge in the treatment
of melioidosis is that B. pseudomallei is intrinsically
resistant to many antimicrobial drugs, and eradica-
tion usually involves prolonged therapy, often with
>1 antimicrobial agent (19,20). Melioidosis therapies
in animal models are poorly studied and only in the
context of acute PEP in mice (21-23). The common
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finding from those mouse studies is that antimicro-
bial drug therapy must be initiated rapidly after the
inoculation of B. pseudomallei, and although critical
extension in postinoculation survival can be attained,
the organism is not eliminated. The goal of this ar-
ticle was to evaluate 2 commonly used antimicrobial
drug treatment regimens, alone and in combination,
for postexposure therapy of B. pseudomallei infection
in goats, a natural host model for melioidosis.

Materials and Methods

We conducted all animal studies in compliance with
the Animal Welfare Act and as approved by the Colo-
rado State University Institutional Animal Care and
Use Committee, the Institutional Biosafety Commit-
tee, and with approval from the Federal Select Agent
Program. We conducted all studies under Biosafety
Level 3 (BSL-3) or Animal BSL 3 (ABSL-3) contain-
ment at Colorado State University. The number of an-
imals per treatment group was determined by avail-
able ABSL-3 space.

Bacterial Strain

The strain of B. pseudomallei we used to inoculate
study goats was an isolate from an infected goat in
Australia designated Bp 4176/MSHR 511 (24) and
was originally provided to us by Dr. Apichai Tuanyok
(University of Florida, Gainesville, Florida, USA). We
cultured the bacteria for inoculation in Muller-Hinton
broth at 37°C in air with constant shaking, harvested
at the mid-log phase of growth, and stocks containing
15% glycerol were stored at —80°C.

Culture Methods

For tissues with grossly visible abscesses, we excised
the samples collected for bacterial culture away from
major gross lesions. For bacterial isolation, we collect-
ed ~100 mg samples from tissues into homogenizing
tubes containing 0.9 ml of brain-heart infusion broth
supplemented with 10% glycerol. We homogenized
those samples and then froze them to —80°C until pro-
cessing.

We thawed, vortexed, and briefly centrifuged to
pellet tissue debris (2,000 x g for 10 s) of the frozen
tissue homogenates, spread 0.1 mL of each sample
onto a 10 cm Ashdown’s agar plate, and incubated
the plates at 37°C. We examined the plates 48 hours
after inoculation and performed colony counts. We
sampled representative colonies that appeared to
be B. pseudomallei on the basis of morphology and
color, along with colonies that did not appear to be
B. pseudomallei and used them to prepare spot slides
that were fixed for 15 minutes with 80% acetone. We
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immunostained those slides along with known posi-
tive and negative (Escherichia coli) slides by using an
antibody to B. pseudomallei capsular polysaccharide
(25) to confirm their identity.

Antimicrobial Drugs

We conducted a preliminary pharmacokinetic study
to confirm blood concentrations of 3 of the 4 drugs
after oral administration to 2 goats from another proj-
ect. ELISA kits for trimethoprim, sulfamethoxazole,
and amoxicillin were purchased from MyBioSource
(https:/ /www.mybiosource.com), and we assayed
serum samples according to the manufacturer’s in-
structions. Each kit contained standards that we used
to prepare standard curves. We did not assay serum
for concentrations of clavulanate.

Animals, Challenge Procedures, and

Clinical Observations

We purchased young adult female goats from a pri-
vate source and clinically evaluated them to ensure
baseline health; they were weighed several days
before challenge and had an average weight of 70
kg (63-82 kg). We implanted a Biothermo-Lifechip
(Destron-Fearing, https:/ /www.destronfearing.com)
subcutaneously in each goat for identification and
easy monitoring of body temperature. We housed
the goats by group (8 animals per 12- x 18-foot room)
under ABSL-3 containment for the duration of the
study. We fed the goats alfalfa hay supplemented
with grain.

We performed percutaneous challenge by a
combination of subcutaneous and intradermal injec-
tion over the shoulder region, with a target dose of
10* CFU in 0.2 mL of solution. We diluted the bacte-
ria in phosphate buffered saline from frozen-thawed
stocks. We evaluated the goats clinically 2 times
daily for the duration of the study. We recorded
the goat’s body temperature from their microchip 2
times daily for the first 10 days, then 1 time daily
until euthanasia.

We evaluated 4 antimicrobial drug therapies,
each in 8 goats: 1, no treatment; 2, amoxicillin/cla-
vulanate; 3, sulfamethoxazole/trimethoprim; and 4,
a combination of amoxicillin/clavulanate and sulfa-
methoxazole/trimethoprim. We initiated drug treat-
ment 48 hours postchallenge; treatment consisted
of oral gavage of 25 mL with a dosing syringe. We
prepared drugs by dissolving the requisite number
of tablets in deionized water within 30 minutes of
treatment. Both types of tablets were manufactured
by Aurobindo Pharma (https://www.aurobindo.
com) and provided in the following formulations:
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amoxicillin/clavulanate, 500/125 mg/tablet; sulfa-
methoxazole/trimethoprim 1,200/240 mg/tablet.
On the basis of tablet composition, the goats re-
ceived the doses and approximate dosages of drugs
2 times daily for 21 days, ceasing on day 23 postchal-
lenge (Table 1).

Serologic Analyses

We assayed serum collected before and after chal-
lenge for antibodies by using 2 techniques. The in-
direct hemagglutination assay was performed as
described previously (26). For whole cell lysate ELI-
SA, we used a lysate of B. pseudomallei Bp82 that we
prepared by using techniques similar to those pre-
viously described (27,28). We coated plates with a
solution containing 3 ng/mL of lysate, blocked with
phosphate-buffered saline containing dried skim
milk (blocking buffer), exposed to the test serum
diluted 1:100 in blocking buffer, washed again, and
then exposed to a horseradish peroxidase-protein
A/G conjugate. After a final washing, we added
ABTS substrate and, after stopping the reaction, we
read absorbance at 450 nm. The cutoff for positivity
was set at 3 SDs above the mean value for all prein-
oculation serum.

Postmortem Analyses and Radiography

We euthanized goats at 14-28 days postinfection (dpi)
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/5/24-1274-Appl.pdf) by intravenous in-
jection of an overdose of pentobarbital. We then per-
formed collection and gross examination of spleen,
lungs, liver, lymph nodes (mandibular, mesenteric,
mediastinal, retropharyngeal, prescapular), kidney,
and skin. We recorded the occurrence of visible ab-
scesses in those tissues and the extirpated lungs were
radiographed. We fixed tissue samples in 10% neutral
buffered formalin.

Histopathology and Immunohistochemistry

We processed formalin-fixed tissues by routine par-
affin histology. We sent tissue blocks to Center for
Disease Control and Prevention’s Infectious Diseases
Pathology Branch (Division of High-Consequence
Pathogens and Pathology, National Center for
Emerging and Zoonotic Infectious Diseases), where

Antimicrobial Drug Therapy in B. pseudomallei

they were sectioned at 4 um, mounted on glass slides,
and stained with hematoxylin-eosin for histopath-
ologic evaluation. Two veterinary pathologists
visually assessed the slides for the presence of in-
flammatory or other lesions and for B. pseudomallei
immunoreactivity.

We conducted immunohistochemical (IHC) as-
says on select tissues on the basis of 2 criteria: the
presence of lesions consistent with B. pseudomallei
infection observed grossly or microscopically; or tis-
sues with positive result for B. pseudomallei on bac-
terial culture. We tested similar types and numbers
of tissues from each treatment group. We also exam-
ined a subset of tissues from animals without gross
or microscopic lesions or with negative cultures. For
the detection of bacterial antigen, we used a rabbit
polyclonal B. pseudomallei antibody at 1:1,000 dilution.
We performed colorimetric detection of attached an-
tibodies by using the Mach 4 AP polymer kit (Biocare
Medical, https://biocare.net) at room temperature
and with heat-induced epitope retrieval. Using EDTA
buffer, we conducted heat-induced epitope retrieval
by using the NxGen decloaker (Biocare Medical) at
110°C for 15 minutes. We blocked all slides in Back-
ground Punisher (Biocare Medical) for 10 minutes
and incubated with primary antibody for 30 minutes.
We applied Mach 4 Polymer for 30 minutes (Biocare
Medical) and visualized the antibody polymer con-
jugate by applying fast red chromogen dissolved in
naphthol phosphate substrate buffer (Sigma Aldrich,
https:/ /www .sigmaaldrich.com) to tissue sections
for 30 minutes. We ran the negative control serum
in parallel. We counterstained slides with Mayer’s
hematoxylin (Poly Scientific, https://www.statlab.
com) and blued in lithium carbonate (Poly Scientific).
Positive controls included formalin-fixed, paraffin-
embedded human tissue from a patient infected with
B. pseudomallei.

Statistical Analyses

We evaluated the differences among treatment
groups in the number of animals with positive or
negative outcomes for different parameters that were
evaluated by pairwise contingency tables. We used
Fisher exact test by using GraphPad Prism (https://
www.graphpad.com) (Appendix Table 2).

Table 1. Antimicrobial drug treatments administered to goats in evaluation of postexposure antimicrobial drug therapy in goats infected

with Burkholderia pseudomallei

Group Amoxicillin Clavulanate Sulfamethoxazole Trimethoprim

1 None None None None

2 500 mg, ~7.1 mg/kg 125 mg, ~1.8 mg/kg None None

3 None None 1200 mg, ~17.1 mg/kg 240 mg, ~3.4 mg/kg
4 500 mg, =7.1 mg/kg 125 mg, 1.8 mg/kg 1200 mg, ~17.1 mg/kg 240 mg, ~3.4 mg/kg
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Figure 1. Pharmacokinetic analysis of antibiotics used to study postexposure antimicrobial drug therapy in goats infected with Burkholderia
pseudomallei. Two female goats received a mixture of 1 capsule containing sulfamethoxazole (800 mg) and trimethoprim (160 mg)

plus 1 capsule containing amoxicillin (500 mg) and clavulanate (125 mg) in a total of 25 mL of water. We repeated the treatment 12

hours later and collected blood samples at 1, 2, 4, 9, 24, 36, and 48 hours after the initial treatment. Concentrations of amoxicillin (A),
sulfamethoxazole (B), and trimethoprim (C) over the 48-hour period showed acceptable blood levels of the drugs after oral administration.

Results

Preliminary Pharmacokinetic Study

We used 2 female goats for the antibiotic pharmacoki-
netic study; goat 1 weighed 64 kg and goat 2 weighed
33 kg. We treated the goats by using a dosing syringe
with a mixture of 1 capsule containing sulfamethoxa-
zole (800 mg) and trimethoprim (160 mg) plus 1 cap-
sule containing amoxicillin (500 mg) and clavulanate
(125 mg) in a total of 25 mL of water. We repeated the
treatment 12 hours later. We collected blood samples
at1,2,4,9, 24, 36, and 48 hours after the initial treat-
ment and stored serum frozen until ELISA. We record-
ed the concentrations of amoxicillin, sulfamethoxazole,
and trimethoprim over the 48-hour period (Figure 1).
The treatments resulted in acceptable blood levels of
the antimicrobial drugs after oral administration.

Clinical Response to Infection

All goats remained clinically unremarkable through
5 dpi and after 3 days of treatment. By 7 days fol-
lowing initiation of treatment, most goats displayed
signs of lethargy, anorexia, and diarrhea. This effect

was likely because of a combination of infection and
adverse influence of the antimicrobial drug therapy
on ruminal microbiota. Because of the occurrence of
severe disease and for humane considerations, we
euthanized groups of goats beginning at 14 dpi. To
maintain an ability to compare pathology among
groups, we euthanized equal numbers of goats from
each group at some of the euthanasia time points (Ap-
pendix Table 1).

Gross Pathological Findings and Radiology

The most common gross lesion we observed was
splenic abscess, but abscesses were also detected in
kidney, liver, and lung (Appendix Table 2; Figure 2).
We radiographed extirpated lungs at necropsy to assist
in assessing the magnitude of pulmonary abscessation.
The number and size of pulmonary lesions varied con-
siderably among goats (Figure 3) and generally corre-
sponded with number of abscesses identified grossly.

Bacterial Culture from Tissues
We individually homogenized and plated 10 tissues
from each goat on Ashdown’s medium to determine

Figure 2. Examples of grossly visible postmortem lesions observed in goats infected with Burkholderia pseudomallei in study of
postexposure antimicrobial drug therapy. A) Spleen of goat 8429, treated with amoxicillin/clavulanate; B) lung of goat 8549, not treated;

C) kidney of goat 8430, treated with amoxicillin/clavulanate.
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Figure 3. Examples of postmortem pulmonary lesions observed by using radiography in extirpated lungs of goats infected with
Burkholderia pseudomallei in study of postexposure antimicrobial drug therapy. A) Goat 1197, not treated, showing no visible abscesses;
B) goat 8430, treated with amoxicillin/clavulanate, showing moderate abscesses; C) goat 8549, not treated, showing severe abscesses.

whether viable B. pseudomallei was present. We com-
piled results of analyses for individual goats (Appen-
dix Table 3) and by treatment group (Table 2). Treat-
ment with the combination of all 4 antimicrobial drugs
had a clear benefit in the number of tissues colonized
with bacteria compared with no treatment or treatment
with only 2 antimicrobial drugs (Appendix Table 2).

Histopathology and Immunohistochemistry

Abscess or other suppurative inflammation, includ-
ing occasional pyogranulomas, were consistent
histopathologic findings we observed in several or-
gans among all treatment groups except group 4,
the goats treated with amoxicillin/clavulanate and
sulfamethoxazole/trimethoprim (Table 2). We often
observed a typical abscess in experimental infection
of B. pseudomallei, which is composed by an external
fibrotic capsule with epithelioid macrophages within
the intermediate layer and with a center containing

neutrophils, cellular debris, and fibrin. Lesions were
similar at 14 and 28 dpi. Focal or multifocal abscesses
were most common in the spleen. We also observed
acute and chronic inflammation of variable severity
and distribution in a subset of all other examined or-
gans (Table 2; Figure 4).

More acute lesions (14 dpi) had an inflammatory
exudate composed of many viable and necrotic neu-
trophils, whereas more mature abscesses (28 dpi) had
more pronounced fibrosis. After 14 dpi, we identified
microscopic lesions in fewer animals (n = 4), but le-
sions were more numerous when found and mainly
confined to the spleen; 1 goat at 14 dpi had an abscess
in the mediastinal lymph node, and another goat had
abscesses in the lungs and liver. We saw few multi-
nucleated giant cells in lymph nodes (mesenteric and
retropharyngeal lymph nodes) of 2 animals (from
groups 2 and 4); however, we did not find granulo-
mas in any animal.

Table 2. Comparison of bacterial culture and abscesses observed at necropsy or by histologic evaluation of major organs by treatment
group in evaluation of postexposure antimicrobial drug therapy in goats infected with Burkholderia pseudomallei*

Treatment
Amoxicillin/  Sulfamethoxazole/ Sulfamethoxazole/trimethoprim

Observation None  clavulanate trimethoprim + amoxicillin/clavulanate
No. goats with >1 positive B. pseudomallei tissue culture 6 of 8 80f 8 40f 8 Oof 8
Organs with macroscopic abscesses

Spleen 80f 8 80f 8 50f8 Oof 8

Lungs 4 of 16 10 of 16 30f 15 0of 16

Liver 0of8 30f8 0of 8 0of8

Kidney Oof 8 30f8 Oof8 Oof 8
Organs with microscopic abscesses

Spleen 6 0of 8 80f 8 50f8 Oof 8

Lungs 30of 16 11 of 16 0of 15 0of 16

Liver 1of8 30f8 0of 8 0of8

Lymph nodes 50f8 80f 8 20f8 Oof 8

Kidney Oof 8 Oof7 0of8 Oof 8

*Statistical analyses of differences between treatment groups are available (Appendix Table 2, https://wwwnc.cdc.gov/EID/article/31/5/24-1274-Appl.pdf).
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Although abscesses were more numerous at later
time points, the distribution and quantity of the im-
munostaining was similar among groups 1-3. In the
group treated with amoxicillin/clavulanate and sul-
famethoxazole/trimethoprim, we observed no gross
or histopathologic lesions and no immunohistochem-
ical evidence of B. pseudomallei. Inmunohistochemi-
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cal staining for B. pseudomallei was predominantly in
the spleen and lymph nodes, with limited staining
in other organs. Of 70 select tested tissues, including
those with and without abscesses microscopically, 43
showed multifocal immunoreactivity by IHC at 14-28
dpi, which was strongly correlated with the presence
of abscess. Of 40 tissues with histologic evidence

Figure 4. Histopathologic lesions
(arrows) and immunocytochemical
localization of Burkholderia
pseudomallei in spleen and

lymph nodes of goats infected
with Burkholderia pseudomallei

in study of postexposure
antimicrobial drug therapy.
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Figure 5. Serologic responses of goats to infection with Burkholderia pseudomallei in study of postexposure antimicrobial drug
therapy. A) Responses measured by using whole-cell ELISA. Cutoff for positivity was set at 3 SDs above the mean value for all
preinoculation serum. B) Responses measured by indirect hemagglutination assays. Horizontal lines indicate means; error bars

indicate standard deviation.

of abscess (18 had no reported gross lesions and 15
were negative by culture), 38 showed multifocal im-
munostaining. No immunostaining was seen in 25 of
30 tissues without microscopic lesions; only 5 were
immunoreactive. Of those 5 immunoreactive tissues,
2 had gross lesions and positive culture results, and
3 tissues had no gross lesions and the culture was
negative; however, those tissues were from 2 animals
(goat 8549, group control; goat 8637, group sulfa-
methoxazole/trimethoprim) who had abscesses and
culture positive in other organs. The distribution of
B. pseudomallei antigen was typically extracellular,
within the necrotic center of the abscesses, and rarely
in the cytoplasm of some apparently viable neutro-
phils (Figure 4).

Besides the abscesses or other neutrophilic infil-
trates in different organs, we observed mild changes
consisting of moderate-to-severe congestion, lym-
phoid hyperplasia, sinus histiocytosis, lymphoplas-
macytic perivascular, or interstitial inflammation
in a few cases. In addition, we observed nonspecific
lesions such as hepatic steatosis and hyalinization
of the follicular centers of spleens. Vasculitis was
evident only in the liver of 1 case (goat 8434), eutha-
nized at 23 dpi. We performed IHC on select tissues
without gross or microscopic lesions or with negative
cultures; we examined those tissues and observed no
immunostaining.

Serology

According to whole-cell ELISA, all but 2 goats (8437
and 8555) had seroconverted by 21 dpi; the 2 goats
that failed to seroconvert were in the group treated
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with the combination of all 4 antimicrobial drugs
(Figure 5, panel A). The mean magnitude of antibody
response was also significantly lower (p<0.05) in the
animals receiving the combination of all 4 antimi-
crobial drugs. The indirect hemagglutination assay
demonstrated the same trends as the whole cell lysate
ELISA (Figure 5, panel B; Appendix Table 4).

Discussion

The treatment of melioidosis presents substantial
challenges because of the intrinsic resistance of B.
pseudomallei to many antimicrobial drugs, the intra-
cellular nature of the bacteria in infected patients,
and the tendency for infections to become latent and
recrudesce after treatment is discontinued. Most cur-
rent recommendations for the treatment of melioido-
sis involve a biphasic regimen with several weeks of
parenteral administration of antimicrobial drugs, fol-
lowed by months of eradication therapy with orally
administered antimicrobial drugs (18,32). In situa-
tions where exposures may have occurred, guidelines
have been developed and internationally adopted for
PEP, recommending trimethoprim/sulfamethoxa-
zole for 21 days in high-risk exposures and for those
with predisposing underlying conditions (diabetes,
renal or liver disease, or other immune-suppressing
conditions); PEP should be offered even after low-risk
exposures (33). However, those recommendations
are on the basis of limited mouse-model studies that
demonstrated efficacy only if PEP was started within
48 hours of exposure, something that is not realistic.
Goats are natural hosts for B. pseudomallei infection
(9,29) and were shown to be highly susceptible to
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both percutaneous and aerosol exposure to B. pseu-
domallei (30,31).

The objective of this study was to use the goat
model to evaluate the efficacy of 3 antimicrobial drug
regimens as PEP for B. pseudomallei infection induced
by percutaneous inoculation. Overt clinical disease
manifested in all the goats, including those with mini-
mal lesions at necropsy after treatment with all 4 an-
timicrobial drugs. However, it was not clear if the ob-
served clinical illness was related to infection with B.
pseudomallei or adverse events related to therapy. The
control animals in group 1 did not receive antimicro-
bial drugs and had more severe clinical signs and le-
sions. This increased severity suggests clinical disease
in the other groups was likely a result of the infection
plus disruptions of ruminal microbiota because of an-
timicrobial drug therapy, which is a disadvantage to
this model and not likely to be a major issue in hu-
mans. Another shortcoming of this study is that the
pharmacokinetic study we conducted with 2 goats
was far from extensive but did indicate the drug treat-
ments we applied provided reasonable blood levels
of those antimicrobial drugs. Repeated and more ex-
tensive evaluation of blood concentrations over time
would be valuable in interpreting future studies. The
dosage of amoxicillin we administered might have
been suboptimal on the basis of the pharmacokinetics
of this antimicrobial drug after oral administration in
goats (34) and some recent MIC values reported for
B. pseudomallei (35).

