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SYNOPSIS

Multicentric Case Series
and Literature Review of
Coccidioidal Otomastoiditis

llan S. Schwartz, Caitlyn Marek, Harleen Sandhu, Ahmed Abdelmonem,
Greti Petersen, Emma Dishner, Arash Heidari, George R. Thompson llI

Coccidioidomycosis involving the ear, mastoid bone, or
both is uncommon. We describe 5 new cases from the
United States and review 4 cases reported in the litera-
ture of otomycosis and mastoiditis caused by Coccidioi-
des. Of the 9 cases, 8 were linked to residence in or travel
to California. Two patients had poorly controlled diabetes
mellitus, 7 had otomastoiditis, 1 had otitis externa without
mastoid involvement, and 1 had mastoiditis without otic
involvement. Four patients had concurrent or prior pulmo-
nary coccidioidomycosis. Ipsilateral facial nerve palsies
developed in 2 patients. All patients received antifungal
treatment for varying durations, and 8 of the 9 patients
underwent surgical debridement. Clinicians should con-
sider coccidioidomycosis as a differential diagnosis for
otomastoiditis in patients with geographic risks.

he clinical manifestations of coccidioidomycosis,

an expanding endemic mycosis caused by Coccid-
iodes immitis and C. posadasii (1), are notoriously pro-
tean (2,3). Infection occurs primarily by inhalation of
aerosolized arthroconidia, which undergo morpho-
logic change within the lungs and turn into spherules
(large structures containing endospores) (4). Coccidi-
oidomycosis is a highly variable illness and may be
asymptomatic or cause a mild respiratory illness in up
to 60% of infected persons and an uncomplicated pul-
monary infection in most others (4). Dissemination or
progressive pulmonary disease affects 1%-2% of per-
sons infected with Coccidioides spp. (2). In those per-
sons, after spherule rupture, endospores may spread
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hematogenously or through the lymphatic system to
virtually all organs, although extrapulmonary clini-
cal disease at sites other than the brain, skin, bone,
or psoas muscle is uncommon (5). Those infrequently
encountered sites of disease may present diagnostic
and therapeutic challenges (2).

Coccidioidomycosis involving the middle or
outer ear, mastoid bone, or both is uncommon. We
describe 5 cases of otomycosis and mastoiditis caused
by Coccidioides spp. in the United States and review 4
cases reported in the literature. Institutional Review
Board ethics approval was obtained at Kern Medical
Center (Bakersfield, California, USA) and was not re-
quired for unidentified case reports at the other medi-
cal centers involved.

Cases

Casel

In 2019, a 76-year-old White man from California
sought care for left-sided hearing loss that started af-
ter an eschar developed on the left tragus and cheek.
He had no history of trauma. An otolaryngologist
noted a middle ear effusion, which was managed
conservatively with topical therapies and tympanos-
tomy tube insertion. Because the effusion persisted
despite those interventions, the otolaryngologist
sent samples for microbiological analysis, includ-
ing bacterial and fungal cultures. Bacterial cultures
were negative; however, after 3 days of incubation,
a mold was isolated, identified by DNA Probe (Ho-
logic, Inc., https:/ /www.hologic.com) as Coccidioi-
des spp. A chest radiograph was unremarkable. Oral
fluconazole (400 mg/d) was started. Although the
effusion decreased, hearing did not improve. After
3 months of therapy, fluconazole was discontinued
because of a widespread maculopapular exanthem.
Two months thereafter, the unilateral hearing loss
persisted. At that time, computed tomography (CT)
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of the head showed complete opacification of the
left mastoid air cells, a soft tissue infiltrate within
the middle ear chambers involving the epitympanic
recess, and thinning of the left mastoid bone without
obvious bony destruction or intracranial extension.
Otoscopic examination revealed extensive debris
and discharge throughout the ear canal and tym-
panic membrane perforation. The ear canal was de-
brided biweekly for 3 months, which led to healing
of the membrane and decreased erythema and dis-
charge from the ear canal. Subsequent treatment was
itraconazole (200 mg by mouth 2x/d for 6 months).
The patient’s hearing partially improved after sev-
eral weeks of antifungal treatment; improvement
reached a plateau at 5 months but did not return to
baseline. At the end of therapy, the patient was no
longer available for follow-up.