A striking observation from this study was that,
although treatment with amoxicillin/clavulanate
or sulfamethoxazole/trimethoprim had minimal or
mild inhibitory effects on abscess formation and the
presence of culturable B. pseudomallei in tissues, a
combination of both treatments appeared highly ef-
ficacious. None of the 8 goats treated with all 4 an-
timicrobial drugs had abscesses visible at necropsy
nor had positive organ cultures among the 10 tis-
sues tested. Of interest, antibody titers were lower
in goats that received the combination of 4 antimi-
crobial drugs, suggesting inhibition of infection and
a less potent stimulus to the immune system for this
treatment group.

In conclusion, our findings indicate PEP with a
combination of those 4 antimicrobial drugs might be
useful in preventing human cases of melioidosis af-
ter exposure to B. pseudomallei, and additional stud-
ies are justified. In addition, >3 additional features
of melioidosis will be necessary to address in future
studies with similar models. First, it will be critical to
delay the onset of treatment for >48 hours to make the
model more realistic for initiation of prophylaxis after
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later identification of exposure. Second, the animals
need to be maintained for longer periods of time af-
ter cessation of treatment to determine if prophylaxis
does indeed eliminate the infection and prevent re-
crudescence. Finally, more detailed pharmacokinetic
studies should be performed in goats to guide anti-
microbial drug dosing. Melioidosis after accidental
exposure in the clinical or research laboratory is rare,
and it would not be possible to utilize these cases to
evaluate the efficacy of PEP. Ultimately, clinical ob-
servations in humans are necessary to validate this
supposition and to determine the efficacy of PEP in
exposed humans.
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Emayella augustorita
[em”-3-yel’-o aw-goost’-0-re”’-ta]

Clyde Partin
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In 2024, a novel bacterial genus and spe-
cies of the Pasteurellaceae family, Emay-
ella augustorita, was presented by a team
led by Sylvain Meyer from the University
of Limoges in Limoges, France. E. augus-
torita is a fermentative, gram-negative or-
ganism and a commensal and common in-
habitant of feline and canine oral cavities
and upper respiratory tracts. This newly
identified rod-shaped bacterium was iso-
lated from blood cultures in a woman who
had sepsis because of an infected metallic
biliary stent.

As a nod to local heritage, in nam-
ing their discovery, the authors chose
Emayella, which translates from Latin as
enamel. Limoges is known for its artistic
heritage, especially for enamel-painted
metalwork dating to the Middle Ages. In
the 18th Century, after a kaolin pit was
discovered nearby, Limoges became an
avatar of exquisite porcelain ware. The
species epithet, augustorita, in honor of the
Emperor Augustus, was the original name
given to the town by its Roman founders,
in 10 BCE. The Gaulish suffix -ritum (rito
or ford) is a reference to the city’s location

Sources

1. MeyerS, Tilloy V, Durand-Fontanier S,
Lafon T, Garnier F, Martin C, et al. Emayella
augustorita, new member of Pasteurellaceae,
isolated from blood cultures of septic patient.
Emerg Infect Dis. 2024;30(8):1719-1721.
https:/ /doi.org/10.3201/eid3008.231651

2. Limoges Boutique. About Limoges, France:
world porcelain capitol [cited 2025 March 17].
https:/ /www.limogesboutique.com/pages/
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Exponential Clonal Expansion of
5-Fluorocytosine—Resistant
Candida tropicalis and
New Insights into Underlying
Molecular Mechanisms

Nissrine Abou-Chakra, Karen Marie Thyssen Astvad, Jan Martinussen,
Amalie Sofie Eilsg Munksgaard, Maiken Cavling Arendrup

In 2022, we initiated systematic 5-fluorocytosine suscep-
tibility testing of Candida spp. isolates in Denmark; we
observed a bimodal MIC distribution in C. tropicalis, with
MICs >16 mg/L in half the isolates. This study investigates
the epidemiology and molecular mechanisms of 5-fluo-
rocytosine resistance in C. tropicalis. We analyzed 104
C. tropicalis isolates from 3 time periods, alongside 353
C. albicans and 227 C. glabrata isolates from 2022. We
determined MICs using EUCAST E.Def 7.3. Sequencing
of FCY2 (purine-cytosine permease), FCY1 (cytosine de-
aminase), FUR1 (uracil phosphoribosyl transferase), and
URA3 (orotidine-5-phosphate decarboxylase) genes re-
vealed FCY2 alterations—E49X (30/32), Q7X (1/32), and
K6NfsX10 (1/32)—in resistant C. tropicalis strains. We
found a URAS alteration, K177E, in both susceptible and
resistant strains. Microsatellite genotyping showed that
all C. tropicalis isolates with E49X were clonally related.
The marked increase in resistance, driven by the clonal
spread of E49X, necessitates further research into viru-
lence and environmental factors.

Candidu tropicalis is a globally distributed oppor-
tunistic pathogen that can cause invasive infec-
tions in immunocompromised and predisposed pa-
tients (1,2). It ranks among the top 4 Candida species
responsible for candidemia in Denmark, after the 2
most prevalent species, C. albicans and C. glabrata (3).
However, C. tropicalis is more prevalent in southern
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Europe countries and Asia, where clonal spread in
hospital settings has been reported (4-6).

5-fluorocytosine is an antifungal agent that tar-
gets nucleic acid and protein synthesis. As a pro-
drug, it undergoes several chemical modifications
to become active (7-9) (Table 1). 5-fluorocytosine is
primarily used for cryptococcal meningitis and dif-
ficult-to-treat central nervous system, eye, or bone
infections caused by Candida species, and in combi-
nation with amphotericin B to avoid resistance selec-
tion (7); it is rarely included in routine susceptibility
of Candida species.

The European Committee on Antimicrobial
Susceptibility Testing (EUCAST) has not set clinical
breakpoints for 5-fluorocytosine. To generate MIC
data for epidemiologic cutoff (ECOFF) and future
breakpoint setting, we included 5-fluorocytosine
in our routine EUCAST susceptibility test panels in
2022. The results were somewhat unexpected. All C.
tropicalis isolates were susceptible to the echinocan-
dins and fluconazole; however, 50% demonstrated
high 5-fluorocytosine MICs (>16 mg/L), whereas the
remaining C. tropicalis isolates had MICs <0.5 mg/L.
In comparison, only 0.8% (3/353) of C. albicans and
2.2% (5/227) of C. glabrata exhibited elevated MICs of
1 to >16 mg/L (Table 2).

Few studies have investigated the prevalence of
5-fluorocytosine resistance in C. tropicalis across Eu-
rope, where resistance has emerged gradually since
the 1990s. In 1996, Law et al. reported a prevalence of
17% for 5-fluorocytosine resistance (defined as MIC
>8 mg/L) and 37% for of intermediate susceptibil-
ity (defined as MIC 2-8 mg/L) in C. tropicalis isolates
collected over 4 years in northwestern England (10).
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Table 1. Metabolism and mode of action of 5-fluorocytosine in study of clonal expansion of 5-fluorocytosine—resistant Candida

tropicalis, Denmark*

Step Process

Enzyme/mechanism

Outcome

Uptake 5-fluorocytosine is taken up

into fungal cells

Transport protein purine-cytosine
permease (encoded by FCY2;

Initiates the antifungal activity of the
metabolic pathway

primary uptake mechanism)

Conversion to 5-FU 5-fluorocytosine is

metabolized into 5-FU

Cytosine deaminase (encoded by
FCY1); selective action due to

5-fluorocytosine — 5-FU

lack of enzyme in mammalian

Formation of 5-FUMP 5-FU is converted into 5-

FUMP
Phosphorylation to 5- 5-FUMP is phosphorylated
FUDP to 5-FUDP

Uracil phosphoribosyl transferase
(encoded by FUR1)
Phosphorylation by specific
kinases (e.g., uridine

cells
5-FU — 5-FUMP

5-FUMP — 5-FUDP

monophosphate kinase)

Formation of 5-FUTP 5-FUDP is further

phosphorylated to 5-FUTP

Formation of 5-FAUDP 5-FUDP is reduced to 5-

FdUDP
Formation of 5-FAUTP 5-FdUDP is
phosphorylated to 5-
FAUTP
Dephosphorylation to 5- 5-FdUTP is

FdUMP dephosphorylated to 5-
FAUDP, which is
subsequently reduced to 5-

FAUMP, inhibiting TS

Phosphorylation reactions

Ribonucleotide reductase

Phosphorylation reactions

Dephosphorylation reactions
Ribonucleotide reductase

5-FUDP — 5-FUTP; integration into RNA
leads to dysfunctional RNA and inhibition
of RNA synthesis
5-FUDP — 5-FdUDP

5-FAUDP — 5-FdUTP; incorporation into
DNA inhibits DNA synthesis and repair

The irreversible inhibition of TS leads to
depletion of dTMP and dTTP, disrupting
nucleotide pools, leading to DNA
damage, potential apoptosis, and
"thymine-less death"

*5-FdUMP, 5-fluoro-deoxyuridine monophosphate; 5-FU, 5-fluoro-uracil; 5-FUMP, 5-fluoro-uridine monophosphate; 5-FUDP, 5-fluoro-uridine diphosphate;
5-FUTP, 5-fluoro-uridine triphosphate; 5-FdUDP, 5-fluoro-deoxyuridine diphosphate; 5-FAUTP, 5-fluoro-deoxyuridine triphosphate; dTMP, deoxythymidine
monophosphate; dTTP, deoxythymidine triphosphate; TS, thymidylate synthase.

Similarly, Tortorano et al. observed a 30% preva-
lence of 5-fluorocytosine resistance (MIC >32 mg/L)
in bloodstream isolates from 11 different institutions
in Lombardy, Italy, during 1997-1999, indicating a
widespread, non-hospital-specific prevalence of re-
sistance (11). More recently, Desnos-Ollivier et al. re-
ported that 35% of C. tropicalis strains from blood cul-
tures collected in France (2002-2006) were resistant
to 5-fluorocytosine (MIC >8 pg/mL; as defined by
authors) (12). Although no mutations were identified
in key pyrimidine salvage pathway genes involved in
5-fluorocytosine uptake and metabolism, including
FCY2 (purine-cytosine permease), FCY1 (cytosine de-
aminase), and FURI (uracil phosphoribosyl transfer-
ase), the authors observed evidence of a clonal spread
of resistant strains, particularly in the Paris region. In
addition, they identified a consistent correlation be-

tween 5-fluorocytosine resistance and a missense mu-
tation (K177E) in the URA3 (orotidine-5'-phosphate
decarboxylase) gene, encoding a key enzyme in the
later stages of the de novo pyrimidine biosynthesis.
The authors proposed that this mutation could alter
the structure and function of the URA3 enzyme, po-
tentially modifying its binding affinity for substrates
involved in nucleic acid synthesis. They also suggest-
ed that increased expression of URA3 in these strains
could contribute to 5-fluorocytosine resistance, pos-
sibly by promoting the overproduction of uridine
monophosphate (UMP), a precursor for deoxyribo-
nucleotide synthesis. However, direct evidence link-
ing URA3 upregulation to the observed resistance
phenotype was not provided.

In this study, we aimed to investigate the epide-
miology of 5-fluorocytosine resistance in C. tropica-

Table 2. 5-fluorocytosine susceptibility of Candida spp. in study of clonal expansion of 5-fluorocytosine-resistant Candida tropicalis,

Denmark*
MIC, mg/L Wild-type  Non—wild-

Year sampled <0.016 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 >16  Total UL, mg/L type rate, %
C. tropicalis

1998-2004 0 1 2 17 4 0 0 0 0 0 0 1 25 0.5 4.0

2011-12 0 0 12 7 0 0 0 0 0 0 0 4 23 0.5 17.4

2022 1 1 9 18 2 1 0 0 0 0 3 29 64 0.5 50.0
C. albicans

2022 0 2 8 144 154 28 14 2 0 0 0 1 353 1 0.8
C. glabrata

2022 1 8 86 122 5 0 1 1 3 0 0 0 227 0.25 2.2

*The reference strain, Candida tropicalis ATCC 750, had a MIC of 0.06 mg/L. Bold text indicates non—wild-type isolates. UL, upper limit.
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lis in Denmark over a 20-year perspective. We also
explored the underlying molecular mechanisms of
5-fluorocytosine resistance and investigated the ge-
netic similarity between susceptible and 5-fluorocyto-
sine-resistant C. tropicalis isolates.

Materials and Methods

Isolates

Our MIC study included all unique clinical C. tropicalis
(excluding same patient, same species, same 5-fluoro-
cytosine susceptibility isolates within 30 days) received
at Statens Serum Institut (Copenhagen, Denmark) in
3 time periods spanning 2 decades: 25 isolates from
1998-2004, 23 isolates from 2011-2012, and 64 isolates
from 2022. We selected the duration of each period to
include a minimum of 20 isolates per period. Over-
all, 78% of the isolates derived from blood cultures.
We included the C. tropicalis reference strain (ATCC
750) as an external comparator. We performed spe-
cies identification using morphology on CHROMagar
Candida (BD BBL; BD, https://www.bd.com) or
cornmeal Tween 80 agar (Dalmau technique), or both,
with carbohydrate assimilation profiling with 1D32C
(bioMérieux, https:/ /www .biomerieux.com) for earlier
isolates in some cases. In later periods, we used matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (Bruker, https:/ /www.bruker.com), sup-
plemented with internal transcribed spacer sequence
analysis when needed.

Susceptibility Testing and Categorization

of Susceptibility

We performed MIC determination in RPMI 1640 me-
dium according to EUCAST E.Def 7.3.2, as previously
described (13,14). We stored 5-fluorocytosine pure sub-
stance (Sigma-Aldrich, https://www.sigmaaldrich.
com) in aliquots with 5,000 mg/L stock solutions pre-
pared in sterile water at —80°C. The final concentration
range was 0.016-16 mg/L. We determined wild-type
upper limits (WT-ULs) using the ECOFFinder pro-
gram with 99.9% of the modeled distributed (https://
www.EUCAST.org; accessed 2024 Dec 11) and used
to categorize isolates as non-wild-type when MIC
>WT-UL (15).

DNA Extraction

We transferred colonies to 400 pL of easyMAG Lysis
Buffer (bioMérieux) for DNA extraction using the
automated eMAG extraction system (bioMérieux).
We eluted genomic DNA in 100 pL of Extraction
Buffer 3 (bioMérieux) and stored at —20°C until fur-
ther processing.
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5-Fluorocytosine—Resistant C. tropicalis

Molecular Analysis of 5-Fluorocytosine Resistance
Mechanisms in C. tropicalis

For the molecular studies, we excluded 8 isolates
from 2022 for practical reasons (3 susceptible
[MIC<0.5 mg/L] and 5 non-wild-type [MIC>0.5
mg/L]). We sequenced the genes FCY2, FCYI,
FUR1, and URA3 for the remaining 104 isolates (72
susceptible and 32 non-wild-type isolates) (Ap-
pendix Table 1, https://wwwnc.cdc.gov/EID/
article/31/5/24-1910-App1l.pdf). We validated re-
designed and newly designed primers through in
silico analysis for specificity and complementarity
using the C. tropicalis ATCC 750 genome (https://
genomes.atcc.org/genomes) as a reference. PCR
cycling conditions were initial denaturation at 95°C
for 10 minutes, 35 cycles of denaturation at 95°C for
30 seconds, annealing at the specified temperature
for 45 seconds, and extension at 72°C for 90 seconds.
We included a final extension at 72°C for 7 minutes
before cooling to 8°C. We visualized PCR products
on agarose gel, then performed Sanger sequenc-
ing (Macrogen Europe, https://www.macrogen-
europe.com). We analyzed the sequencing data in
the CLC Main Workbench software version 23.0.3
(QIAGEN, https://www.qiagen.com) (Appendix
Table 1).

Genotyping of C. tropicalis and Cluster Analysis

We used the microsatellite-based typing method de-
veloped by Wu et al. (16). We modified primers for
amplifying the microsatellite loci and PCR conditions
and ran singleplex assays for some primer sets and
duplex assays for others (Appendix Table 2). We as-
sembled PCR reactions in a total volume of 25 pL,
containing 2.5 L genomic DNA, 0.4 uM of each du-
plex primer or 0.8 pM of each singleplex primer, 6 uL
of distilled water for the duplex assay or 8 pL for the
singleplex assay, and 12.5 pL of Extract-N-amp-PCR
ReadyMix (Sigma Aldrich). We performed all PCR
reactions using a SimpliAmp Thermal Cycler (Ther-
moFisher) under the following conditions: initial
denaturation at 95°C for 10 minutes, followed by 35
cycles of denaturation at 95°C for 30 seconds, anneal-
ing at 52°C for 30 seconds, elongation at 72°C for 90
seconds, and a final extension at 72°C for 7 minutes.
We analyzed PCR products on a 2% agarose gel and
visualized after staining with ethidium bromide un-
der UV light.

For fragment sizing, we combined 1 pL of each
duplex and corresponding singleplex PCR product
with 11.2 pL distilled water and 0.8 uL. GeneScan 500
ROX, resulting in a total volume of 14 pL. We heat-
ed the mixture at 95°C for 3 minutes, cooled on ice,
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and analyzed using the SeqStudio Genetic Analyzer
(Thermo Fisher). We analyzed fluorescent peaks with
Peak Scanner software (Thermo Fisher) to determine
fragment sizes measured in base pairs. We defined
a singleton as a genotype found in a single strain,
whereas a cluster refers to a genotype shared by >2
strains. Finally, we illustrated the genetic relation-
ships among isolates by constructing a minimum-
spanning tree using BioNumerics software version
8.1.1 (bioMérieux).

Results

Susceptibility Epidemiology

Adopting the WT-UL values determined using the
2022 dataset and including 99.9% of the modeled
MIC distributions, the 5-fluorocytosine proportion
of C. tropicalis isolates non-wild-type to 5-fluorocy-
tosine increased exponentially from 4.0% to 50.0%
over 2 decades (Table 2). In contrast, the non-wild-
type rates in C. albicans (0.8%) and C. glabrata (2.2%)
in 2022 remained low. Focusing on the C. tropicalis
isolates from 2022, we found no pattern regard-
ing 5-fluorocytosine susceptibility and the geo-
graphic origin of the isolates (Appendix Table 3).

The comparator control strain (ATCC 750) a MIC
was 0.06 mg/L.

Molecular Analysis of Genes Contributing

to 5-Fluorocytosine Resistance

We detected no mutations resulting in amino acid alter-
ations in the FCY1 gene in the non-wild-type or suscep-
tible C. tropicalis isolates. However, we identified several
point mutations that resulted in amino acid substitu-
tions and nonsense mutations (resulting in truncated
proteins), in the FCY2, FUR1, and URA3 genes (Table 3).
We found 2 nonsense mutations and 1 nucleotide dele-
tion in FCY2 exclusively in 5-fluorocytosine non-wild-
type isolates; the nonsense mutations caused premature
translation termination (E49X and Q7X), and the nucleo-
tide deletion caused a frameshift in the protein sequence
(K6NfsX10). Of those mutations, E49X was found in 30
of the 32 non-wild-type C. tropicalis isolates. In contrast,
the URA3 mutation leading to a K177E alteration was
present in both wild-type and non-wild-type isolates. In
addition, missense alterations K5Q and A157S in FUR1,
along with various heterozygous mutations in FCY2,
were found exclusively in wild-type isolates (Table 3).
The comparator control strain (ATCC 750) exhibited
wild-type alleles for all 4 genes analyzed.

Table 3. Overview of target gene mutations found in Candida tropicalis isolates in study of clonal expansion of 5-fluorocytosine—

resistant C. tropicalis, Denmark*

Amino acid Total strains, Modal MIC, mg/L
alteration Mutation type No. strains N =104 Expected effect on protein (range)t
FCY2
E49X Nonsense (homozygous) 30 (R) 32 (R) Premature termination, loss of >16, non—wild-type
function
Q7X Nonsense (homozygous) 1(R) 32 (R) Premature termination, loss of >16, non—-wild-type
function
KBNfsX10 Single-nucleotide deletion 1(R) 32 (R) Frameshift leading to premature >16, non-wild-type
(homozygous) termination, loss of function
E49X & M162I Heterozygous 12 (S) 72 (S) No significant impact on 0.125 (0.06-0.5)
transporter function
H201I Heterozygous 1(S) 72 (S) No significant impact on 0.125
transporter function
1473L Heterozygous 2(S) 72 (S) No significant impact on (0.06-0.125)
transporter function
M130T Heterozygous 1(S) 72 (S) No significant impact on 0.25
transporter function
M162I Heterozygous 1(S) 72 (S) No significant impact on 0.125
transporter function
S108F Heterozygous 1(S) 72 (S) No significant impact on 0.06
transporter function
W67X Heterozygous 1(S) 72 (S) Discrete impact on transporter 0.5
function
S258X Heterozygous 1(S) 72 (S) No significant impact on 0.25
transporter function
FUR1
K5Q & A157S Homozygous 1(S) 72 (S) No impact on 5-FC conversion 0.125 (0.06-0.5)
URA3
K177E Homozygous 30(R)+2 32(R)+72 No impact on protein function 0.125 (0.06-0.5)
(S (S

*Strains were wild-type except as indicated. FCY2, purine-cytosine permease; FURL, uracil phosphoribosyltransferase; R, resistant (non-wild-type); S,

susceptible (wild-type); URAS, orotidine-5'-phosphate decarboxylase

tModal MIC value presented for alterations represented by >10 isolates, MIC range in parentheses for alterations represented by <10 isolates, and MIC
value for alterations found in a single isolate. For comparison, modal MIC for wild-type population is 0.125 mg/L.
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Allelic and Cluster Analysis

We next explored the genetic relationships among C.
tropicalis strains in Denmark to determine whether
5-fluorocytosine resistance emerged as a result of clonal
spread among hospitalized patients. We identified 66
genotypes among the 72 susceptible strains, comprising
84% of the total observed diversity, including 62 unique
singletons and 4 small clusters (Figure 1). In contrast,
the 32 genotyped non-wild-type strains accounted for
12 genotypes, forming 2 clusters and 10 distinct single-
tons. One cluster included 15 non-wild-type strains
(47% of all non-wild-type isolates), whereas a smaller
cluster contained 7 non-wild-type strains (22%). Eight
non-wild-type singletons varied by 1 allele, whereas the
remaining 2 were completely distinct (Figure 1). We de-
termined the allelic profiles of the 104 clinical C. tropicalis
strains, including the profile for the comparator control
strain (ATCC 750) (Appendix Table 4).

5-Fluorocytosine—Resistant C. tropicalis

Discussion

In this study, we report a concerning exponential
4-fold increase per decade over a 20-year period in
5-fluorocytosine resistance in clinical C. tropicalis iso-
lates in Denmark. The underlying molecular mecha-
nism is primarily associated with an E49X alteration
in the purine-cytosine permease enzyme (encoded
by FCY2), which was found exclusively in non-wild-
type strains and results in a severely truncated and
likely nonfunctional transporter protein. Further-
more, we show that this genotype has expanded clon-
ally in Denmark. Those findings are both surprising
and worrying for several reasons. First, 5-fluorocy-
tosine is rarely used in Denmark (<1-4 patients per
year according to the national medicine sales regis-
try [https:/ /medstat.dk]). Second, the non-wild-type
strains were unique and epidemiologically unrelated,
with no geographic pattern in resistance rates across

Figure 1. Minimum spanning tree illustrating the genotypic relationships among Candida tropicalis isolates, Denmark. Each node
represents a distinct genotype; node size is proportional to the number of strains sharing the same allelic profile. Lines connecting
nodes indicate genetic differences: thick solid black indicates 1 allele difference; thin solid black, 2 alleles; thin solid blue, 3 alleles; thin
dashed blue, 4 alleles; orange dashed, 5 alleles; orange dotted, 6 alleles; and grey dotted, >6 alleles. Node colors represent the year
of collection and 5-fluorocytosine resistance status. Non—wild-type strains with the E49X alteration form a clonal complex with minimal
genetic variation over a 20-year period. In contrast, isolates carrying the Q7X or K6NfsX10 alterations are genetically unrelated to each
other and to other strains, suggesting sporadic acquisition of resistance. Note: Line length does not reflect evolutionary distance. Boxed
items at top of key indicate MICs for non—wild-type strains. S, susceptible.
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the country, as expected because a previous geno-
typing study found no evidence of clonal spread of
candidemia isolates in Denmark (17). This raises the
question whether a common source of non-wild-type
C. tropicalis exists or whether a common selecting fac-
tor other than 5-fluorocytosine use in humans has
contributed to the observed increase in resistance, ei-
ther in hospitals or in the environment.

Our sequencing targeted the FCY2, FCY1, and
FUR1 genes, essential for 5-fluorocytosine uptake
and conversion, along with the URA3 gene involved
in UMP biosynthesis. Deleterious mutations were
found in FCY2-encoding purine-cytosine permease,
responsible for the cellular uptake of 5-fluorocytosine
and the primary molecular target involved in 5-flu-
orocytosine resistance. Of note, 92% of non-wild-
type strains harbored a G145T nucleotide alteration
in both FCY2 alleles, converting the GAA codon for
glutamate (E) to a stop codon (TAA) and resulting
in premature termination at position 49 (designated
E49X) of the 509-aa sequence. The G145T point muta-
tion has been reported only once, in a study by Chen
et al. (2011), where it was observed in 1 resistant iso-
late among 97 tested clinical strains (18). Our data
strongly suggest that the G145T point mutation is a
key mechanism behind 5-fluorocytosine resistance in
C. tropicalis isolates in Demark.

Two non-wild-type strains did not contain the
E49X alteration. One of those displayed a novel non-
sense mutation, termed Q7X, caused by the C19T
nucleotide substitution in both FCY2 alleles. The
other non-wild-type strain harbored a novel frame-
shift mutation caused by the deletion of an adenine
(A) at position 18 of the FCY2 sequence, designated
K6NfsX10. This frameshift mutation substitutes a ly-
sine (K) at position 6 to asparagine (N) and results in
premature termination of translation after 10 aa. Each
of those 3 mutations leads to the early truncation
of the FCY2 protein, likely rendering it deficient in
critical functional domains essential for proper trans-
porter activity, including substrate binding, cofactor
interactions, and cellular localization.

We did not detect amino acid substitutions in cy-
tosine deaminase (FCY1), in either non-wild-type or
susceptible C. tropicalis isolates. However, 1 suscep-
tible isolate harbored 2 missense mutations in FURI,
leading to K5Q and A157S alterations in uracil phos-
phoribosyl transferase. The absence of mutations in
genes (such as FCY1 and FUR1) downstream of 5-flu-
orouracil, the active metabolite of 5-fluorocytosine, in
non-wild-type isolates suggests that 5-fluorouracil, a
chemotherapeutic agent (8), does not play a signifi-
cant role in conferring resistance to 5-fluorocytosine
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in C. tropicalis. Furthermore, 5-fluorouracil does not
use the same transporter protein (FCY2) as 5-fluoro-
cytosine (19). Taken together, those findings indicate
that the selection pressure driving 5-fluorocytosine
resistance in C. tropicalis likely occurred upstream
of 5-fluorouracil metabolism. However, other pu-
rine analogs that also rely on FCY2 for cellular entry
may contribute to resistance emergence. Such agents,
whether used as chemotherapies or in other medical
or environmental contexts, could impose selective
pressure on fungal populations, potentially promot-
ing mutations in the transporter protein that confer
5-fluorocytosine resistance. Those results further sug-
gest the existence of an alternative cytosine salvage
pathway in C. tropicalis, highlighting its capacity for
survival and proliferation in environments with fluc-
tuating drug exposure, both in clinical and environ-
mental contexts.

Desnos-Olivier et al. (12) reported a 35% 5-fluo-
rocytosine resistance rate in C. tropicalis in the Paris
area in 2002-2006, dominated by a clonal population
carrying a K177E alteration in orotidine-5'-phosphate
decarboxylase (encoded by URA3) but no mutations
in the FCY2 gene when compared with the wild-type
strain. The authors proposed that increased URA3 ex-
pression, driven by the K177E mutation, could lead to
overproduction of UMP by upregulating the pyrimi-
dine biosynthesis pathway, contributing to 5-fluoro-
cytosine resistance. However, considering the high
catalytic efficiency of orotidine-5'-phosphate decar-
boxylase across many organisms and the fact that
pyrimidine nucleotide biosynthesis is primarily regu-
lated at earlier steps in the pathway, it seems unlikely
that the K177E mutation alone would substantially al-
ter pyrimidine nucleotide pools and drive resistance
(20-22). Although we detected the K177E alteration
in all 5-fluorocytosine-non-wild-type isolates from
Denmark harboring the nonsense mutation (E49X),
the mutation was also present in 2 susceptible isolates,
bringing into question its proposed role in resistance.
We performed in silico analysis of the FCY2 forward
primer used in the France study and confirmed com-
plementarity to the target gene. However, we noted
that the forward primer annealed 126 bp downstream
of the open reading frame (Figure 2). This primer po-
sitioning likely led to incomplete sequencing of the
FCY2 coding region, missing potential point muta-
tions in the early region of the gene. We speculate
that this positioning may be a result of using the
FCY?2 reference sequence derived from the genome
assembly of C. tropicalis MYA 3404 (BioProject no.
PRJNA13675). Our in silico analysis indicates a pos-
sible mutation or sequencing error in this assembly,
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leading to a premature TGA stop codon instead of
the TGG tryptophan codon, 199 bp downstream of
the open reading frame (Figure 2). Moreover, analy-
sis of the more recent C. tropicalis ATCC750 genome
assembly (2020) confirmed the presence of the TGG
codon with no premature stop codon observed at this
position. Finally, our sequencing data of both non-
wild-type and susceptible 5-fluorocytosine strains
was consistent with the updated reference sequence,
supporting our observation. Resequencing of the
FCY2 gene of the strains from France using updated
primers and reference sequence would be of interest.

Our sequencing analysis revealed a signifi-
cant level of heterozygosity across all strains; 12/72
(16.7%) of the 5-fluorocytosine-susceptible popula-
tion carrying the G145T point mutation (causing E49X
in homozygous isolates) in 1 of the 2 FCY2 alleles.
This finding may indicate an increased likelihood of
resistance developing through a single genetic rear-
rangement (18,23).

In contrast to the broad genetic diversity ob-
served among susceptible strains, the genotyping da-
taset highlighted the close genetic relatedness among
the non-wild-type strains harboring the E49X altera-

5-Fluorocytosine-Resistant C. tropicalis

tion, with only 1 allele difference between the early
2004 non-wild-type isolate and subsequent strains
collected over the next 20 years. This finding sup-
ports the hypothesis that this specific non-wild-type
genotype, likely introduced or emerged in Denmark
20 years ago, has undergone gradual microevolution
and effectively spread among hospitalized patients
or in the population in general. In contrast, the 2 re-
maining non-wild-type isolates (1 carrying Q7X al-
terations and the other K6NfsX10) were not related
to each other or to the remaining non-wild-type and
susceptible isolates, suggesting sporadic resistance
acquisition. Given that 5-fluorocytosine is rarely used
in Denmark and extremely rarely for C. tropicalis in-
fections, the drivers of the clonal expansion of the
5-fluorocytosine clone remain unexplained. Those
findings call for studies on potential unrecognized
selection factors in human medicine, environmental
influences, and fungus-specific factors such as viru-
lence, biofilm formation, or surface adherence.

In conclusion, our study provides new knowl-
edge on the molecular mechanisms underlying 5-flu-
orocytosine resistance in C. tropicalis strains and doc-
uments a clonal spread along with notable increase

Figure 2. FCY2 sequence encoding the purine-cytosine permease derived from contig 14 of the Candida tropicalis strain ATCC 750
genome assembly, published on the ATCC Genome Portal in 2020. The coding sequence spans positions 2152980-2154500. The ORF
is depicted at the top left of the figure; long red arrow illustrates the FCY2 forward primer designed by Desnos-Ollivier et al. (12), and the
blue arrow indicates the ORF they used. The green arrow represents the tryptophan codon TGG, which is converted to stop codon TGA
in the MYA 3404 genome assembly. CDS, coding sequence; ORF, open reading frame.
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in resistance prevalence among C. tropicalis isolates in
the absence of a recognized selection pressure in Den-
mark. Our findings present a challenge in healthcare
facilities, requiring attention, surveillance, improved
infection control measures, and collaborative efforts
to clarify drivers of resistance and develop effective
prevention strategies.
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Administration of L-Type Bovine
Spongiform Encephalopathy
to Macaques to Evaluate
Zoonotic Potential

Morikazu Imamura,! Ken’ichi Hagiwara, Minoru Tobiume, Minako Ohno, Hiromi Iguchi,
Hanae Takatsuki, Tsuyoshi Mori, Ryuichiro Atarashi, Hiroaki Shibata, Fumiko Ono?

We administered L-type bovine spongiform encepha-
lopathy prions to macaques to determine their potential
for transmission to humans. After 75 months, no clini-
cal symptoms appeared, and prions were undetectable
in any tissue by Western blot or immunohistochemistry.
Protein misfolding cyclic amplification, however, re-
vealed prions in the nerve and lymphoid tissues.

Worldwide emergence of classical bovine spon-
giform encephalopathy (C-BSE) is associated
with variant Creutzfeldt-Jakob disease in humans (1).
Two other naturally occurring BSE variants have been
identified, L-type (L-BSE) and H-type. Studies using
transgenic mice expressing human normal prion pro-
tein (PrP¢) (2) and primates (3-5) have demonstrated
that L-BSE is more virulent than C-BSE. Although
L-BSE is orally transmissible to minks (6), cattle (7),
and mouse lemurs (5), transmissibility to cynomolgus
macaques, a suitable model for investigating human
susceptibility to prions, remains unclear. We orally
inoculated cynomolgus macaques with L-BSE prions
and explored the presence of abnormal prion pro-
teins (PrP*) in tissues using protein misfolding cyclic
amplification (PMCA) along with Western blot (WB)
and immunohistochemistry (IHC). PMCA markedly
accelerates prion replication in vitro, and its products
retain the biochemical properties and transmissibility
of seed prion strains (8).
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The Study

Two macaques orally inoculated with L-BSE prions
remained asymptomatic and healthy but were eu-
thanized and autopsied at 75 months postinocula-
tion. WB showed no PrP* accumulation in any tissue
(Table), IHC revealed no PrP% accumulation, hema-
toxylin and eosin staining revealed no spongiform
changes in brain sections, and pathologic examina-
tion revealed no abnormalities.

We next attempted to detect PrP* using PMCA,
performed as previously described (9), with minor
modifications (Appendix, https://wwwnc.cdc.gov/
EID/article/31/5/24-1257-Appl.pdf). First, we eval-
uated the sensitivity of PMCA. Using serial amplifica-
tion with 10-fold stepwise dilutions of prion-infected
brain homogenates as seeds, we amplified PrP*-like
proteinase K (PK)-resistant prion protein (PrPres)
from a 107 dilution of 10% brain homogenate (BH)
obtained from macaque intracerebrally inoculated
with L-BSE prions in the fifth amplification round
(Figure 1, panel A). This method also enabled propa-
gation of PrPres from a 107 dilution of BH from C-
BSE-affected cattle during the second amplification
round (Figure 1, panel B), suggesting PMCA’s higher
efficiency and sensitivity for detecting C-BSE prions
than macaque L-BSE prions.

We attempted to detect prions in the lymphoid
and nervous systems, among other tissues, of the 2
orally inoculated macaques using refined PMCA
(Figure 2; Appendix Figure, Table). In lymphoid tis-
sue samples prepared using sodium phosphotungstic
acid precipitation (Appendix), we amplified PrPres in
the inguinal and mesenteric lymph nodes, ileum, and
tonsils of both macaques (Figure 2, panels A, B), as
well as in the spleen of 1 macaque (#18) and the thy-

1These authors were co—principal investigators.
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Table. Detection of PrPres in tissue samples obtained from macaques orally challenged with L-BSE prions in study of oral
transmission of L-type bovine spongiform encephalopathy in macaques to evaluate zoonotic potential*

PMCA, no. positive/no. total WB, orally IHC, orally
Orally challenged challenged challenged
animals Negative controls animals animals
Sample location 18 19 9086 1004 9040 18 19 18 19
Nerve tissues
Cerebral cortex, frontal lobe; PTA, PBS 0/2,0/2  0/2,0/2 ND 0/2,0/2 0/2,0/2 Neg Neg Neg Neg
Cerebral cortex, temporal lobe ND ND ND ND ND Neg Neg Neg Neg
Cerebral cortex, parietal lobe ND ND ND ND ND Neg Neg Neg Neg
Cerebral cortex, occipital lobe ND ND ND ND ND Neg Neg Neg Neg
Hippocampus ND ND ND ND ND Neg Neg Neg Neg
Thalamus ND ND ND ND ND Neg Neg Neg Neg
Cerebellum ND ND ND ND ND Neg Neg Neg Neg
Cervical cord; EtOH, PBS 0/2,0/2  0/2,1/2 0/2,0/2 0/2,0/2 0/2,0/2 Neg Neg Neg Neg
Thoracic cord; EtOH, PBS 0/2,1/2 0/2,1/2 0/2,0/2 0/2,0/2 0/2,0/2 Neg Neg Neg Neg
Lumbar cord; EtOH, PBS 0/2,0/2  0/2,0/2 0/2,0/2 0/2,0/2 0/2,0/2 Neg Neg Neg Neg
Median nerve, PTA 2/2 1/2 ND ND ND Neg Neg Neg Neg
Sciatic nerve, PTA 0/2 0/2 ND ND ND Neg Neg Neg Neg
Secondary lymphoid tissues
Spleen, PTA 1/2 0/2 ND ND 0/2 Neg Neg Neg Neg
Tonsil, PTA 1/2 2/2 0/2 0/2 0/2 ND ND ND ND
Submandibular lymph node, PTA 0/2 0/2 0/2 ND 0/2 Neg Neg Neg Neg
Inguinal lymph nodes, PTA 1/2 2/2 ND ND ND ND ND ND ND
Mesenteric lymph node, PTA 1/2 1/2 0/2 0/2 0/2 ND ND ND ND
Primary lymphoid tissues
Thymus, PTA 0/2 2/2 ND ND ND ND ND ND ND
Others
Submaxillary gland, PTA 2/2 1/2 ND ND ND ND ND ND ND
lleum, PTA 2/2 2/2 0/2 0/2 0/2 Neg Neg Neg Neg

*Bold indicates positive results. EtOH, ethanol precipitation; IHC, immunohistochemistry; ND, not determined; neg, negative; PBS,
suspension in phosphate-buffered saline; PMCA, protein misfolding cyclic amplification; PrPres, PrPS*-like proteinase K—resistant prion
proteins; PTA, sodium phosphotungstic acid precipitation; WB, Western blot.

mus of the other (#19), in the second or third ampli-
fication round of PMCA (Figure 2, panel C). We ob-
served no PrPres in the submandibular lymph nodes
(Appendix Figure 1). Examining the central nervous
system, we observed no PrPres amplification in the
cerebral cortex (Figure 2, panel C), whether seed-
ed with phosphate-buffered saline homogenates

Figure 1. Sensitivity of modified
protein misfolding cyclic
amplification (PMCA) to detect
abnormal prion protein in study of
oral transmission of L-type bovine
spongiform encephalopathy
(L-BSE) in intracerebrally
inoculated macaques to evaluate
zoonotic potential. We evaluated
in macaques intracerebrally
inoculated with L-BSE prions

(A) and cattle intracerebrally
inoculated with classical

BSE prions (B) (Appendix,
https://wwwnc.cdc.gov/EID/
article/31/5/24-1257-App1.pdf).
We serially diluted (103-107"")
brain homogenates (10% weight

or phosphotungstic acid precipitates. The spinal
cord showed no PrPres amplification upon ethanol
precipitation. However, PrPres was amplified in the
cervical spinal cord of macaque #19 and in the tho-
racic spinal cord of both macaques with phosphate-
buffered saline homogenates (Figure 2, panel D). We
also confirmed PrPres in the median nerve of both

by volume) in 50 pL of human normal prion protein (PrP°) substrate and performed PMCA. We further diluted the initial PMCA product to
1:5 with a fresh PrP¢ substrate for subsequent rounds. We conducted 6 rounds of PMCA in duplicate. In macaques, PMCA propagated
PrPSc-like proteinase K-resistant prion protein (PrPrs) from a 1077 dilution in the fifth amplification round; in cattle, PMCA propagated
PrPres from a 1078 dilution during the second amplification round. We performed Western blot for each PMCA product (2.5 uL) after
proteinase K digestion using the T-2 antibody (10). ND, assays not done; NS, nonseeded control; R, round.
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Figure 2. Sensitivity of modified
protein misfolding cyclic
amplification (PMCA) to detect
abnormal prion protein in study of
oral transmission of L-type bovine
spongiform encephalopathy
(L-BSE) in orally inoculated
macaques to evaluate zoonotic
potential. We performed 6 rounds
of PMCA in duplicate in the
tissues of 2 macaques (#18 and
#19) orally inoculated with L-BSE
prions, primarily in the lymphoid
and nervous system tissues. A)
ML nodes and To tissue; B) ileum;
C) cerebral cortex and spleen;

D) cervical and thoracic cords;
and E) SG, Th, IL nodes, SN,

and MN tissues. We prepared
PMCA seeds, equivalent to 6.25
mg of tissue, obtained from
lymphoid tissues, peripheral
nerves, submaxillary glands, and
ileum by using a standard sodium
phosphotungstic acid precipitation
method. For brain tissues, we
used 10% homogenates in
phosphate-buffered saline (250
ug) and phosphotungstic acid
precipitates as seeds. For spinal
cords, we used 10% homogenates
in phosphate-buffered saline

and ethanol precipitates (625 pg
equivalent) as seeds. Tissues
obtained from 3 uninfected

macaques (#9068, #1004, and #9040) served as negative controls and were processed identically to those obtained from inoculated
animals. For the thoracic spinal cord of macaque #19, we performed amplification for 7 rounds to determine whether the round 6 signal
was positive. IL, inguinal lymph; ML, mesenteric lymph; MN, median nerve; NS, nonseeded control; PMCA, protein misfolding cyclic
amplification; PO, L-type bovine spongiform encephalopathy orally inoculated macaques; SG, submaxillary gland; SN, sciatic nerve; TH,

thymus; To, tonsil; UC, uninoculated control.

macaques but not in the sciatic nerve (Figure 2, pan-
el E). We noted PrPres signals in the submandibu-
lar glands of both animals. In contrast, we found no
PrPres amplification in any tissues from uninoculat-
ed control macaques.