Case 2

In 2015, a 52-year-old man from California sought
care for headache and jaw pain. Findings from a
physical examination, including the oropharynx
and tympanic membranes, were unremarkable.
Initially, nonsteroidal antiinflammatories were
prescribed, and the condition was managed expec-
tantly. Over the next 4 months, the intensity of the
patient’s symptoms increased and the pain local-
ized to the left mastoid. Magnetic resonance imag-
ing (MRI) demonstrated left mastoiditis. There was
no clinical or radiographic evidence of pulmonary
involvement. A biopsy sample was collected from
the mastoid; bacterial and fungal cultures were neg-
ative, but Coccidioides spherules were identified by
histopathologic examination. Subsequently, serolog-
ic testing demonstrated a Coccidioides complement
fixation (CF) titer of 1:8, and Coccidioides immuno-
diffusion was positive for IgG. Treatment with oral
fluconazole (400 mg/d) was initiated. At a follow-up
visit 2 years later, the patient had residual mastoid
pain but no other signs or symptoms of disease, and
his CF titer had decreased to 1:2. Repeated imaging
after 26 months revealed substantial improvement,
but radiographic evidence of mastoiditis persisted.
Fluconazole was continued indefinitely, although
the patient has since been unavailable for follow-up.

Case 3

In 1999, a 42-year-old White man from California
sought care for right ear fullness and tinnitus. Exam-
ination indicated a right middle ear effusion without
erythema. Systemic antihistamines were prescribed;
however, the patient returned 1 month later without
clinical improvement. Sequential empiric courses of

1298

oral prednisone (20 mg/d for 14 days) and amoxicil-
lin/clavulanate (500/125 mg 3x/d for 10 days) also
did not lead to improvement. Soon thereafter, ipsi-
lateral facial nerve palsy developed. MRI revealed
evidence of an ongoing middle ear effusion and
mastoiditis. Tympanocentesis was performed, and
C. immitis was identified on cultures of the aspirated
middle-ear fluid. Serum Coccidioides CF titer was 1:4,
and Coccidioides immunodiffusion was positive for
IgG. After further questioning, the patient recalled
having had an episode of subacute pneumonia ~18
months earlier that did not respond to levofloxacin.
After Coccidioides otomastoiditis was diagnosed, oral
fluconazole (800 mg/d) was prescribed. Treatment
was continued for 3 years, the ear effusion and tinni-
tus resolved, the 7th nerve palsy partially improved,
the CF titer declined to undetectable, and the radio-
graphic appearance of the mastoiditis improved. Af-
ter 3 years, the patient self-discontinued fluconazole.
He has remained asymptomatic with undetectable
CF titers through 21 years of follow-up.

Case 4

In 2014, a 22-year-old Hispanic man from Bakers-
field, California, in the Cocciodioides epicenter of San
Joaquin Valley, who had a medical history of uncon-
trolled diabetes mellitus type 1, received a diagnosis
of pulmonary and osteoarticular coccidioidomyco-
sis but was nonadherent to therapy with fluconazole
and then posaconazole (substituted because of liv-
er injury). Peak CF titer was 1:256. After 1 year of
nonadherence, he sought care for left ear pain and
purulent drainage for 5 days. Symptom onset was
gradual, constant, aching, and sharp, with radiation
to left jaw and left eye. Left otitis externa was diag-
nosed and treated with oral amoxicillin and topical
neomycin, polymyxin B sulfates, and hydrocortisone
otic solutions. He was unavailable for follow-up for
another 6 months, at which point he sought care
for progressive left-sided hearing loss of 1 week’s
duration and diffuse pounding headache, nausea,
and vomiting for 1 month. Neurologic examination
suggested left conductive hearing loss. Results for
other cranial nerves were unremarkable. Otoscopic
examination revealed that the left tympanic mem-
brane was erythematous and bulging with a middle
ear effusion. Results of lumbar puncture were unre-
markable. Coccidioides CF at this time was 1:64. CT
showed complete opacification of the mastoid air
cell system on the left side with fluid in the middle
ear (Figure 1, panel A). MRI showed left mastoiditis
with an extradural collection of fluid. The patient
underwent a left myringotomy with insertion of a
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Figure 1. Radiographic findings
from 22-year-old Hispanic man
from California, USA (case 4),
in multicentric case series of
coccidioidal otomastoiditis. A)
Computed tomography scan of
the head, showing opacification
of the mastoid. B) Magnetic
resonance image of brain,
showing mastoiditis.