PrPres obtained from the orally inoculated ma-
caques exhibited diverse banding patterns distinct
from those generated by PMCA using L-BSE-affected
cattle BH and L-BSE intracerebrally inoculated ma-
caque BH as seeds (Figure 3, panels A-C). Of note,
the lowest-molecular-weight PrPres variants from the
ileum, spleen, inguinal lymph nodes, thoracic cord,
submaxillary gland, and mesenteric lymph nodes of
orally inoculated macaques exhibited remarkable PK
resistance similarity and banding patterns indistin-
guishable from those of PrPres generated by PMCA
with C-BSE-affected cattle BH as a seed (Figure 3,
panel C, Appendix Figures 2 and 3). In contrast, the
higher-molecular-weight PrPres variants from the

988

ileum of macaque #18 exhibited a unique banding
pattern distinct from those of L-BSE, C-BSE, and H-
type BSE prions (Figure 3, panel C). Banding patterns
and PK resistance of PrPres amplified from L-BSE-af-
fected cattle BH and L-BSE intracerebrally inoculated
macaque BH were notably similar.

This PMCA method was initially designed for the
high-sensitivity detection of L-BSE intracerebrally in-
oculated macaque PrP* but was even more efficient
and sensitive in detecting bovine C-BSE PrP* (Figure
1, panel B). Therefore, we believe that this method en-
abled the detection of both C-BSE-like PrP* and po-
tentially novel PrP* variants.

Conclusion

We noted no detectable evidence of PrP> by WB or
IHC in any tissues of L-BSE orally inoculated ma-
caques. Nevertheless, PMCA successfully amplified
PrPres from lymphatic and neural tissues. The PrPres
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Figure 3. Gel electrophoresis
and Western blot testing

of tissues obtained from
macaques orally inoculated
with L-BSE prions in study of
oral transmission of L-BSE in
macaques to evaluate zoonotic
potential. We loaded each 6th-
round protein misfolding cyclic
amplification (PMCA) product,
seeded with tissues obtained
from the 2 macaques (#18 and
#19), onto 2 gels for sodium
dodecy! sulfate-polyacrylamide
gel electrophoresis, followed
by Western blot. A) PMCA
products amplified from ML, To,
Sp, and II; B) PMCA products
amplified from CC, TC, MN,
SG, and Th; C) Western blot
analysis. For comparison,
PMCA products amplified using
BH obtained from macaque
#23, intracerebrally inoculated
with L-BSE, were run on both
gels together with products

Administration of L-BSE to Macaques

amplified from the ileum of macaque #18. Abnormal prion protein (PrP)-like proteinase K—resistant prion proteins (PrPres) from L-BSE
orally inoculated macaques exhibited a few distinct banding patterns, which differed from those of PrPres from L-BSE intracerebrally

in macaque #23. For Western blot, we compared 6th-round PMCA products, seeded with IL tissue obtained from macaque #18 and Br
tissue obtained from macaque #23, L-BSE—affected cattle, C-BSE—affected cattle, and H-BSE—affected cattle. Banding results represent
the products of PMCA using the BHs of wild-type mice (upper image) and bovine normal prion protein—expressing transgenic mice (lower
image) as substrates, with identical cofactors. Among the PrPres amplified from the ileum of L-BSE/PO macaque #18, the banding pattern
of PrPres with a small molecular weight (low) was very similar to that of PrPres amplified from the brain of cattle inoculated intracerebrally
with C-BSE. BH, brain homogenate; Bo™, bovine normal prion protein—expressing transgenic; Br, brain; C-BSE, classical bovine
spongiform encephalopathy; CC, cervical cord; H-BSE, H-type bovine spongiform encephalopathy; IC, inoculated intracerebrally; II, ileum;
IL, inguinal lymph nodes; L-BSE, L-type bovine spongiform encephalopathy; Mac, macaque; ML, mesenteric lymph nodes; MN, median
nerve; PO, inoculated orally; SG, submaxillary gland; Sp, spleen; TC, thoracic cord; Th, thymus; To, tonsil.

exhibited electrophoretic patterns distinct from those
detected by PMCA using L-BSE-affected cattle BH as
the seed (Figure 3, panel C), indicating that the PrP*
used as the template for PrPres amplification in orally
inoculated macaques did not originate from the bo-
vine L-BSE prions used as inoculum. Instead, PrP*
were newly generated by the conversion of macaque
PrP¢ by bovine L-BSE prions. Our results provide
strong evidence that L-BSE can infect macaques via
the oral route.

We found no evidence that PrP* reached the
brain in orally inoculated macaques; however, the
macaques euthanized 6 years postinoculation might
have been in the preclinical period. At low infection
levels, lymph nodes play a vital role in prion spread
to the central nervous system (11). Therefore, had the
macaques been maintained for a longer period, they
might have developed prion disease. Retrospective
surveillance studies using the appendix and tonsil
tissues suggested a considerable number of humans
harboring vCJD in a carrier state (12). Thus, we cannot
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exclude that L-BSE orally inoculated macaques could
similarly remain in a potentially infectious state.

The brain of L-BSE intracerebrally inoculated ma-
caque accumulated prions with biochemical proper-
ties resembling bovine L-BSE prions (Figure 3, panel
C; Appendix Figure 2); however, we observed no PrPs
accumulation in lymphoid tissues by WB or IHC (4).
In contrast, macaques orally inoculated with C-BSE
prions showed PrP* accumulation in lymphoid tis-
sues, including the spleen, tonsils, and mesenteric
lymph nodes by WB and IHC (13). In our study, L-BSE
orally inoculated macaques harbored C-BSE-like pri-
ons in their lymphoid and neural tissues. Interspecies
transmission of L-BSE prions to ovine PrP transgenic
mice can result in a shift toward C-BSE-like proper-
ties (14,15). Our data suggest that L-BSE prions may
alter biophysical and biochemical properties, depend-
ing on interspecies transmission and inoculation route,
acquiring traits similar to those of C-BSE prions. This
transformation might result from structural changes
in the L-BSE prion to C-BSE-like prions and other
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lymphotropic prions within lymphoid tissues or from
the selective propagation of low-level lymphotropic
substrains within the L-BSE prion population.

The first limitation of our study is that the oral in-
oculation experiment involved only 2 macaques and
tissues collected at 6 years postinoculation, before dis-
ease onset. Consequently, subsequent progression of
prion disease symptoms remains speculative. A larg-
er sample size and extended observation periods are
required to conclusively establish infection in orally
inoculated macaques. Furthermore, we performed
no bioassays for PMCA-positive samples, leaving the
relationship between PMCA results and infectious
titers undefined. Considering that PrPres amplifica-
tions from tissues from the orally inoculated macaque
tissues required 2 rounds of PMCA, the PrP* levels in
positive tissues might have been extremely low and
undetectable in the bioassay.

Previous studies have demonstrated that L-BSE
can be orally transmitted to cattle (7) and might have
caused prion disease in farm-raised minks (6), indi-
cating that L-BSE could naturally affect various ani-
mal species. Our findings suggest that L-BSE can also
be orally transmitted to macaques. Therefore, current
control measures aimed at preventing primary C-BSE
in cattle and humans may also need to consider the
potential risk of spontaneous L-BSE transmission.
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Tropheryma whipplei Infections,
Mexico, 2019-2021

Jesus Delgado-de la Mora,! Peter Grube-Pagola,! Christopher D. Paddock, Marlene DeLeon-Carnes,
Alvaro C. Laga, Isaac H. Solomon, José Maria Remes-Trpche, Je§L’Js Javier Baquera-Heredia,
Gabriel Quintero-Bustos, Juan Carlos Ledn-Contreras, Arturo Angeles-Angeles, Braulio Martinez-Benitez

Whipple’s disease is rarely diagnosed in Latin America.
We describe 2 patients with Tropheryma whipplei infection
diagnosed in Mexico during 2019-2021. Diagnoses were
confirmed by histopathology, electron microscopy, immu-
nohistochemistry, and DNA amplification and sequenc-
ing analysis of the 16S rRNA gene. Clinicians should be
aware of T. whipplei infection and associated syndromes.

hipple’s disease (WD) is an unusual infection

with protean manifestations caused by Tro-
pheryma whipplei, a fastidious, slow-growing, gram-
positive bacterium. Classical WD was originally de-
scribed in 1907 and is characterized by polyarthritis,
diarrhea, and lymphadenopathy (1). WD is a rare
disease with a prevalence of 9.8 cases/1 million in-
habitants in the United States and is most frequently
identified in White men >50 years of age (2). WD has
also been described among patients with various im-
munosuppressive conditions, including persons with
HIV infection (3,4).

In the appropriate clinical context, WD is sus-
pected when abundant foamy macrophages contain-
ing abundant periodic acid-Schiff stain (PAS)-posi-
tive and diastase-resistant granules are found in the
lamina propria of small bowel biopsy specimens (5).
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However, WD can also be documented as a local-
ized disease in cases of endocarditis, uveitis, isolated
lymphadenopathy, encephalitis, or arthritis and neg-
ative cultures (5).

Classic WD has been reported extensively in
western Europe, Canada, and in the United States (6).
The disease has been described only rarely in coun-
tries in Latin America, including a probable case in
Mexico (7-10). The paucity of descriptions of WD
from those countries could relate to underrecogni-
tion, limited access to confirmatory diagnostic assays,
or genetic characteristics of the predominant popula-
tion in healthcare settings. We report 2 patients with
classic WD from the states of Veracruz and Mexico
City in Mexico.

The Study

The first patient was a previously healthy 63-year-
old man whose signs and symptoms began 2 years
earlier and included cough, pneumonia, intermit-
tent diarrhea, and weight loss of 42 kg. Results of
serologic tests for celiac disease and stool bacterial
cultures and ova and parasite exams were all nega-
tive. An echocardiogram revealed moderate aortic
valve insufficiency and stenosis, along with severe
mitral valve insufficiency, a dilated left ventricle,
and mild pulmonary arterial hypertension. Small
bowel endoscopy revealed multiple white nodules
in the duodenum and ileum. Small bowel biopsies
revealed abundant macrophages with foamy, pale,
blue-gray cytoplasm in the lamina propria (Figure 1,
panel A), which contained numerous globular and
falciform inclusions that were strongly PAS-positive
and diastase-resistant (Figure 1, panel B). Immuno-
histochemistry results for T. whipplei (8) were posi-
tive (Figure 1, panel C), and the PCR for gram-pos-
itive-specific 165 rRNA V8/V9 gene (11) produced

1These authors contributed equally to this article.
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a target 350-bp amplicon. After Sanger sequencing,
Tropheryma spp. was identified through BLAST
search (https://blast.ncbi.nlm.nih.gov). The patient
initially received ceftriaxone, then received combi-
nation doxycycline and hydroxychloroquine thera-
py. One year after diagnosis, he had another round
of duodenum and ileum biopsies, which revealed
persistence of macrophages with PAS-positive

992

inclusions; no additional studies were done. Combi-
nation therapy with doxycycline and hydroxychlo-
roquine was reinitiated and, 2 years after those biop-
sies, the patient remained asymptomatic. No further
endoscopic procedures were conducted.

The second patient was a 45-year-old man with
well-controlled HIV infection. He was receiving ralte-
gravir, darunavir, etravirine, and ritonavir, and his

Figure 1. Microscopic and immunohistochemical examination of
duodenal tissue samples from a 63-year-old man with Tropheryma
whipplei infection, Mexico, 2019. A, B) Hematoxylin and eosin—
stained tissue. Microscopic examination showed abundant
macrophages in the lamina propria with foamy cytoplasm (A; original
magnification x10); and intracytoplasmic inclusions that stain with
PAS (B; original magnification x40). C) Immunohistochemistry
reaction for T. whipplei showed intense positivity in the cytoplasmatic
inclusions (original magnification x40).
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Figure 2. Microscopic

and immunohistochemical
examination of tissue samples
from the ileum in a a 45-year-old
man with Tropheryma whipplei
infection, Mexico, 2021. A, B)
Hematoxylin and eosin—stained
ileum tissue. Microscopic
examination showed abundant
macrophages in the lamina
propria with foamy cytoplasm
(A; original magnification x4);
and intracytoplasmic inclusions
that were intensely PAS-positive
(B; original magnification x40).
C, D) Electron microscopy
showing rod-shaped T. whipplei
in the lamina propria of ileum
(C; scale bar = 1 ym), and
trilaminar plasma membranes
in macrophages (D; scale bar =
200 nm).

viral load was undetectable. His CD4 count was 439
cells/mm?® He had a history of 3 months of watery
diarrhea. He received ciprofloxacin for 7 days and
temporarily improved; however, his diarrhea soon
returned after cessation of antibiotic therapy, and
then he experienced a 4- kg weight loss. Endoscopy
revealed multiple white nodular areas in the mucosa
of the duodenum and ileum. Biopsy specimens from
both sites revealed expansion of the lamina propria
by foamy macrophages with PAS-positive, diastase-
resistant inclusions (Figure 2, panels A, B). Electron
microscopy performed on formalin-fixed, paraffin-
embedded tissue from the small bowel (duodenum
and ileum) identified intracellular and extracellular
bacilli with a trilaminar plasma membrane (Figure 2,
panels C, D). Molecular identification by 16S rRNA
V1/V2 sequencing was performed by the Center for
Advanced Molecular Diagnostics at the Brigham and
Women's Hospital (Boston, MA, USA), as previously
described (12). A 321-bp contig was assembled and fed
into the 165 RipSeq Single database (Pathogenomix,
https:/ /www.pathogenomix.com) and matched to T.
whipplei (GenBank accession no. AF190688). We initi-
ated doxycycline and hydroxychloroquine therapy,
and his signs and symptoms resolved.

Conclusions
We document 2 cases of WD in 2 states in Mexico.
Both patients were born and raised in the country,

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 5, May 2025

had small bowel biopsies histologically compatible
with WD, and had T. whipplei infection confirmed
by immunohistochemical staining and molecular
diagnostics.

Identification of T. whipplei has epidemiologic
implications because of its potential for transmission
between humans through saliva or feces (5). In ad-
dition, from a therapeutic perspective, WD generally
has excellent response to antibiotic regimens; howev-
er, if such regimens are not provided, WD can result
in life-threatening complications (13). Because classic
WD frequently involves joints, it can be misdiagnosed
as autoimmune rheumatologic disease, resulting in
immunosuppressive therapies that paradoxically can
accelerate the course of WD (14).

In conclusion, our findings highlight the need for
more specific and widely available diagnostic tests
for T. whipplei in Mexico and across Latin America,
particularly molecular diagnostic assays, to enable
characterization of T. whipplei in the region. Clinicians
should consider T. whipplei infection in the differen-
tial diagnosis of patients with debilitating, otherwise
unexplained, yet treatable conditions such as malab-
sorption syndromes and localized disease, including
culture-negative endocarditis, encephalitis, uveitis,
lymphadenopathies, and inflammatory spondyloar-
thropathies (5,15).

We dedicate this article to the memory of our beloved
friend and colleague, Braulio Martinez-Benitez.

993


http://www.cdc.gov/eid
https://www.pathogenomix.com

DISPATCHES

About the Author

Dr. Delgado-de la Mora is a gastrointestinal pathologist
currently working as a research assistant at Weill-Cornell
Medicine, New York City. His research interests include
emerging infectious diseases and viral oncogenesis.

References

1. Whipple GH. A hitherto undescribed disease characterized
anatomically by deposits of fat and fatty acids in the
intestinal and mesenteric lymphatic tissues. Bull Johns
Hopkins Hosp. 1907;18:382-93.

2. Elchert JA, Mansoor E, Abou-Saleh M, Cooper GS.
Epidemiology of Whipple’s disease in the USA between 2012
and 2017: a population-based national study. Dig Dis Sci.
2019;64:1305-11. https:/ / doi.org/10.1007/s10620-018-5393-9

3. Lozupone C, Cota-Gomez A, Palmer BE, Linderman D],
Charlson ES, Sodergren E, et al.; Lung HIV Microbiome
Project. Widespread colonization of the lung by Tropheryma
whipplei in HIV infection. Am ] Respir Crit Care Med. 2013;
187:1110-7. https:/ / doi.org/10.1164/rccm.201211-21450C

4. Guérin A, Kerner G, Marr N, Markle JG, Fenollar F,

Wong N, et al. IRF4 haploinsufficiency in a family with
Whipple’s disease. eLife. 2018;7:e32340. https:/ / doi.org/
10.7554/ eLife.32340

5. Paddock CD, Fenollar F, Lagier JC, Raoult DA. 21st Century
appraisal of Whipple's disease and Tropheryma whipplei.
Clin Microbiol Newsl. 2022;44:123-29. https:/ /doi.org/
10.1016/j.clinmicnews.2022.07.001

6. Dolmans RA, Boel CH, Lacle MM, Kusters JG. Clinical
manifestations, treatment, and diagnosis of Tropheryma
whipplei infections. Clin Microbiol Rev. 2017;30:529-55.
https:/ /doi.org/10.1128/ CMR.00033-16

7. Vega-Lépez CA, Carrillo-Ocampo JL, Castillo-Garcia J,
Gonzélez-de la Mora JJ, Aleman-Ortiz G, Romo-Aguirre C.
Whipple’s disease: a case report and review of the literature
[in Spanish]. Rev Gastroenterol Mex. 2010,75:517-21.

8. Renon VP, Appel-da-Silva MC, D’'Incao RB, Lul RM,
Kirschnick LS, Galperim B. Whipple’s disease: rare dis-
order and late diagnosis. Rev Inst Med Trop Sao Paulo.

2012;54:293-7. https:/ / doi.org/10.1590/
S0036-46652012000500010
9. Rollin DC, Paddock CD, Pritt BS, Cunningham SA,

Denison AM. Genotypic analysis of Tropheryma whipplei
from patients with Whipple disease in the Americas.
J Clin Pathol. 2017;70:891-5. https:/ /doi.org/10.1136/
jclinpath-2017-204382

10. Rey RM, Orozco LA, Marrugo K, Lépez R, Pérez-Riveros ED,
De la Hoz-Valle ], et al. Whipple disease diagnosed by
enteroscopy: first case report in Colombia of an
underdiagnosed disease and literature review. BMC
Gastroenterol. 2020;20:197. https:/ /doi.org/10.1186/
s12876-020-01302-2

11. Klausegger A, Hell M, Berger A, Zinober K, Baier S,
Jones N, et al. Gram type-specific broad-range PCR
amplification for rapid detection of 62 pathogenic bacteria.
J Clin Microbiol. 1999;37:464-6. https:/ / doi.org/10.1128/
JCM.37.2.464-466.1999

12.  Solomon IH, Lin C, Horback KL, Kanjilal S, Rojas-Rudilla V,
Brigl M, et al. Utility of histologic and histochemical
screening for 16S ribosomal RNA gene sequencing of
formalin-fixed, paraffin-embedded tissue for bacterial
endocarditis. Am J Clin Pathol. 2019;152:431-7.
https:/ /doi.org/10.1093/ ajcp/aqz055

13. Moos V, Schneider T. Changing paradigms in Whipple’s
disease and infection with Tropheryma whipplei. Eur ] Clin
Microbiol Infect Dis. 2011;30:1151-8. https:/ /doi.org/
10.1007/s10096-011-1209-y

14. Lagier JC, Lepidi H, Raoult D, Fenollar F. Systemic
Tropheryma whipplei: clinical presentation of 142 patients
with infections diagnosed or confirmed in a reference center.
Medicine (Baltimore). 2010;89:337-45. https:/ /doi.org/
10.1097/MD.0b013e3181204a8

15. Fenollar F, Lagier JC, Raoult D. Tropheryma whipplei and
Whipple’s disease. ] Infect. 2014;69:103-12. https:/ /doi.org/
10.1016/j.jinf.2014.05.008

Address for correspondence: Jesus Delgado-de la Mora, Weill
Cornell Medicine Ringgold Standard Institution, Department of
Pathology and Laboratory Medicine, 1300 York Ave, New York,
NY 10065, USA; email: jdelgadom1992@gmail.com

994 Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025


http://www.cdc.gov/eid
https://doi.org/10.1007/s10620-018-5393-9
https://doi.org/10.1164/rccm.201211-2145OC
https://doi.org/10.7554/eLife.32340
https://doi.org/10.7554/eLife.32340
https://doi.org/10.1016/j.clinmicnews.2022.07.001
https://doi.org/10.1016/j.clinmicnews.2022.07.001
https://doi.org/10.1128/CMR.00033-16
https://doi.org/10.1590/S0036-46652012000500010
https://doi.org/10.1590/S0036-46652012000500010
https://doi.org/10.1136/jclinpath-2017-204382
https://doi.org/10.1136/jclinpath-2017-204382
https://doi.org/10.1186/s12876-020-01302-2
https://doi.org/10.1186/s12876-020-01302-2
https://doi.org/10.1128/JCM.37.2.464-466.1999
https://doi.org/10.1128/JCM.37.2.464-466.1999
https://doi.org/10.1093/ajcp/aqz055
https://doi.org/10.1007/s10096-011-1209-y
https://doi.org/10.1007/s10096-011-1209-y
https://doi.org/10.1097/MD.0b013e3181f204a8
https://doi.org/10.1097/MD.0b013e3181f204a8
https://doi.org/10.1016/j.jinf.2014.05.008
https://doi.org/10.1016/j.jinf.2014.05.008
mailto:jdelgadom1992@gmail.com

Venezuelan Equine Encephalitis,
Peruvian Amazon, 2020

Marta Piche-Ovares, Maria Paquita Garcia Mendoza, Andres Moreira-Soto,
Carlo Fischer, Sebastian Brinink, Maribel Dana Figueroa-Romero,
Nancy Susy Merino-Sarmiento, Adolfo Ismael Marcelo-Nique, Edward Malaga-Trillo,
Miladi Gatty-Nogueira, César Augusto Cabezas Sanchez, Jan Felix Drexler

We screened 1,972 febrile patients from the Peruvian
Amazon in 2020-2021 for Venezuelan equine encepha-
litis virus (VEEV). Neutralizing antibody detection rate
was 3.9%; 2 patients were PCR positive. Genome iden-
tity compared to Peru VEEV subtype ID strains was
97.6%-98.1%. Evidence for purifying selection and an-
cestry =54 years ago corroborated VEEV endemicity.

he Venezuelan equine encephalitis antigenic

complex of alphaviruses encompasses 6 subtypes
(I-VI), originally designated according to antigenic
properties (1); those 6 subtypes are further divided
into antigenic varieties. Venezuelan equine encepha-
litis virus (VEEV) consists of 4 varieties (AB, C, D, and
E); subtype ID is enzootic in Central and South Amer-
ica (2). The VEEV ID transmission cycle involves mos-
quitoes of the genus Culex (subgenus Melanoconion);
however, knowledge of vertebrate sylvatic hosts is
scarce (3). A prior study from the Peruvian Amazon
conducted in 2001-2007 using molecular and serolog-
ic techniques indicated that up to 7% of febrile cases
are potentially caused by VEEV, making it one of the
most relevant arthropodborne viruses regionally (4).

VEEV has been detected continuously in humans
in the Peruvian Amazon since 1993 (4,5). In 2006, a
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reported outbreak of VEEV resulted in a 5-fold in-
crease in cases (63 cases) compared with previous
years (10-14 cases/year) and 2 human deaths (6,7).
All samples sequenced in the 2006 outbreak belonged
to subtype ID (8). Since 2013, no data have become
available on VEEV from Peru, so it is possible that the
epidemiology of VEEV might have changed. We thus
investigated VEEV in the Peruvian Amazon during
2020-2021 by using molecular, serologic, and bioin-
formatic methods.

The Study
We screened 1,972 serum samples from febrile hu-
mans sampled in the Peruvian Amazon as part of
routine acute febrile illness surveillance in 2020-2021
during overlapping dengue virus and SARS-CoV-2
outbreaks (9). We tested samples for alphavirus
RNA by a genuswide, nested reverse transcription
PCR (RT-PCR) (10). Two serum samples (0.1%, 95%
CI 0.001%-0.4%) tested positive for the presence of
VEEV RNA. We obtained the first sample (Peru_2020)
from a 74-year-old man from the district of Nauta in
February 2020 (Figure 1). The patient sought treat-
ment for headache, fever, muscle pain, and respira-
tory symptoms 4 days before sampling. The patient’s
viral load was 8.1 x 10° copies/mL, as determined
by a strain-specific real-time RT-PCR (6), consistent
with the time elapsed since the onset of symptoms.
We obtained the second sample (Peru_2021) from a
12-year-old girl in January 2021. Her viral load was
1.2 x 10° copies/mL, but no additional information
was available. Isolation of both samples on Vero
cells enabled the viral genomes to be characterized
by high-throughput sequencing (Illumina, https://
www.illumina.com) (Appendix, https://wwwnc.
cdc.gov/EID/article/31/5/24-1694-Appl.pdf).

In a Bayesian whole genome-based phylogeny,
the 2 newly generated sequences (GenBank accession
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Figure 1. Geographic location of Venezuelan equine encephalitis virus—positive case from study of Venezuelan equine encephalitis,
Peruvian Amazon, 2020. Red dot shows location of case for which metadata were available; green dot represents Iquitos, capital of
the department of Loreto. Inset map shows location of Peru in South America and of Loreto department. All maps were created using
QGIS 3.36.0 based on freely available maps from Bucknell University (https://hub.arcgis.com) and Instituto Nacional de Estadistica e

Informatica, Peru (https://ide.inei.gob.pe/#capas).

nos. PP700505 and PQ513527) clustered with the ID
subtype (Figure 2, panel A). We also observed clus-
tering within ID in phylogenies based on all publicly
available envelope glycoprotein precursor genomic
sequences of the ID Panama/Peru lineage (Figure 2,
panel B). Sequence comparisons indicated that both
VEEYV strains from our study were closely related (se-
quence identity 97.6%-98.1%) to other Peruvian strains
belonging to the ID lineage but not were monophy-
letic, highlighting the cocirculation of different strains
and suggesting maintenance of that VEEV clade in the
region. We estimated the time to most recent common
ancestor at ~54 years ago (95% highest posterior den-
sity 38-66 years ago) (Figure 2, panel C) and noted evi-
dence for purifying selection that suggested a region-
ally stable VEEV transmission cycle (11) (Appendix).
To determine past VEEV infections in Peru’s Lo-
reto department, we selected a subset of 463 samples
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collected during January-April 2020 and September
2020-January 2021, corresponding to rainy seasons,
when vector presence is highest and transmission is
most likely. Samples were also selected to be negative
for dengue virus by RT-PCR and of sufficient volume
to enable serologic testing. We tested serum samples
first by plaque reduction neutralization test (PRNT) in
a 96-well plate format at 1:40 serum dilution to neu-
tralize ~50% (PRNT,)) of the plaque-forming units of
a VEEV isolate from this study. We retested positive
samples (53/463) by PRNT, in a 12-well plate format,
which enables better count of plaque-forming units, in
2-fold dilutions ranging from 1:40 to 1:320 (Appendix).
The titration showed that 18 of the 463 samples (3.9%,
95% CI 2.4%-6.1%) robustly demonstrated neutraliz-
ing antibodies (Table 1). Of note, a 2006 study reported
a VEEV seroprevalence of 23%, which differed from
our results for unknown reasons, potentially including

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 5, May 2025
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Figure 2. Phylogenetic relationships of Venezuelan equine encephalitis virus (VEEV) from study of Venezuelan equine encephalitis, Peruvian
Amazon, 2020. A) Relationships of VEEV from Peru (Peru 2020 and Peru 2021, depicted in red) and members of the Venezuelan equine
encephalitis antigenic complex, based on the concatenated coding sequence (11,629 nt). Madariaga virus was included as an outgroup. B)
Phylogenetic relationships of Peru 2020 and Peru 2021 (shown in red) and members of VEEV subtype ID Panama/Peru lineage, based on

a partial sequence of the envelope glycoprotein precursor (PE2, 817 nt). Phylogenetic trees were constructed using MrBayes 3.2.6 (https://
github.com/NBISweden/MrBayes/releases/tag/v3.2.6). GenBank accession number, country, and collection year are indicated for each
sequence. Posterior probability 20.80 is indicated as a black circle in the node. C) Time to most recent common ancestor of VEEV identified
in this study (Peru 2020 and Peru 2021, shown in red) and members of the ID and IAB subtypes, by number of years ago, calculated using
BEAST 1.7.1 (https://beast.community), based on the concatenated coding sequence (11,629 nt). Tip dates were obtained from the sampling
year following a previous phylogenetic analysis of VEEV subtype ID and IAB; no further calibration of node ages was performed to construct
the tree. Times are identified at each branch by number of years ago; numbers in parentheses indicate 95% highest posterior density values in
years (11). Col, Colombia; Ecu, Ecuador; Gua, Guatemala; Pan, Panama; Per, Peru; Ven, Venezuela.
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Table 1. Alphavirus serologic reactivity patterns in VEEV IgG-positive serum samples from Loreto, Peru, in study of Venezuelan equine

encephalitis, Peruvian Amazon, 2020*

VEEV PRNTs5

IgG indirect immunofluorescent assay result

Sample titer CHIKV ~ ONNV RRV BFV SINV WEEV EEEV  VEEV CHIKVvip MAYV vip
3216 >1:320 + + + - — + _ + + T
3270 1:40 + + + + + + + + + +
3393 1:40 - - - - - - - + _

3399 1:160 - - — - - - - + _ _
3624 1:40 - - - - - - - + _ _
3634 1:40 + + - — + - + + +
3876 1:40 - - - - - - — + _
3927 1:80 - - - - - - - + _ _
3940 1:40 - - — - - - - + _ _
4140 >1:320 + — + - — + - + _ _
4294 1:160 + + + - - _ _ + + +
4321 1:80 + - + — — + + + _ _
4420 1:80 - — - - - - - + _ +
4590 1:40 - - - - - - - + _ _
4669 1:80 - - — - - - - + _ _
4747 1:160 - - - - - - - + — _
4768 1:40 + - - - — _ _ + + +
4797 1:160 + - - - - + _ + _ +

*Bold indicates monotypic reactions. BFV, Barmah Forest virus; CHIKV, chikungunya virus; EEEV, Eastern equine encephalitis virus; MAYV, Mayaro
virus; ONNV, o’nyong-nyong virus; PRNTso, plague reduction neutralization test with 250% plaque reduction considered positive; RRV, Ross River virus;
SINV, Sindbis virus; VEEV, Venezuelan equine encephalitis virus; vip, virus-like particle; WEEV, Western equine encephalitis virus.

sampling focused on urban areas and the VEEV out-
break reported during that year (7).

Considering the potential for cross-reaction with
other alphaviruses, we tested PRNT, —positive samples
by using a commercially available indirect immuno-
fluorescent assay (IFA) (EUROIMMUN, https://www.
euroimmun.com). The assay was based on cells infected
with VEEV along with chikungunya, o'nyong-nyong,
Ross River, Western equine encephalitis, Sindbis,
Barmah Forest, and Eastern equine encephalitis viruses,
as well as virus-like particles for Mayaro and chikungu-
nya viruses (Appendix). Serum samples were tested at
1:100 for IgG and at 1:10 for IgM, which is the serum di-
lution recommended by the manufacturer. All PRNT, -
positive serum samples tested positive for VEEV in the
IgG IFA, and we observed monotypic VEEV reactivity
in 9 of 18 samples (50%, 95% CI 29.0%-71%) (Appen-
dix Figure 1). All other samples reacted with >2 viruses,

Table 2. Seropositive patients and demographic variables from
study of Venezuelan equine encephalitis, Peruvian Amazon, 2020*
VEEV IgG IFA

Category positive, no. (%) Total no. (%)
Sext
F 9 (3.9) 234 (50.4)
M 9 (4.0) 229 (49.5)
Age, yt
<15 0 (0.0) 202 (43.6)
15-29 4 (3.3) 121 (26.1)
3044 7(9.9) 71 (15.3)
245 7 (10.1) 69 (14.9)

*Statistical analyses were performed using R version 2024.04.2 (The R
Project for Statistical Computing, https://www.r-project.org). VEEV,
Venezuelan equine encephalitis virus.

tp = 1.0 by Fisher exact test.

tCompared in 2 age groups: 0-29 and >30 years; p = 0.0001 by Fisher
exact test.
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results expected in tropical areas where several alpha-
viruses cocirculate (12). Cross-reactivity might have af-
fected IFA patterns, since reactivity was observed with
viruses not previously reported in Latin America, such
as o'nyong-nyong, Ross River, Sindbis, and Barmah For-
est viruses (13) (Table 1). Reactivity patterns suggested a
predominance of Mayaro (n = 7) over chikungunya (n =
5) virus and of Western equine encephalitis (n = 6) over
Eastern equine encephalitis (n = 2) virus, highlighting
the relevance of targeting Mayaro and Western equine
encephalitis virus in regional diagnostic testing and tar-
geted epidemiologic studies.

IgG detection rates did not vary significantly by
sex (p = 1.0 by Fisher exact test) but were higher in
adults >30 years of age (p =0.0001 by Fisher exact test),
potentially a consequence of the 2006 VEEV outbreak
(Table 2) (7). Adapting the IFA for IgM yielded entirely
negative results, which is consistent with low levels of
VEEV-specific IgM in the serum of acutely infected
patients (14) and predominant detection of nonrecent
infections in this study (Appendix Figure 2).

Conclusion
Despite evidence for the medical relevance of VEEV
ID in the Peruvian Amazon from a prior study (5)
and our study, the diagnosis of VEEV is not included
in the routine arbovirus surveillance panel of Peru
(N°125-MINSA /2016 / CDC-INS). Our study demon-
strates that the lack of surveillance and diagnosis is
making the infection go unnoticed.

In tropical regions, factors such as the proxim-
ity of the rainforest to urban areas, agricultural activi-
ties, and deforestation may increase the likelihood of
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human contact with vectors, leading to virus transmis-
sion (14). These factors are of particular significance in
the Peruvian Amazon, where <96.7% of households
engage in activities related to agriculture or aquacul-
ture (https://data-peru.itp.gob.pe). This information
could explain why adults are more likely to be in con-
tact with the virus and why nonpharmaceutical inter-
ventions to combat the spread of SARS-CoV-2 do not
appear to affect the transmission of VEEV (15).

Beyond increased diagnostics, future research
should prioritize investigating transmission cycles
of different VEEV subtypes to identify populations
at risk and focus on potential prevention strategies,
such as targeted control of vectors and identifying
potential amplifying vertebrate hosts (1). Arboviral
surveillance, including of VEEV, should be generally
strengthened with a syndromic diagnostic approach,
particularly during periods of increased rainfall and
harvest season, when the risk of arboviral infection
may be increased (14).
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Rapid Transmission and
Divergence of Vancomycin-
Resistant Enterococcus faecium
Sequence Type 80, China

Ligiang Li,* Xingwei Wang,! Yanyu Xiao, Bing Fan, Jiehong Wei, Jie Zhou, Zetian Lai,
Yanpeng Zhang, Hongmei Mo, Li Zhang, Dixian Luo, Dayong Gu, Shucai Yang,
Yidi Wang, Jiuxin Qu; Shenzhen Pathogen Infection Research Alliance (SPIRA)

We investigated genomic evolution of vancomycin-
resistant Enterococcus faecium (VREF) during an out-
break in Shenzhen, China. Whole-genome sequencing
revealed 2 sequence type 80 VREF subpopulations di-
verging through insertion sequence—mediated recombi-
nation. One subpopulation acquired more antimicrobial
resistance and carbohydrate metabolism genes. Per-
sistent VREF transmission underscores the need for
genomic surveillance to curb spread.

Vancomycin—resistant Enterococcus faecium (VREF)
causes hospital-acquired infections worldwide
and poses a threat to public health (1). Whole-genome
sequencing (WGS) has demonstrated that new health-
care-associated E. faecium clones rapidly emerge,
evolve, and adapt through intragenus recombination,
displacing existing clones (2,3).

During the past decade, clonal complex 17 se-
quence type (ST) 80 rapidly became the predominant
VREF lineage in Denmark (4), Australia (5), Ireland
(6), Spain (7), and Sweden (8) and accounted for
40%-67.1% of VREF isolates disseminated in hospital
settings. Few ST80 cases were reported in Asia coun-
tries, including China, until an independent lineage
of ST80, sequence cluster (SC)11, emerged in January
2021 as the predominant cause of an ongoing VREF

outbreak in Guangdong Province (9) and posed a risk
of spreading to other areas. However, the pangenom-
ic features and adaptation potential of the emerging
SC11 remain unknown.

VREEF isolation rates also substantially increased
in the metropolitan city of Shenzhen, Guangdong
Province, China, during 2021-2024. VREF isolation
rates before 2021 remained <6% (predominantly <5%)
but rose to an average of 11.53% in 2024 (Appendix
1 Figure 1, panel A, https://wwwnc.cdc.gov/EID/
article/31/5/24-1649-Appl.pdf). To trace the source
and characterize genomic features that potentially
contributed to outbreaks, we conducted a multicenter
genomic epidemiology study and integrated pange-
nomic variation analysis.

The Study

We performed WGS analysis (Appendix 1) on 42
VREF isolates (primarily collected after April 2022)
from 39 patients across 7 hospitals, designated SZ_A
through SZ_F, including 2 affiliated hospitals, SZ_C1
and SZ_C2, grouped as SZ_C. We used WGS to iden-
tify STs and used phylogenetic analysis to determine
ST sources in a global context. We assessed genetic
diversity, indicating mutation rates during circula-
tion, using pairwise core genome single-nucleotide
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polymorphism (cgSNP) distance. We characterized
population structure to show divergence and emer-
gence of novel variant populations.

Among the 42 isolates, 34 (81 %) were ST80 isolates,
7 (17%) were ST80 variant isolates (ST80_GDvari-
antl) with ddl loci mutated from 1 to 194, and 1 (2%)
was an ST78 isolate that was collected in 2023 (Ap-
pendix 1 Figure 1, panel B; Appendix 2, https://
wwwnc.cdc.gov/EID/article/31/5/24-1649-App2.
xIsx). Unexpectedly, ST80_GDvariant1 isolates inde-
pendently emerged in 5 branches and did not origi-
nate from a single mutation event (Figure 1; Appen-
dix 1 Figure 2, panel A).

Phylogenetic analysis inferred from cgSNP of
the 41 isolates (ST80 and variants) and 703 other

Vancomycin-Resistant Enterococcus faecium, China

publicly available ST80 isolates revealed that the 41
isolates from the ongoing outbreak in Guangdong
are affiliated with SC11 (Appendix 1 Table 2, Fig-
ure 2, panel A) (9). Within SC11, two 2022 strains
from Guangzhou, SZYSC_ZDYVREQ007 and SZYSC_
ZDYVREOQ08G, with a 5-SNP divergence, clustered
adjacent to the lineage root (Figure 1; Appendix 1
Figure 2, panel A) and formed a distinct VREF sub-
lineage (SC11-root sublineage) with a 37-SNP aver-
age divergence from other SC11 strains (bootstrap =
72) (Figure 1). In contrast, the remaining SC11 strains
exhibited tight clustering (pairwise distances of <5
SNPs [36.5%] and 5-10 SNPs [49.8%]) and formed a
dominant clade (SC11-outbreak sublineage) (Figure
1). Those findings suggest that the SC11-outbreak

Figure 1. Evolution and variation of SC11 inferred from core genome SNPs during rapid transmission and divergence of vancomycin-
resistant Enterococcus faecium ST80, China. Graphs shows reconstructed tree from core genome SNPs (left) among all SC11 isolates
(n = 235) using strain SZYSC_GYSVREO003 (GenBank accession no. GCA_037475005.1) as reference. Hospital sources of isolates
from Shenzhen ST80 and its variant, and SC11-pop Il isolates are indicated (1, 2, and 3) next to the tree. The heatmap (right) shows
pairwise SNP distance matrix indicating diversity of SC11 lineage presented in the form of symmetry in the bottom left and top right.
Cells in the heatmap are colored to show SNP distance in a graded gradient. Red lines indicate large SNP distances and correspond to
SZYSC_23VREO019 in the tree. pop, population; SC, sequence cluster; SNP, single-nucleotide polymorphism; ST, sequence type.
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Figure 2. Lineages detected in a study of rapid transmission and divergence of vancomycin-resistant Enterococcus faecium ST80,
China, showing 2 lineages circulating in parallel. A) SC11 subpopulations labeled on pangenomic tree inferred from gene presence and
absence matrix. Eleven clusters were delineated in PopPUNK, labeled in different colors. Clusters 1 and 2 are the 2 major populations.
Cluster 6 (1 strain) is nested in cluster 1 (200 strains) on the pangenomic tree and thus are denoted together as SC11-pop |, whereas
strains from clusters 3—11 (except cluster 6, 10 strains together) are nested in cluster 2 (24 strains) and are denoted as SC11-pop

|. Scale bar is unit of tree branch length, indicating the genetic distance stimulated from gene presence and absence matrix using
roary (https://sanger-pathogens.github.io/Roary). B) Parallel circulation of SC11-pop | and SC11-pop |l strains from 2021 to 2024.