tympanostomy tube. Ten days postoperatively, he
remained symptomatic, reporting a constant head-
ache radiating from his left eye to the occipital area,
along with light-headedness and left ear hearing
loss. Repeat CT imaging 2 weeks after the myrin-
gotomy suggested persistent left otomastoiditis.
MRI showed heterogenous signal in the left mastoid
and middle ear and discontinuity of the roof of the
left mastoid but no temporal lobe or middle cranial
fossa involvement (Figure 1, panel B). Because of the
lack of response to tympanostomy tube placement,
a left mastoidectomy and tympanoplasty were per-
formed. Mastoid tissue was cultured, and C. immi-
tis grew after 28 days. The patient was hospitalized,
and a 6-week course of intravenous liposomal am-
photericin B monotherapy was initiated, which he
continued as an outpatient. At 6-week follow-up, his
hearing had gradually increased. Antifungals were
changed to posaconazole (400 mg/d orally). One
year later, Coccidioides CF had improved to 1:8, and
the patient remained well.

Case 5

In 2021, a 25-year-old Hispanic man from New Mex-
ico with a past medical history of poorly controlled
diabetes mellitus type 2 sought care in Texas for right

Figure 2. Radiographic
findings from 25-year-old
Hispanic man from New
Mexico, USA (case 5), in
multicentric case series of
coccidioidal otomastoiditis. A)
Computed tomography scan
of the chest with contrast,
showing septic emboli of the
left lower lung lobe and lingula
with developing pneumonia.
B) Magnetic resonance
venogram, showing stable
thrombus of the right jugular

ear pain. Physical examination indicated swelling and
tenderness of the right mastoid, along with purulent
drainage from the right ear. CT of the temporal bone
showed acute right otomastoiditis with thrombophle-
bitis of the right transverse and sigmoid dural sinuses
and right internal jugular vein. The patient also had
an associated venous thrombus and abscess under
the right mastoid process. He underwent a right mas-
toidectomy and myringotomy tube placement for
his abscess. The abscess cultures grew methicillin-
susceptible Staphylococcus aureus and later, after the
patient was discharged, Coccidioides. The patient was
discharged with a prescription for intravenous naf-
cillin for 6 weeks and oral apixaban. However, the
abscess and thrombus persisted, and he began to ex-
perience shortness of breath 1 month after discharge.
He was hospitalized because of disease progression,
and chest CT showed septic emboli of the left lower
lung lobe and lingula (Figure 2, panel A). Given the
lack of improvement, it was thought that the Coccidi-
oides infection was playing a larger role in the disease,
and intravenous liposomal amphotericin B (5 mg/
kg) and oral fluconazole (800 mg/d) were initiated.
The right neck abscess was incised and drained, and
cultures grew Coccidioides. CF titers were 1:32. Mag-
netic resonance venography showed progression

bulb, right sigmoid and transverse sinuses, and partially occlusive thrombus in the anterior superior sagittal sinus, seen by lack of

enhancement (arrows) compared with the left side.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023

1299



SYNOPSIS

of the thrombus to the sagittal sinus despite antico-
agulation therapy. The interventional radiologist at-
tempted a thrombectomy, which was unsuccessful. It
was determined that the thrombus progression was
most likely caused by Coccidioides thrombophlebitis,
and a heparin infusion was started. At 6-week follow-
up, the patient was improving with no neurologic
dysfunction; repeat magnetic resonance venography
showed stability of the thrombus (Figure 2, panel B),
and the patient was discharged with prescriptions for
voriconazole and apixaban. Repeat CF titers were 1:64
and remained stable for 10 months.

Literature Review and Synthesis

With a literature search, we identified 4 additional
cases of coccidioidomycosis involving the ear, mas-
toid bone, or both (6-8) and summarized them along
with the 5 cases in our series (Table, https:/ /wwwnc.
cdc.gov/EID/article/29/7/23-0129-T1.htm).  Eight
patients for whom details were available had lived in
or traveled to California. Ages ranged from 4 to 76
years, and 6 of 9 were male. Ethnicity was known for
7 patients: 4 were Hispanic and 3 were White. Two
patients had poorly controlled diabetes mellitus (1
each with types 1 and 2). Another patient had sys-
temic lupus erythematosus, which had been treated
with corticosteroids 1 month before the coccidioidal
otomastoiditis developed. In retrospect, however,
misdiagnosed coccidioidomycosis was probably the
cause of the fatigue, fever, and arthralgias (with posi-
tive antinuclear and anti-DNA antibodies) attributed
to lupus. Seven patients had otomastoiditis, 1 had
mastoiditis without otitis, and 1 had otitis without
mastoiditis. Ear pain was noted for 5 patients, mas-
toid swelling or tenderness for 3, and hearing loss for
2. Two patients had cutaneous lesions at the ear.

In addition to the ears or mastoids, 4 patients had
previous or concomitant pulmonary disease consis-
tent with coccidioidomycosis, including 1 patient
who additionally had osteoarticular coccidioidomy-
cosis. Ipsilateral facial nerve palsies developed in 2
patients, early for one and several months into treat-
ment for the other. In 1 patient, coccidioidal otomas-
toiditis was complicated by ipsilateral internal jugu-
lar thrombosis and septic emboli.

Coccidioides species was cultured from middle
ear fluid for 4 patients, mastoid tissue for 2, and both
middle ear fluid and mastoid for 1. For 3 patients,
diagnosis was based on histopathologic findings
of spherules in mastoid tissue and for another, by
histopathologic examination of skin. All 9 patients
received antifungal drugs: amphotericin B for 2, am-
photericin B followed by an azole for 3, and azoles
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alone for 4. Eight patients underwent surgical irriga-
tion and debridement.

Discussion

Coccidioidomycosis is one of the most common
dimorphic fungal diseases encountered in North
America; the geographic range on the continent is
primarily the southwestern United States and parts
of Mexico (9). Myriad manifestations have been
described (4). Ear or mastoid bone involvement,
however, is rare with coccidioidomycosis. In addi-
tion to the 5 cases in our series, we identified only
4 cases of ear or mastoid coccidioidomycosis in the
literature. In a database of 3,000 patients with coc-
cidioidomycosis at Kern Medical Center, only 1
case of otomycosis or otomastoiditis (case 4) was
identified, highlighting the uncommon nature of
this manifestation.

The mechanism by which coccidioidomycosis
involves the ear or mastoid is unclear. Because those
structures are contiguous with the upper respiratory
tract, primary infection of the ears and mastoids after
inhalation of Coccidioides arthroconidia is plausible.
However, there was evidence of pulmonary disease
for only 4 of 9 patients, consistent with the lack of
pulmonary signs or symptoms in other patients with
disseminated coccidioidomycosis involving sites not
contiguous with the airways (10). Hematogenous
dissemination is also a potential mechanism; Scalar-
one and Huntington showed in a murine model of
coccidioidomycosis that intraperitoneal inoculation
(which mimics hematogenous infection) with a low-
virulence strain of C. immitis can lead to infection
that localizes to inner ear structures and mastoids
(11). It is unclear whether strain virulence or inocu-
lation route differs among patients with this uncom-
mon manifestation.

Although most cases of otitis or mastoiditis
are bacterial, the diagnosis of coccidioidomycosis
should be considered for patients with otitis or mas-
toiditis who have resided in or traveled to areas of
risk for coccidioidomycosis, especially if the case
does not respond to empiric antibacterial therapy.
The diagnosis can be suggested by serologic testing,
but confirmation requires culture of discharge from
the ear or by biopsy of the mastoid for histopathol-
ogy and fungal culture.
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Nationwide Outbreak of
Candida auris Infections Driven
by COVID-19 Hospitalizations,
Israel, 2021—-2022*
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We report an outbreak of Candida auris across multiple
healthcare facilities in Israel. For the period of May 2014—
May 2022, a total of 209 patients with C. auris infection or
colonization were identified. The C. auris incidence rate
increased 30-fold in 2021 (p = 0.00015), corresponding
in time with surges of COVID-19-related hospitalization.
Multilocus sequence typing revealed hospital-level out-
breaks with distinct clones. A clade Il clone, imported
into Israel in 2016, accounted for 48.8% of typed isolates