C) Geographic distribution of SC11-pop | (n = 200) and SC11-pop Il (n = 35) strains. Prevalence is displayed in percentage. pop,

population; SC, sequence cluster; ST, sequence type.

lineage originated from a single progenitor or highly
related lineage, enabling rapid transmission.

To resolve strain differentiation, we analyzed
SCl11-outbreak_lineage population structure by using
PopPUNK  (https:/ /github.com/bacpop/PopPUNK),
which integrates core and accessory genomic variation
(10). We delineated 2 subpopulations, SC11-pop I and
SC11-pop II (Figure 2, panel A; Appendix 1 Figure 4).
SC11-pop 1l isolates formed tight clusters in the pange-
nome-based tree (Figure 2, panel A) but dispersed in the
cgSNP phylogeny (Figure 1), suggesting subpopulation
divergence was primarily driven by gene gain or loss.

1002

SC11-pop I and SC11-pop Il circulated in parallel for
>3 years (2021-2024), and SC11-pop 1l showed broader
transmission (Figure 2, panel B) and maintained ~15%
prevalence (Figure 2, panel C). SC11-pop II showed
higher prevalence than SC11-pop I in Shenzhen and oth-
er provinces (Figure 2, panel B). Genetically, SC11-pop
Il exhibited enhanced horizontal gene transfer activ-
ity, carrying more insertion sequences (ISs) (Appendix
1 Figure 5), plasmid-like elements (Appendix 1 Figure
6), and diverse antimicrobial resistance genes (Figure 3).
Although all SC11 isolates harbored the VanA operon,
8 SC11-pop II strains uniquely acquired VanM operon
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(Figure 3). SC11-pop Il cases showed trends of increased
hospitalization and underlying conditions, including
hypertension and cardiovascular, respiratory, and kid-
ney diseases, but statistical significance was limited by
the sample size (Appendix 1 Table 5). Expanded surveil-
lance is required to clarify clinical distinctions between
SC11-pop I and SC11-pop IL

To identify divergence drivers, we compared core
genomic mutations and accessory gene variations

Emerging Infectious Diseases ¢« www.cdc.gov/eid « Vol. 31, No. 5, May 2025
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between SC11-pop I and SC11-pop II. Unexpectedly,
no substantial cgSNP differences emerged (Appendix
3, https://wwwnc.cdc.gov/EID/article/31 /5/24-
1649-App3.xlsx), indicating divergence was not
driven by core genome mutations. The SC11 lineage
pangenome (n =235) comprised 3,674 genes, including
2,367 core genes and 1,307 accessory genes, an acces-
sory-to-core gene ratio of 0.55. Concerning gene gain
or loss, SC11-pop II specifically acquired 152 genes

Figure 3. Alignment of SC11

to determine divergence
during rapid transmission and
divergence of vancomycin-
resistant Enterococcus faecium
ST80, China. To determine

the genes associated with

the divergence of SC11 we
aligned various SC11 genes

to pangenomic phylogeny. A)
Accessory genes; B) virulence
genes; C) AMR genes. Gene
copy numbers are displayed

in a color grade. We identified
17 total virulence genes; 12
are conserved in all SC11
isolates, and thus only 5 variable
virulence genes are shown.
Functional categories are
indicated by color on the top of
the virulence gene heatmap,
and drug class corresponding
to each AMR gene is shown on
the top of AMR gene heatmap.
Compared with SC11-pop |,
SC11-pop Il was more active in
acquiring AMR genes against
various antibiotic drugs,
including sporadic acquisition
of aminoglycoside resistance
genes ant9la and aph3llla;
rifamycin resistance gene arr;
trimethoprim resistance gene
dfrF; lincosamide resistance
genes ermA, ermC, ermT,
InuB, and IsaE; and phenicol
resistance genes fexA,

optrA, catAl, and catA. AMR,
antimicrobial resistance; pop,
population; ARG, antimicrobial
resistance gene; SC, sequence
cluster; ST, sequence type.
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Table. Distribution of insertion sequences associated with 3 recombination regions during rapid transmission and divergence of
vancomycin-resistant Enterococcus faecium sequence type 80, China*

Region SC11 IS+sample 1S91  ISL3 1S1182 [S200/IS605 1S256 1S3 IS66 1S982 1S30
Recomb1 SC11-pop | 0 0 0 0 0 0 0 0 0 0
SC11-pop Il 31 24t 23 1 3 11 0 0 0 0
Proportion of SC11-pop It 31/35 24/35% 23/35 1/35 3/35 11/35 0 0 0 0
Recomb?2 SC11-pop | 80 0 4 0 0 1 81 3 2 1
SC11-pop Il 8 0 0 0 0 0 8 0 0 0

Proportion of SC11-pop | 80/200 0 2/200 0 0 1/200 78/200 3/200 2/200 1/200

Proportion of SC11-pop Il 8/35 0 0/35 0 0 0/35 8/35 0/35 0/35 0/35
Recomb3 SC11-pop | 0 0 0 0 0 0 0 0 0 0
SC11-pop Il 7 0 0 0 0 0 7 0 0 0
Proportion of SC11-pop Il 7135 0 0 0 0 0 7135 0 0 0

*SC11-pop |, n = 200 strains; SC11-pop II, n = 35 strains. For identifying the associated IS, in certain Recomb modulars, the upstream (5 kb) and
downstream (5 kb) of each Recomb component gene were searched using ISEscan v1.7.2.3 (14). IS, insertion sequence; pop, population; SC11,
sequence cluster 11; +, positive.

tTotal IS number can be identified.

1The frequency of isolates carrying the corresponding IS.

(forming Recombl modular) and showed higher fre- II), whereas IS200/1S605 and 151182 occurred at low-
quency of 13 other functional unknown genes (except er frequencies (Table; Appendix 1 Figure 5). Recomb2
endoribonuclease PemK) and lower frequency of 9 in SCl11-pop I occasionally incorporated IS3 along-
genes versus SC11-pop I (p<0.05) (Appendix 1 Table side ISL3, IS66, 15982, 15256, or IS30 (Table). Recomb3
6), indicating greater exogenous gene acquisition. As exclusively associated with IS3 in all 7 SC11-pop II
was observed in the hierarchical clustering of acces- isolates but was absent in SC11-pop I (Table). No
sory genes on the pangenomic phylogeny, we identi- plasmid marker genes co-occurred with Recomb1-3,
fied 3 recombination gene modules (Recomb1-3) that except 9 Recombl genes colocalized with MOBT
were frequently acquired in SC11 (Figure 3, panel A). (plasmid relaxase) on contig AXARS010000069.1
Recomb1 was exclusive to SC11-pop II (31/35 strains; (strain SZYSC_22VRE31), suggesting that plasmids
1 strain carries more than half of Recomb1 genes and  did not directly transmit Recomb1-3.
is recognized as Recomb]l positive, similar to the stan-
dard for recognizing positivity in Recomb2 and Re- Conclusions
comb3), whereas Recomb2 (68 strains) and Recomb3 Identifying SC11’s most recent ancestor is crucial for
(23 strains) occurred in both populations (Figure 3, elucidating its evolutionary mechanism and mitigat-
panel A). The fixation of Recomb1-3 suggested their ing emergent threats. We hypothesize a shared an-
roles in emergence and adaptation of novel variants cestry between SC11-root and SC11-outbreak sublin-
in SC11. Of note, Recomb1 contained 11 carbohydrate eages. Expanded surveillance of outbreak-associated
metabolism genes (Appendix 1 Table 4), which are hospitals and retrospective analysis of pre-2021 VREF
known factors in E. faecium that contribute to clinical isolates are needed to trace the origin.
adaption and epidemics of E. faecium (12). The stable In summary, we showed that increasing VREF
3-year persistence of Recombl in SC11-pop II across prevalence in Shenzhen, China, constitutes part
regions suggests a functional importance in host ad- of the ongoing SC11 outbreak, likely originating
aptation and potential virulence. from Guangzhou. Population structure analysis
Recombination surpasses mutation as the pri- revealed 2 stable, circulating SC11 subpopulations,
mary driver of E. faecium genetic diversity (11), and emergence of which was driven by IS-mediated re-
IS-mediated events occur within days during infec- combination. Sustained surveillance of those sub-
tion (13). Ten families of IS elements were found in populations is essential to prevent the emergence
all SC11 isolates (Appendix 1 Figure 5). Enhanced IS of high-risk clones with increased transmissibility
transposition was associated with rapid core gene and virulence.
mutation (Appendix 1). Recombl-3 acquisitions
were linked to IS-mediated recombination, primarily
involving genes related to DNA transposition, rep-
lication, or recombination (Appendix 1 Table 4). Re-
combl contained more ISs than Recomb2 or Recomb3,  This study was approved by the Bioethics Committee of
and 1591 was exclusively acquired by SC11-pop II. Shenzhen Third People’s Hospital (ref. no. 2024-009-02).
High-frequency modular recombination in Recombl  All methods were performed in accordance with the
involved 1591, ISL3, and 15256 (specific to SC11-pop relevant guidelines and regulations.

The whole-genome assemblies produced in this study
are deposited in GenBank (BioProject accession no.

PRJNA1221312).
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DISPATCHES

Self-Reported SARS-CoV-2
Infections among National

Blood Donor Cohort,
United States, 2020—-2022

Bryan R. Spencer, Akintunde Akinseye, Eduard Grebe, Mars Stone, Karla G. Zurita,
David J. Wright, James M. Haynes, Susan L. Stramer, Michael P. Busch

SARS-CoV-2 case surveillance in the United States did
not distinguish first infections from reinfections. In a large
blood donor cohort, self-reported first infections and re-
infections during 2020—-2022 mirrored public health case
count surveillance, and reinfection incidence peaked in
2022. Blood donor data could aid in SARS-CoV-2 and
emerging infectious disease surveillance.

uring the COVID-19 pandemic in the United

States, case counts, test positivity rates, hospital-
izations, number of deaths, wastewater surveillance,
genomic surveillance, and serologic testing from
blood donor populations and commercial laboratories
provided surveillance information for SARS-CoV-2,
but none of those methods distinguished reinfec-
tion from first infection (1-6). A further challenge to
public health surveillance was widespread adoption
of rapid antigen tests conducted at home; infections
detected outside laboratory or healthcare settings re-
mained outside the national surveillance system (7).
We leveraged self-reports from a large blood donor
cohort to estimate first infection and reinfection inci-
dence during 2020-2022.

The Study

Two large US blood collectors, American Red Cross
(https:/ /www.redcross.org) and Vitalant (https://
www.vitalant.org), established a prospective cohort

Author affiliations: American Red Cross, Dedham, Massachusetts,
USA (B.R. Spencer, J.M. Haynes); Westat, Rockville, Maryland,
USA (A. Akinseye, D.J. Wright); Vitalant Research Institute,

San Francisco, California, USA (E. Grebe, M. Stone, K.G. Zurita,
M.P. Busch); Infectious Disease Consultant, North Potomac,
Maryland, USA (S.L. Stramer)

DOI: https://doi.org/10.3201/eid3105.241953
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of 142,599 repeat blood donors to support serosur-
veillance of SARS-CoV-2 transmission during 2022
and to assess serologic correlates of protection against
infection and illness. We used serologic status and re-
ported COVID-19 vaccine history as of July 2021 to
classify blood donors after blood center testing for
spike and nucleocapsid (N) antibodies of all blood
donations during June 2020-June 2021. Together,
American Red Cross and Vitalant collect blood in >40
states and account for =45% of the US blood supply.
The Advarra (https://www.advarra.com, approval
no. Pro00056783) and American Red Cross (approval
no. 2021-033) institutional review boards approved
the study activities.

Both blood centers electronically distributed an
index survey to cohort members whose donor record
confirmed acceptance of email contact. Vitalant also
reached out to cohort members accepting postal mail
contact. Harmonized survey content captured self-
reported SARS-CoV-2 infections at time of donor re-
sponse that had been swab confirmed or diagnosed
by a healthcare provider, date of diagnosis, attendant
symptoms, and hospitalization (Appendix, https://
wwwnc.cdc.gov/EID/article/31/5/24-1953-App1.
pdf). We distributed index surveys and automated
reminders to encourage survey completion during
December 2021-December 2022. We distributed fol-
low-up surveys capturing new infections at quarterly
intervals through January 2023.

The principal outcomes of interest were survey-
reported first or second infections (i.e., first reinfec-
tion) that were swab-confirmed or diagnosed by a
healthcare provider. Second infections were counted
only if reported >90 days after the first infection. First
andsecondinfectionrates weretabulated onaquarter-
ly basis and estimated as the infection count divided
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by the population at risk. We defined the population
at risk for first infection for a given quarter as the
participants who completed a survey during or after
that quarter and who had not reported any infec-
tion before that quarter. We similarly calculated the
population at risk for second infection, and partici-
pants counted toward the population at risk in the
quarters after the first infection if they completed a
survey during or after those quarters. We only tabu-
lated the first reinfection for that effort; donors were
censored for any quarter after their second infec-
tion or their last survey completion. Hence, donors
completing at least an index survey might have been
informative for population at risk for 8-12 quarters
starting in January 2020.

We did not conduct modeling; we only described
counts and rates estimated and plotted to show tem-
poral trends in reported infections from the first
quarter of 2020 through the fourth quarter of 2022.
We combined data across the 2 blood centers and
reported without weighting after observing compa-
rable trends in both centers. We compared survey re-
spondents with the underlying cohort in qualitative
terms for assessment of the representativeness of data
reported here. Comparisons to public health case sur-
veillance were also qualitative in nature; we did not
conduct statistical tests.

Our cohort included 66,274 donors (46.5% of the
cohort) who completed an index survey (Table 1);
of those, 46,292 (70%) completed a survey during

or after the fourth quarter of 2022. Among survey
respondents, 55% were women and 45% were men,
and most (74%) were >50 years of age, self-report-
ed race as non-Hispanic White (>90%), and were
donors to the American Red Cross (79%). Based on
self-reported vaccine status and serologic testing
in mid-2021, 72% of those who completed an index
survey had received a COVID-19 vaccine, 25% had
N antibodies indicating prior infection, 16% were
both previously infected and vaccinated, and 18%
were neither vaccinated nor previously infected at
cohort formation. Among survey nonrespondents,
the corresponding percentages were as follows:
50% had received a vaccine, 21% had N antibod-
ies, 12.5% had hybrid immunity, and 41.5% were
unexposed at cohort formation. Compared with the
full cohort, younger donors (age groups 16-29 and
30-49 years) were underrepresented and older do-
nors (age >65 years) were overrepresented among
survey respondents. Survey respondents showed
modest variation relative to the underlying cohort
in terms of sex, race, and ethnicity distribution, but
participation varied by infection and vaccine his-
tory. Among donors with previous SARS-CoV-2
infection at time of cohort formation, vaccine his-
tory was similar in survey respondents compared
with the full cohort. In contrast, among those who
had not been infected by mid-2021, unvaccinated
donors were less likely and vaccinated donors were
more likely to complete surveys.

Table 1. Demographic description of underlying national blood donor cohort and survey responders for self-reported SARS-CoV-2
infections among national blood donor cohort, United States, 2020—2022

Demographic data

Full cohort, no. (%)

Completed index survey, no. (%)

All 142,599 (100%) 66,274 (46.5%)
Sex
F 74,561 (52.3) 36,659 (55.3)
M 68,038 (47.7) 29,615 (44.7)
Age group, y
16-29 12,357 (8.7) 2,468 (3.7)
30-49 39,054 (27.4) 14,733 (22.2)
50-64 52,507 (36.8) 26,061 (39.3)
>65 38,681 (27.1) 23,012 (34.7)
Race/ethnicity
Native American/Alaskan, non-Hispanic 795 (0.6) 210 (0.3)
Asian/Pacific Islander, non-Hispanic 3,816 (2.7) 1,308 (2.0)
Black, non-Hispanic 2,339 (1.6) 797 (1.2)
Hispanic 12,983 (9.1) 3,004 (4.5)
Other/mixed, non-Hispanic 1,518 (1.1) 511 (0.8)
Missing/unknown/refused 2,458 (1.7) 554 (0.8)

White, non-Hispanic

118,690 (83.2)

59,890 (90.4)

Cohort assignment, July 2021
Infected, not vaccinated
Infected, vaccinated
Not infected, not vaccinated
Not infected, vaccinated

12,751 (8.9)
19,969 (14.0)
43,887 (30.8)
65,992 (46.3)

6,318 (9.5)
10,440 (15.8)
12,196 (18.4)
37,320 (56.3)

Blood collection organization
American Red Cross
Vitalant

77,075 (54.1)
65,524 (45.9)

52,439 (79.1)
13,835 (20.9)
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Table 2. Self-reported SARS-CoV-2 first and second infections by quarter among national blood donor cohort, United States, 2020—2022*

2020 2021 2022
Infection measure Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
First infection count 549 432 1,043 4,684 1,242 170 1,494 3,102 3,822 3,807 3,672 1,956
At-risk population 66,274 65,725 65,293 64,250 59,566 58,324 58,154 56,660 52,913 43,587 38,995 30,133
First infection per 1,000 8.3 6.6 16.0 72.9 20.9 2.9 257 54.8 72.2 87.3 94.2 64.9
population at risk, rate
Second infection count 0 1 6 33 50 29 68 322 841 545 717 476
At-risk population 0 549 980 2,017 6,668 7,860 8,001 9,427 12,050 13,022 15,935 16,159
Second infection per 0 1.8 6.1 16.4 7.5 3.7 8.5 34.2 69.8 41.9 45.0 29.5
1,000 population at risk,
rate
*Q, quarter.

Donors reported 25,973 first and 3,088 second
infections during 2020-2022 (Table 2). Peak rates of
first infections were observed in the fourth quarter
of 2020 (4,684 cases; 72.9 cases/1,000 population at
risk) and in the third quarter of 2022 (3,672 cases; 94.2
cases/ 1,000 at risk) and had a nadir of 170 cases (2.9
cases/1,000 population at risk) during the second
quarter of 2021 (Table 2; Figure, panel A). Second
infections represented 10.6% of the 29,061 combined
first and second infections in aggregate, and the per-
centages of reported infections that were second in-
fections varied from 0% to 1% during 2020 and from
13% to 20% during 2022 (Figure, panel B). Adjusting
for population at risk, rates of second infection re-

mained low (<2% per quarter) during the pre-Delta
period (through June 2021) but surged in the second
half of 2021 and almost reached parity with first in-
fection rates during the Omicron wave in quarter 1
of 2022 (72.2 vs. 69.8 cases/1,000 population at risk)
(Figure, panel A). Temporal increases and decreases
in second infection rates largely mirrored the trends
in first infection rates until 2022, diverged during the
second and third quarters, and decreased in parallel
during the fourth quarter. Combined first and sec-
ond infection rates (Figure, panel C) yielded a curve
that largely mirrored Centers for Disease Control
and Prevention case counts grouped into quarterly
bins (Figure, panel D): peak in late 2020, nadir in

Figure. Survey of self-reported SARS-CoV-2 infections among national blood donor cohort, United States, 2020-2022. A—C) Swab-
confirmed or healthcare provider—diagnosed infections grouped into quarterly bins: US blood donor survey-reported first and second
COVID-19 infection incidence (A); reinfections as percentage of total infections (B); and total infection incidence (C). D) Quarterly counts

of case reports through the US surveillance system.
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mid-2021, and surge in second half of 2021 during
emergence of Delta that continued with the Omicron
period. We saw the most notable difference in 2022,
where our donor population reported a continuing
increase in infections that peaked only in the third
quarter, whereas public health surveillance showed
a sharp decrease between the first and second quar-
ters of 2022.

Conclusions

Despite the limitation that our analysis excludes
infections not confirmed by a swab test or health-
care provider diagnosis (i.e., asymptomatic or mild
infections for which testing was not performed),
the temporal trends and rates of SARS-CoV-2 infec-
tion reported by a cohort of US blood donors are
broadly consistent with public health surveillance
case counts during the first 3 years of the COVID-19
pandemic, reinforcing a 2024 survey-based report
(8). The ability to distinguish first infections from
reinfections provides utility in the context of ongo-
ing transmission, when rates of severe illness, hos-
pitalization, and death are lower than initial waves.
Although known to be healthier on average than
the general population, blood donors nonetheless
represent an informative population for moni-
toring SARS-CoV-2 and potentially other emerg-
ing infectious diseases. Blood donor data could
aid in SARS-CoV-2 and emerging infectious
disease surveillance.
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Molecular Detection of Histoplasma
In Bat-Inhabited Tunnels of Camino
de Hierro Tourist Route, Spain

Joaquina Maria Garcia-Martin,* Julio David Soto Lépez,*
Diego Lizana-Ciudad, Pedro Fernandez-Soto, Antonio Muro

We detected Histoplasma capsulatum in 2 bat-inhabited
tunnels of a tourist route in northern Spain. This finding
confirms that the geographic distribution of this fungal
pathogen is wider than previously thought. Our results
highlight the need for surveillance and assessment of the
potential infection risk for workers and visitors.

Histoplasmosis is a primary pulmonary infection
caused by inhalation of aerosolized spores of Histo-
plasma fungi, naturally present in soils, after disruption
of soil aggregates (1). This fungal disease is endemic to
tropical, subtropical, and temperate regions, and most
cases occur in Latin America (e.g., Brazil, Guyanas),
North America (mainly in the Ohio and Mississippi Riv-
er Valleys), and Western and Central Africa. Most cases
occurring in Latin America are attributed to H. capsu-
latum sensu stricto (formerly H. capsulatum Panama or
HS81 lineage) and H. suramericanum (formerly H. capsu-
latum LAm A lineage). In North America, H. mississip-
piense (formerly H. capsulatum NAm 1) and H. ohiense
(formerly H. capsulatum NAm 2) are the predominant
etiologic agents of chronic pulmonary histoplasmosis;
H. ohiense is more virulent (2). Cases in Africa, often with
skin and bone involvement, are associated with Histo-
plasma varietas duboisii, also referred to as H. duboisii or
H. capsulatum H88 lineage (2).

Different species of the genus Histoplasma are
found in soils enriched with bird and bat guano,
which contribute to the accumulation of nitrogen
and phosphorus in soils, favoring fungal growth.
In particular, bats (order Chiroptera) act as natural
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reservoirs and dispersers of Histoplasma, which is of-
ten isolated from their organs and guano collected
from natural and artificial roosts, including aban-
doned caves and tunnels, mines, cellars, or basements
(3). In addition, numerous histoplasmosis outbreaks
linked to bat guano exposure have been reported; for
example, a severe histoplasmosis outbreak with fatal
outcomes occurred among workers in abandoned
tunnels contaminated with spore-bearing dust in the
Dominican Republic (4).

In nonendemic regions, such as Europe, few im-
ported cases of histoplasmosis and even fewer appar-
ently autochthonous cases have been reported (5).
Regarding the presence of Histoplasma spp. in the en-
vironment, reports are related to isolations by tradi-
tional culture methods from guano and soil samples
collected in caves inhabited by bats in Romania and
in a chicken farm in Italy (6,7). In addition, in north-
ern Italy, some persons tested positive for histoplas-
min skin tests, suggesting that environmental condi-
tions may have enabled establishment and spread of
Histoplasma in certain areas of Europe (8). In Spain,
Histoplasma has not been isolated from bat organs
or guano, and most clinical cases of histoplasmosis
have been considered imported, resulting from in-
ternational travel and migration (9). Numerous cases
of histoplasmosis related to bat exposure have been
reported in Africa (10), Central America (4), South
America (11), and North America (12). We describe
detection of H. capsulatum in 2 bat-inhabited tunnels
of a tourist route in northern Spain.

The Study

To shed light on the distribution of Histoplasma be-
yond traditional known endemic areas, we conduct-
ed a study in 2 bat-inhabited tunnels of the Camino
de Hierro in Salamanca, northern Spain, a pedestrian

1These first authors contributed equally to this article.
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route receiving >60,000 visitors since its opening as
an ecotourism attraction in 2021 (Appendix, https://
wwwnc.cdc.gov/EID/article/31/5/24-1117-App1.
pdf). We collected 101 guano samples in the tunnels
(Appendix Table 1) and found almost 42% were posi-
tive for Histoplasma by nested PCR, using previously
published primers (Appendix Table 2). Specifically,
the Hep100 gene sequences we isolated (submitted to
GenBank under accession nos. PP887829-78) (Table)
shared high homology with GenBank sequences cor-
responding to H. capsulatum s.s., H. suramericanum, H.
capsulatum LAm B2, and H. capsulatum var. duboisii.

Histoplasma in Camino de Hierro, Spain

Moreover, our phylogenetic analyses (Appendix)
indicated that the newly obtained sequences form a
fully supported monophyletic group with multiple
GenBank sequences of Histoplasma (posterior prob-
ability = 1; bootstrap support = 100%), without a clear
geographic or host-related pattern (Figure).

To determine species of bats roosting in this
area, we used BLAST (https://blast.ncbi.nlm.nih.
gov) to identify cytochrome c oxidase subunit I se-
quences obtained from Histoplasma-positive sam-
ples. Results corresponded to different species that
are mainly distributed in Europe: Myotis blythii was

Table. Identities of Histoplasma isolates obtained from guano samples collected in the tunnels of the Camino de Hierro tourist route in

study of molecular detection of Histoplasma, Spain*

Isolate Isolate Source species for guano Source
code Isolate BLAST identity (sublineage)t accession no. samples accession no.
H1 H. suramericanum (LAm A1) PP887829 Rhinolophus ferrumequinum PP919660
H2 H. suramericanum (LAm A1) PP887830 Myotis blythii PP919661
H3 H. suramericanum (LAmM Al) PP887831 Myotis sp. PP919662
H4 H. capsulatum variant duboisii/H. capsulatum sensu lato PP887832 M. blythii PP919663
(LAm B2)
H5 H. suramericanum (LAm Al) PP887833 Myotis sp. PP919664
H6 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887834 M. blythii PP919665
H7 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887835 M. blythii PP919666
H8 H. capsulatum var. duboisii/H. capsulatum s.l. (LAm B2) PP887836 Myotis sp. PP919667
H9 H. suramericanum (LAm A1) PP887837 M. blythii PP919668
H10 H. suramericanum (LAm A1) PP887838 NA NA
H11 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887839 Miniopterus schreibersii PP919669
H12 H. suramericanum (LAm A1) PP887840 M. blythii PP919670
H13 H. suramericanum (LAm A1) PP887841 M. blythii PP919671
H14 H. suramericanum (LAm Al) PP887842 M. blythii PP919672
H15 H. suramericanum (LAmM Al) PP887843 M. blythii PP919673
H16 H. suramericanum (LAm Al) PP887844 M. blythii PP919674
H17 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887845 Myotis sp. PP919675
H18 H. suramericanum (LAm Al) PP887846 M. blythii PP919676
H19 H. suramericanum (LAmM Al) PP887847 M. blythii PP919677
H21 H. suramericanum (LAm Al) PP887849 Myotis sp. PP919679
H22 H. suramericanum (LAm Al) PP887850 Myotis sp. PP919680
H23 H. suramericanum (LAm Al) PP887851 M. blythii PP919681
H26 H. suramericanum (LAm Al) PP887854 Myotis sp. PP919684
H27 H. suramericanum (LAm Al) PP887855 M. blythii PP919685
H28 H. suramericanum (LAm Al) PP887856 M. blythii PP919686
H29 H. suramericanum (LAm Al) PP887857 R. ferrumequinum PP919687
H30 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887858 M. blythii PP919688
H31 H. suramericanum (LAmM Al) PP887859 NA NA
H32 H. suramericanum (LAm Al) PP887860 M. blythii PP919689
H33 H. suramericanum (LAm Al) PP887861 M. blythii PP919690
H34 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887862 Myotis sp. PP919691
H35 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887863 R. ferrumequinum PP919692
H36 H. suramericanum (LAm Al) PP887864 Myotis sp. PP919693
H37 H. capsulatum sensu stricto PP887865 M. blythii PP919694
H38 H. capsulatum var. duboisii/H. capsulatum s.l. (LAm B2) PP887866 Myotis sp. PP919695
H39 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887867 M. blythii PP919696
H40 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887868 M. schreibersii PP919697
H41 H. suramericanum (LAm Al) PP887869 M. blythii PP919698
H42 H. capsulatum var. duboisii/H. capsulatum s.I. (LAm B2) PP887870 M. blythii PP919699
H43 H. capsulatum s.s. PP887871 M. blythii PP919700
H49 H. suramericanum (LAm Al) PP887877 M. blythii PP919706
H50 H. suramericanum (LAm Al) PP887878 M. blythii PP919707

*GenBank accession numbers are shown; further details are provided in Appendix Table 4 (https://wwwnc.cdc.gov/ElD/article/31/5/24-1117-App1.pdf).
NA, not available.
tSpecies names, according to (2), followed by sublineage when applicable. H. capsulatum s.s. = H. capsulatum Panama or H81 lineage; H. capsulatum
var. duboisii = H. capsulatum African lineage or H. duboisii; H. suramericanum = H. capsulatum LAm A. Note that the identity of some isolates could not
be determined at species level because the corresponding Hcp100 sequences shared high similarity values with several GenBank isolates representing
different Histoplasma species or lineages (separated by a slash).
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the most common, followed by Rhinolophus ferrume-
quinum and Miniopterus schreibersii (all sequences
were submitted to GenBank under accession nos.
PP919660-707) (Table). That finding increases the

Figure. Bayesian tree based on 210-bp partial Hcp100 gene
sequences obtained from 42 guano samples collected in

the tunnels of the Camino de Hierro tourist route in study of
molecular detection of Histoplasma, Spain. Representatives
of the genus Blastomyces were used as outgroup. GenBank
reference isolates are labeled by species name, specimen
code, accession number, host or source (if known), and
3-letter country code. Bold text indicates sequences
obtained in this study, labeled by taxon name, isolate code,
accession number, and source bat species. Numbers above
the branches correspond to Bayesian posterior probability
and numbers below the branches to maximum-likelihood
bootstrap values; values are shown if posterior probability

is >0.90 and bootstrap value is >75%. Scale bar indicates
average number of substitutions per site.
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number of possible hosts and dispersers associated
with this human pathogen.

The degree of positivity we observed suggests
a substantial presence of Hisfoplasma in the tunnels
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studied, which seems reasonable because the mod-
erate temperature, constant humidity, and dark-
ness of both tunnels investigated are suitable en-
vironmental conditions for fungal growth. Of note,
outside known areas of endemicity, Histoplasma
has been isolated from soils contaminated with bat
guano in Romania (6).

A total of 728 cases of human histoplasmosis have
been diagnosed in 17 countries in Europe, of which
Spain accounts for up to 60% (5). Most cases were im-
ported from Central and South America (9), except 4
cases: 1 autochthonous laboratory-acquired case and
3 cases with no epidemiologic history in patients who
had never visited endemic areas. One case was in a
drug user with HIV/AIDS, another was in a patient
who had disseminated histoplasmosis develop after
renal transplantation, and the third was in a patient
who had occasionally traveled to France, Italy, and
the United Kingdom and had previously been treated
with an immunosuppressant, suggesting reactivation
of a latent infection (13). However, to date, Histoplas-
ma has not been isolated from environmental samples
in Spain, and no autochthonous clinical case of histo-
plasmosis has been associated with exposure to bats.

Conclusions

The results of this study indicate that Histoplasma is
present in bat-inhabited tunnels at Camino de Hierro
in northern Spain. That finding evidences that the
geographic distribution of this genus is wider than
previously thought and also reinforces the known as-
sociation between Histoplasma and bats.

The risk for histoplasmosis increases with contact
with guano deposited in bat roosts. Exploring caves and
similar environments is a well-documented source of
Histoplasma exposure; the first outbreaks of histoplas-
mosis were related to bat-inhabited locations dating
back to the 1930s (14). For that reason, the need to as-
sess the presence of Histoplasma in bat-inhabited places
before opening them to public access has been empha-
sized (11). Therefore, even though no autochthonous
cases of histoplasmosis have been reported in Spain,
the detection of Histoplasma in such a popular tourist at-
traction as Camino de Hierro makes it advisable to alert
local clinicians about the importance of considering his-
toplasmosis in the differential diagnosis of patients with
community-acquired pneumonia. Clinicians can refer to
available clinical diagnostic algorithms for histoplasmo-
sis for evidenced-based testing guidance (15).

Our results provide a warning about the pres-
ence of Histoplasma in Camino de Hierro but also
could stimulate further research on bat populations
in Spain, opening lines of research into their role in
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the transmission of histoplasmosis and other air-
borne infectious diseases. Research on the effects
Histoplasma and other pathogens on the health of
bats should also be considered, and we advise carry-
ing out a serologic study to assess possible exposure
to Histoplasma among workers and susceptible per-
sons who have visited the tunnels. Given the tour-
ism value and high number of visitors to Camino de
Hierro, health authorities should consider our find-
ings and implement measures to prevent potential
cases of histoplasmosis, in both visitors and workers
of this tourist route.
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etymologia revisited

Streptomycin
strep'to-mi'sin

In the late 1930s, Selman Waksman, a soil microbiologist working at
the New Jersey Agricultural Station of Rutgers University, began a
large-scale program to screen soil bacteria for antimicrobial activity. By
1943, Albert Schatz, a PhD student working in Waksman'’s laboratory,
had isolated streptomycin from Streptomyces griseus (from the Greek
strepto- [“twisted”] + mykés [“fungus”] and the Latin griseus, “gray”).

In 1944, Willam H. Feldman and H. Corwin Hinshaw at the Mayo

Originally published
in March 2019

Clinic showed its efficacy against Mycobacterium tuberculosis. Waksman
was awarded a Nobel Prize in 1952 for his discovery of streptomycin,
although much of the credit for the discovery has since been ascribed
to Schatz. Schatz later successfully sued to be legally recognized as a
co-discoverer of streptomycin.
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Co-Infections with
Orthomarburgviruses,
Paramyxoviruses, and

Orthonairoviruses in
Egyptian Rousette Bats,
Uganda and Sierra Leone

Brian R. Amman, Amy J. Schuh, Tara K. Sealy, Immah Conteh, Gloria G. Akurut,
Alusine H. Koroma, Kilama Kamugisha, James C. Graziano, Emmanuel Saidu,
Doris F. Bangura, Emmanuel S. Kamanda, Ibrahim A. Bakarr, Jonathan Johnny, Eric M. Enyel,
Jonathan A. Musa, Augustus Osborne, Ibrahim K. Foday, Camilla Bangura, Christian Sumaila,
Samuel M.T. Williams, George M. Fefegula, Patrick Atimnedi, Aiah Lebbie, Jonathan S. Towner

We report 1.3% (19/1,511) of Egyptian rousette bats
(ERBs) in Uganda and Sierra Leone were co-infected
with different combinations of Marburg, Sosuga, Ka-
sokero, or Yogue viruses. To prevent infection by those
viruses, we recommend avoiding ERB-populated areas,
avoiding ERBs and ERB-contaminated objects, and thor-
oughly washing harvested fruits before consumption.

oonotic co-infections occur when >2 genetically

distinct infectious agents are detected in a single
host (1) and are common in wildlife (2-4). Compared
with infection by a single pathogen, co-infections can
alter host susceptibility to other agents, disease trans-
mission dynamics, and duration of illness (4), as well
as replication and shedding of infectious agents (5).

Bats belong to the second largest order of mam-
mals (order Chiroptera), representing 20% of known
mammal species. Bats are also associated with >4,100
distinct animal viruses (6). Egyptian rousette bats
(ERBs; Rousettus aegyptiacus) have been well studied
as vertebrate hosts for zoonotic viruses. ERBs are the
known reservoir for Marburg virus (MARV) and Ravn
virus (family Filoviridae, genus Orthomarburgvirus)

(7), a putative reservoir for Sosuga virus (SOSV; fam-
ily Paramyxoviridae, genus Pararubulavirus) (8), and
the only known vertebrate reservoir for Kasokero vi-
rus (KASV) in East Africa and Yogue virus (YOGYV;
family Nairoviridae, genus Orthonairovirus) in West
Africa (9). Virus co-infections are also frequently ob-
served in bats; many virus-positive bats in China are
co-infected with >2 viruses (10). Simultaneous shed-
ding of multiple distinct paramyxoviruses has been
reported in flying fox bats (Pteropus spp.) in Australia
(11). Co-infections with multiple rubulavirus-related
viruses and other unclassified paramyxoviruses have
been reported in ERBs in South Africa (12). Virus co-
infection in bats has been described as an underap-
preciated phenomenon in disease ecology and sur-
veillance data reporting (2). Here, we investigated
zoonotic virus co-infections in ERBs from Uganda
and Sierra Leone.

The Study

During filovirus ecology research efforts in Uganda
and Sierra Leone, we captured ERBs by using mist
nets and harp traps (Table). We collected visceral
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Table. Numbers of Egyptian rousette bats (Rousettus aegyptiacus) captured according to site in study of co-infections with
orthomarburgviruses, paramyxoviruses, and orthonairoviruses, Uganda and Sierra Leone

Captured Uganda Sierra Leone Grand
bats Python Cave* Kasungwa Cave* Kitaka Minet Total no. Tailu Villaget Kasewe Cave§ Total no. total
Female 256 53 202 511 2 183 185 696
Adult 140 36 105 281 2 65 67 348
Juvenile 116 17 97 230 0 118 118 348
Male 381 43 197 621 5 189 194 815
Adult 219 41 128 388 2 86 88 476
Juvenile 162 2 69 233 3 103 106 339
Total no. 637 96 399 1,132 7 372 379 1,511

*Stable populations.

tDepopulated, undergoing repopulation.
fForest caught, population unknown.
§Transient population, possible maternal colony.

samples, including liver, spleen, heart, lung, kid-
ney, axillary lymph node, salivary gland, colon, and
blood, for virologic testing. We tested the samples
for the known zoonotic viruses SOSV, KASV
(Uganda; blood samples only), and YOGV (Sierra
Leone; blood samples only). We additionally tested
samples from 1,511 bats captured during Novem-
ber 2009-February 2022 in Uganda and Sierra Leone
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/29/1/22-0154-Appl.pdf) for MARV (nucleo-
protein and viral protein 35 genes), SOSV (nucleopro-
tein, hemagglutinin, and neuraminidase genes) and
KASV and YOGV (nucleoprotein genes) by quantita-
tive reverse transcription PCR.

In ERB samples, we detected individual infec-
tions and multiple co-infections with MARV and
SOSV (n = 1,132 samples from Uganda; n = 379 from
Sierra Leone), KASV (n = 942 from Uganda), and
YOGV (n = 275 from Sierra Leone) (Appendix Table
1). For 1,511 bats sampled in both Uganda and Sierra
Leone, 6.0% (90/1,511) had detectable MARV RNA
and 10.7% (162/1,511) had detectable SOSV RNA;
3.1% (29/942) of ERBs from Uganda only had detect-
able KASV RNA, and 0.4% (1/275) from Sierra Leone
only had detectable YOGV RNA.

In Uganda and Sierra Leone, we detected 23 co-
infections with >2 viruses: 10 (43.5%) co-infections in
Uganda and 13 (56.5%) in Sierra Leone. Co-infections
with MARV and SOSV (1.3% [19/1,511]) were most
prevalent in both Uganda (0.8% [9/1,132]) and Sierra
Leone (2.6% [10/379]). We did not detect MARV and
KASV co-infections in Uganda; we detected only 1
(0.4%) of 275 tested samples co-infected with MARV
and YOGV in Sierra Leone. We also detected co-infec-
tion with SOSV and KASV in Uganda (0.1% [1/942])
and SOSV and YOGV co-infection in Sierra Leone
(0.4% [1/275]). A single ERB from Sierra Leone had
detectable RNA for MARYV, SOSV, and YOGV (0.4%
[1/275]) (Appendix Table 1).

Among the 19 ERBs co-infected with MARV and
SOSV, 9 (47.4%) were female and 10 (52.6%) male.

1016

Eight (42.1% [8/19]) of the bats were adults (forearm
>89 mm length) and 11 (57.9% [11/19]) were juveniles
(forearm <89 mm length).

We detected co-infections with MARV, SOSV,
KASV (Uganda only), and YOGV (Sierra Leone only)
in ERBs from Uganda and Sierra Leone; most bats
were co-infected with MARV and SOSV and primar-
ily at only 1 site in each country. Most MARV /SOSV
co-infections in Uganda were observed in bats from
the Kitaka Mine sampling during November 2012.
The mine was undergoing a resurgence of MARV
infections after a depopulation and repopulation
event, as previously reported (13); MARYV active in-
fection rates in ERBs had more than doubled at the
mine since 2007 (7). The SOSV active infection rates
were also much higher at Kitaka Mine than at the un-
disturbed and permanent ERB colonies at Kasungwa
Cave and Python Cave sites (8). It is possible that a
newly formed naive ERB population occupied the
recently re-opened mine, providing an excess of bats
not previously exposed to MARV or SOSV.

A comparable SOSV rate of active infection was
identified at Kasewe Cave in Sierra Leone. One pos-
sible explanation for high SOSV infections at Kas-
ewe Cave could be that the ERB population there
appeared to be migratory, and the cave was mostly
devoid of ERBs at certain times of the year (Febru-
ary-April). The ERB population at Kasewe Cave
might be an amalgamation of many smaller popula-
tions that return annually to the cave site to use area
resources and then disperse into smaller populations
to return to other, smaller roosting sites. Subsequent
reoccupations by smaller ERB populations year after
year at Kasewe Cave bring new, virus naive bats to-
gether in larger numbers, similar to the repopulation
of Kitaka Mine, causing higher numbers of SOSV in-
fections in the population and, subsequently, higher
rates of co-infection with MARV. Moreover, the lim-
ited data collected at the Kasewe Cave suggest the
site could be a maternity roost, but because of that
limitation, a definitive designation cannot be made.
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The ratio of juveniles to adults was higher at Kasewe
Cave (59.4% [221/372]) than at Kitaka Mine (41.6%
[166/399]), which could also explain the high SOSV
prevalence at the cave site given recent findings of
an age-related bias in SOSV prevalence at Kasewe
Cave (14). More surveillance will be needed to deter-
mine normal rates of SOSV infection in ERB popula-
tions across Sierra Leone.

Conclusions

It remains unknown why levels of active MARYV infec-
tion at Kasewe Cave are not following the same re-
population patterns as those at Kitaka Mine or follow-
ing the rates of SOSV in Kasewe Cave. One possibility
involves timing of collection efforts, which might have
missed the peak of active MARYV infections. Another
potential explanation could be that SOSV, and para-
myxoviruses in general, are more easily transmitted
within ERB populations than MARV, when consider-
ing possible SOSV recrudescence and vertical trans-
mission has been seen for other paramyxoviruses,
such as Nipah virus (Appendix reference 16). Increas-
es in rubulavirus-like paramyxovirus transmission
during female aggregation and reproduction have
been identified in a population of ERBs in South Af-
rica, which showed seasonal population fluctuations
similar to those in Sierra Leone (12). The high active
SOSV infection rate, in addition to the high infection
risk associated with MARV co-infection of ERBs in
Kasewe Cave, indicates a substantial public health
risk because of public harvests of bats for food, as well
as guano mining to produce crop fertilizer. SOSV and
other rubula-like paramyxoviruses have been report-
ed to be shed in both urine and feces (guano) from
infected bats (12,15). Our public health recommenda-
tions to prevent human infection by ERB-borne zoo-
notic viruses are to avoid entering areas where ERBs
are known to roost, avoid contact with ERBs, avoid
objects obviously contaminated by ERBs (including
guano mining within known ERB roosts), and thor-
oughly wash all harvested vegetable and fruit pro-
duce from those areas before consumption.
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Influenza A(H1N1)pdmO09
Virus with Reduced Susceptibility

to Baloxavir,

Japan, 2024

Emi Takashita, Hiroko Morita, Shiho Nagata, Seiichiro Fujisaki, Hideka Miura, Tatsuya lkeda,
Kenichi Komabayashi, Mika Sasaki, Yohei Matoba, Tomoko Takahashi, Naomi Ogawa, Katsumi Mizuta,
Sueshi Ito, Noriko Kishida, Kazuya Nakamura, Masayuki Shirakura, Shinji Watanabe, Hideki Hasegawa

Influenza A(H1N1)pdmOQ9 virus carrying an 138N substi-
tution was detected in an untreated teenager in Japan.
The 138N mutant virus exhibited reduced susceptibility
to baloxavir but remained susceptible to neuraminidase
inhibitors and showed reduced growth capability. Moni-
toring antiviral drug susceptibility of influenza viruses
is necessary to aid public health planning and clinical
recommendations.

he cap-dependent endonuclease inhibitor baloxa-

vir marboxil is approved in Japan for the treat-
ment and prophylaxis of influenza virus infection in
young patients. For patients >12 years of age, the ap-
proved doses are 80 mg for those weighing >80 kg
and 40 mg for those weighing <80 kg. For patients
<12 years of age, the approved doses are 40 mg for
those weighing >40 kg, 20 mg for those weighing 20
to <40 kg, and 10 mg for those weighing 10 to <20
kg. The Japan Pedjiatric Society did not recommend
use of baloxavir in children <5 years of age during
the 2023-24 influenza season (https://www.jpeds.
or.jp/uploads/files/20231122_influenza.pdf). = Bal-
oxavir acid, an active form of baloxavir marboxil,
binds to the polymerase acidic (PA) protein endo-
nuclease domain and inhibits RNA cleavage by the
PA cap-dependent endonuclease (1). Amino acid
substitutions at position 38 in the PA protein are rec-
ognized as treatment-emergent mutations associated
with reduced susceptibility to baloxavir (2,3) and are
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considered the primary pathway for the emergence
of baloxavir resistance (4). The PA I38T substitution
is the most frequent substitution and has the great-
est effect on baloxavir susceptibility (5). Influenza
A(HIN1)pdm09 (pH1IN1) and A(H3N2) viruses with
the PA I38T substitution isolated from baloxavir-
treated patients show similar replication fitness and
pathogenicity to wild-type isolates tested in hamsters
and efficiently transmit between ferrets by respirato-
ry droplets (6). We have monitored baloxavir suscep-
tibility of seasonal influenza viruses in Japan since the
2017-18 season and reported human-to-human trans-
mission of PA I38T mutant H3N2 viruses in children
<10 years of age (7,8).

Researchers detected a PA I38N substitution in a
pHINT1 virus isolated from a patient during a phase 3
clinical trial of baloxavir. That substitution conferred
a 24-fold reduction in baloxavir susceptibility in re-
combinant A/WSN/33(H1N1) and a 10-fold reduc-
tion in recombinant A/Victoria/3/75(H3N2) and
reduced growth capability in both viruses (3,9). How-
ever, its effect on pH1N1 virus has not been reported.
During our 2023-24 surveillance, we detected a PA
I38N mutant pH1NT1 virus in a 14-year-old patient not
treated with baloxavir. Here, we report the in vitro
characterization of the PA I38N mutant pH1NT1 virus.

The Study
In March 2024, we detected a pHIN1 virus with the
PA 138N substitution (A/Yamagata/103/2024) in
Yamagata, Japan. During the 2023-24 season, H3N2
viruses predominated in Japan, followed by pHIN1
and B/ Victoria-lineage viruses. In Yamagata, we col-
lected 137 pHIN1, 206 H3N2, and 135 B/Victoria-
lineage viruses during the 2023-24 season (Figure 1).
A 14-year-old patient experienced influenza
symptom onset on March 12, 2024, including a high
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Figure 1. Detection of influenza
viruses in Yamagata, Japan,
during the 2022-23 and 2023—-
24 influenza seasons (n = 619).
Monthly reports of influenza
virus detection by the National
Epidemiologic Surveillance of
Infectious Diseases (https://
www.niid.go.jp/niid/en/
survaillance-data-table-english.
html) were used for study of
influenza A(H1N1)pdmO09 virus
with reduced susceptibility to
baloxavir. Clinical specimens
were collected from outpatients
who had influenza or influenza-
like iliness diagnosed.

fever and upper respiratory tract infection. A nasal
swab specimen was collected on the day of symptom
onset. The patient had not received any influenza
antiviral drugs before specimen collection. An influ-
enza outbreak occurred at the school attended by the
patient, and a class in a different grade was closed
on March 13, 2024. No other specimens from the out-
break were available. Ethical approval was not re-
quired because this study used data obtained through
routine surveillance.

Deep sequencing analysis performed by us-
ing MiSeq (Illumina, https://www.illumina.com)
showed that the PA I38N substitution was present at
100% frequency in both the specimen from the patient
and the virus isolate. We did not detect any amino
acid substitutions associated with reduced inhibition
by neuraminidase (NA) inhibitors.

We assessed the susceptibility of the PA I38N
mutant and representative pH1N1 viruses, including
a PA I38T mutant virus isolated in Yamagata, to bal-
oxavir acid (Funakoshi Co., Ltd., https:/ /www funa-
koshi.co.jp) and 4 NA inhibitors approved in Japan:
oseltamivir acid (active metabolite of oseltamivir),
peramivir, zanamivir, and laninamivir (MedChem-
Express, https://www.medchemexpress.com). We
determined antiviral drug susceptibilities by using a
focus reduction assay (10) and a fluorescence-based
NA inhibition assay (NA-Fluor Influenza Neuramini-
dase Assay Kit; Invitrogen, https://www.thermo-
fisher.com/us/en/home/brands/invitrogen.html)
and calculated 50% effective concentration (EC,)
and 50% inhibitory concentration (IC,) values by us-
ing GraphPad Prism (GraphPad Software, https://
www.graphpad.com). To interpret the antiviral drug

Table 1. Antiviral drug susceptibilities of influenza A(H1N1)pdmO09 viruses, Japan, 2024*

GISAID PA Specimen Baloxavirt NA inhibitors¥ (fold-change)
Influenza virus isolate ID _ substitution collection  (fold-change) Oseltamivir  Peramivir Zanamivir __Laninamivir
AlYamagata/103/2024 19183931 138N 2024 Mar 12 388.20 (90) 0.21 (0.9) 0.11(1.4) 043(1.1) 0.52(0.9)
AlYamagata/333/2023 19045749 138T 2023 Dec 15 929.18 (216) 0.26 (1.1) 0.08 (1.0) 0.32(0.8) 0.44(0.8)
AlYamagata/122/2023 18744526 None 2023 Sep 21  4.05(0.9) 0.23 (1.0) 0.08 (1.0) 0.46(1.2) 0.70(1.2)
AlYamagata/127/2023 18744528 None 2023 Oct 2 5.38 (1.3) 0.22 (1.0) 0.08 (1.0) 0.44(1.2) 0.70(1.2)
AlYamagata/135/2023 18799184 None 20230ct15  6.08 (1.4) 0.24 (1.0) 0.08 (1.0) 0.43(1.1) 0.71(1.3)
AlYamagata/177/2023 18853702 None 2023 Nov 4 6.69 (1.6) 0.22 (1.0) 0.06 (0.8) 0.25(0.7) 0.36(0.6)
AlYamagata/292/2023 18987233 None 2023 Dec 4 5.15 (1.2) 0.22 (1.0) 0.09 (1.1) 0.35(0.9) 0.52(0.9)
AlYamagata/312/2023 18987234 None 2023 Dec 11  5.05(1.2) 0.22 (1.0) 0.11(1.4) 0.38(1.0) 0.49(0.9)
AlYamagata/336/2023 19045750 None 2023 Dec 15  6.47 (1.5) 0.23 (1.0) 0.09 (1.1) 0.30(0.8) 0.42(0.7)
AlYamagata/104/2024 19201115 None 2024 Mar 27 4.32 (1.0) 0.28 (1.2) 0.09 (1.1) 0.33(0.9) 0.50 (0.9)

*Influenza A(H1N1)pdmO09 for 2023-24 was 4.30 + 2.38 (n = 214) for baloxavir and 0.23 + 0.06 (n = 208) for oseltamivir, 0.08 + 0.02 (n = 208) for
peramivir, 0.38 + 0.12 (n = 208) for zanamivir, and 0.56 + 0.14 (n = 208) for laninamivir. ECso, 50% effective concentration; fold-change, fold-change in
ECso and ICso values compared with the median values of 2023-24 seasonal pH1N1 viruses isolated in Japan; GISAID, GISAID EpiFlu database
(http://www.gisaid.org); ICso, 50% inhibitory concentration; NA, neuraminidase; PA, polymerase acidic protein.

tMean ECso, nmol/L. Mean ECso values of triplicate reactions in a single run were determined by using a focus reduction assay.

FMean ICso, nmol/L. Mean ICso values of duplicate reactions in a single run were determined by using a fluorescence-based NA inhibition assay.
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susceptibility, we applied the criteria proposed by the
World Health Organization Expert Working Group
on Surveillance of Influenza Antiviral Susceptibility
for the Global Influenza Surveillance and Response
System (11,12) by using EC,; and IC,, fold-change
values compared with the median values of pHIN1
viruses isolated during the 2023-24 season in Japan.
The criteria for NA inhibitor susceptibility define in-
hibition of NA activity of influenza A virus as normal
(<10-fold increase), reduced (10- to 100-fold increase),
or highly reduced (>100-fold increase) (11). For bal-
oxavir susceptibility, the provisional criteria define
influenza virus susceptibility as normal (<3-fold in-
crease) or reduced (>3-fold increase) (12). The PA
I38N and PA I38T mutant viruses showed normal in-
hibition by all 4 NA inhibitors, but PA I38N exhibited
90-fold higher EC, values and PA I38T exhibited 216-
fold higher EC,; values to baloxavir compared with
the median EC, value of 2023-24 seasonal pHINI1
viruses isolated in Japan (Table 1). Those results
indicate that the PA I38N and PA I38T substitutions
reduce the susceptibility of pH1N1 virus to baloxavir
in vitro.

We then evaluated the effect of the PA I38N sub-
stitution on pH1N1 virus growth in vitro (Figure 2) by
infecting humanized MDCK cells with the PA I38N
mutant or its corresponding wild-type virus at a mul-
tiplicity of infection of 0.001 focus-forming units per
cell. The wild-type A/Yamagata/336/2023 virus had
the most closely related sequences to the PA I38N mu-
tant A/Yamagata/103/2024 virus (Table 2). However,
no reports have indicated that those substitutions af-
fect viral replication. The PA I38N mutant virus grew
less efficiently than the wild-type virus and showed
substantially lower virus titers at all time points. Those
results indicated that the PA I38N substitution may
negatively affect pH1N1 virus growth in vitro.

Conclusions

In this study, we showed that the PA I38N mutant
pHINT1 virus had reduced susceptibility to baloxa-
vir but remained susceptible to NA inhibitors. Our
results indicate that the PA I38N substitution in the
pHINT1 virus contributed to a reduction in baloxavir
susceptibility, but the reduction in susceptibility was
less than that caused by the PA I38T substitution (3,9).

Influenza A(H1N1)pdmOQ9 Virus and Baloxavir, Japan

Figure 2. In vitro growth kinetics of the polymerase acidic 138N
mutation from study of influenza A(H1N1)pdmOQ9 virus with
reduced susceptibility to baloxavir, Japan, 2024. Humanized
MDCK cells were infected with the polymerase acidic I38N mutant
virus (A/Yamagata/103/2024) or its corresponding wild-type virus
(AfYamagata/336/2023) at a multiplicity of infection of 0.001
focus-forming units per cell. The supernatants were harvested

at the indicated times and virus was titrated by using a focus
assay. Means (circles) and SDs (error bars) of 4 experiments

are shown. p values were calculated by using a t-test and fitting a
mixed-effects model. FFU, focus-forming units; PA,

polymerase acidic.

PA 138 is highly conserved in influenza A and B
viruses (1). During October 2023-March 2024, medi-
cal institutions that serve ~3.7 million persons in Ja-
pan received baloxavir to use for antiviral treatment.
The PA I38N substitution may negatively affect the
growth capability of the virus in vitro; however, our
findings suggest possible transmission of the PA I38N
mutant pH1N1 virus from another host harboring the
mutant virus, which may have emerged under the se-
lective pressure of baloxavir or as a result of a rare
spontaneous mutation.

In Japan, influenza activity was low throughout
the COVID-19 pandemic; the first influenza outbreak
occurred in the 2022-23 season (13). The influenza
outbreak in the 2023-24 season was larger than that
of 2022-23 (Figure 1). Influenza pH1N1 virus activity
peaked in November 2023 and then declined. The PA
I38N mutant pH1N1 virus in this study was detected
in March 2024. By March, the pHIN1 outbreak was
almost over, and no regional spread of the PA I38N
mutant pH1N1 virus was observed.

Table 2. Amino acid differences in influenza A(H1N1)pdmO09 viruses with reduced susceptibility to baloxavir, Japan, 2024*

PA PB1 PB2 HA NA NS1
Influenza virus 38 258 531 617 622 661 152 308 649 6 274 51 383 178
AlYamagata/103/2024 N E K D G T S | | \% \% E T |
AlYamagata/333/2023 T E R N G A A Y, Y, | M K T Y,
AlYamagata/336/2023 | K R D R A A V V \ M K | \

*HA, hemagglutinin; NA, neuraminidase; NS1, nonstructural protein 1; PA, polymerase acidic protein; PB1, polymerase basic protein 1; PB2, polymerase

basic protein 2.
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We reported a community cluster of influenza
A(H3N2) viruses with reduced susceptibility to bal-
oxavir caused by a PA E199G substitution in Japan
in February-March 2023 (13). In addition, researchers
reported widespread community clusters of pHIN1
viruses with cross-resistance to oseltamivir and pera-
mivir in Australia and Japan (14,15). Monitoring of
antiviral drug susceptibility of influenza viruses is
necessary to aid public health planning and clinical
recommendations for antiviral drug use.
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High Prevalence of Influenza D
Virus Infection in Swine,
Northern Ireland

Paula Lagan, Ken Lemon

We detected influenza D virus in multiple swine herds
in Northern Ireland. Whole-genome sequencing showed
several circulating genotypes and novel mutations in the
receptor-binding site and esterase domains of the hem-
agglutinin-esterase fusion protein. Transmission routes
of influenza D virus to swine remain to be clarified but
could be direct or indirect.

attle are the main reservoir of influenza D virus

(IDV) worldwide, although the virus is occasion-
ally detected in other species, including swine (1).
In Europe, surveillance for IDV in swine has either
failed to detect the virus by molecular methods or
detected the virus at low prevalence, at <5.6% at the
herd level (2). Cattle in Northern Ireland have previ-
ously tested positive for IDV (3). Here, we describe
detection of IDV in multiple swine herds from North-
ern Ireland and report on the genetic characterization
of the swine-origin IDV strains.

The Study

Veterinarians visited 17 swine breeding units, com-
posed of a mixture of farrow-to-wean and farrow-
to-finish operations, during January-May 2023.
The farms were involved in an ongoing regional
control program for porcine reproductive and re-
spiratory syndrome virus (PRRSV) that targeted
10- to 12-week-old pigs according to the PRRSV
testing  algorithm  (https://www.cafre.ac.uk/
wp-content/uploads/2023/10/ Area-Regional-
Control-Final-Report.pdf) for growing pigs. In
addition to serum samples for PRRSV testing, 30
nasal swab samples per unit were obtained from
the same cohort of growing pigs and tested for
the presence of influenza A virus (IAV) and IDV
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by real-time reverse transcription PCR (rRT-PCR),
as previously described (4,5). Serum samples were
sent to a commercial diagnostics company (aCare
Lab, https://acarelab.com) for determination of
PRRSV status by rRT-PCR and open reading frame
5 gene sequencing. Farms were sampled on 1 oc-
casion, except for farm 2170, which was originally
sampled in February and resampled in May at the
request of the farmer because of a deteriorating
clinical situation.

Samples from 7 units (41.2% of herds) tested
positive for IDV and had sample positivity of 10%-
93% (Figure 1, panel A). Farm 2170 tested positive
for IDV at both timepoints. Associated rRT-PCR
cycle thresholds ranged from 17.4 to 36.9 (median
28.0) (Figure 1, panel B). The highest rates of sample
positivity were 93% for farm 2163 and 50% for farm
2170; the lowest average cycle thresholds were 28.4
for farm 2163 and 25.1 for farm 2170. Four of 7 IDV-
positive farms were also positive for IAV, and 3 of
7 were positive for a field strain of PRRSV (Table).
Although clinical signs such as coughing and fever
were not recorded at the time of sampling, we ret-
rospectively asked producers whose farms tested
positive for IDV about the clinical situation on the
farm. Three farms (2160, 2163, 2170) reported in-
creased death and slow growth, 3 (2155, 2156, 2166)
reported no overt clinical signs, and no response
was received from 1 farm (2179) (Table). A follow-
up investigation with the attending veterinarians
revealed that 5 of the positive farms (2160