( j'andida auris is a drug-resistant fungal patho-
gen that has emerged over the past decade as
a cause of nosocomial outbreaks with substantial
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after January 2021 and was more frequently resistant to
fluconazole (100% vs. 63%; p = 0.00017) and voricon-
azole (74% vs. 5.2%; p<0.0001) than were non—clade
Il isolates. A total of 23% of patients had COVID-19,
and 78% received mechanical ventilation. At the hospital
level, outbreaks initially involved mechanically ventilated
patients in specialized COVID-19 units and then spread
sequentially to ventilated non—COVID-19 patients and
nonventilated patients.

mortality rates (I-3). Widespread resistance to
triazole antifungals, rapid spread and persistence
within hospital and nursing home environments,
and difficulties in accurate identification by stan-
dard microbiological methods have prompted the
US Centers for Disease Control and Prevention to
list C. auris as a serious antibiotic-resistant threat
(4). Recent reports of echinocandin-resistant and
pan-resistant C. auris isolates in the United States
and elsewhere have further heightened these con-
cerns (5,6).

In 2014 and 2015, five patients with C. auris
bloodstream infection were identified in 2 hospitals
in the Tel Aviv, Israel, metropolitan area (7). After
that outbreak, laboratory-based surveillance was ini-
tiated, and clinical isolates identified or suspected as
C. auris were sent to the national mycology reference
laboratory for sequence-based identification and
antifungal drug susceptibility testing. Surveillance
showed a stable low incidence of C. auris infections
and no notable nosocomial clusters. An outbreak in
2016 that was limited to a single hospital originated

Preliminary results from this study were presented at the 32nd
European Congress of Clinical Microbiology and Infectious
Diseases, April 23-26, 2022, Lisbon, Portugal.
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in a patient transferred to Israel from a hospital in
South Africa (8).

Since January 2021, a marked increase in the
number of C. auris isolates referred to the national
reference laboratory was noted; many medical cen-
ters reported C. auris infections for the first time. We
conducted a nationwide survey of C. auris infections
in Israel to assess clinical and microbiological char-
acteristics and to determine drivers of epidemiologic
change during 2021-2022.

Methods

Study Design and Population

After the first detection of C. auris in Israel in 2014, an
alert was issued to all clinical microbiology laborato-
ries to refer yeast isolates identified or suspected as C.
auris to the national mycology reference laboratory at
the Tel Aviv Sourasky Medical Center. Guidance on
contact isolation, contact tracing, and environmental
disinfection was provided to facilities that reported C.
auris cases (9,10).

This nationwide retrospective observational
study covered the period January 1, 2014-May 31,
2022. We included all medical facilities that reported
>1 C. auris clinical isolate during the study period.
Yeast isolates sent to the reference laboratory under-
went confirmatory DNA-sequence based identifica-
tion, sequence typing, and antifungal susceptibility
testing. Demographic and clinical data were collected
from each site.

The study was reviewed and approved by the
ethics committee of each participating medical cen-
ter (approval no. for principal site 0543-21-TLV). Re-
quirement for informed consent was waived because
of the retrospective observational nature of the study.

Data Collection

We extracted data from the hospital electronic medi-
cal records and laboratory computerized database
by using a structured form. Collected data included
demographics, comorbidities (quantified using the
Charlson comorbidity score) (11), SARS-CoV-2 in-
fection, previous exposure to antibacterial and an-
tifungal drugs, infection with or carriage of drug-
resistant organisms, and mechanical ventilation.
Clinical outcomes were all-cause in-hospital death,
length of hospitalization, length of stay in intensive
care unit (ICU), and duration of mechanical ventila-
tion. C. auris was considered a colonizer if growing
from respiratory tract, skin, or rectal specimens and
potentially clinically significant if isolated from nor-
mally sterile specimens.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 29,No. 7, July 2023

C. auris Infections Driven by COVID-19, Israel

Microbiological Analyses

The general practice of microbiological laboratories
is to identify yeasts cultured from normally sterile
sites. Basic identification in participating laborato-
ries was done by using CHROMagar Candida plates
(CHROMagar, https://www.chromagar.com) and
Vitek 2 with the YST ID card (bioMérieux, https://
www.biomerieux.com). Hospital H1 implemented
measures to identify C. auris carriers because of
a large outbreak at that site. Those measures in-
cluded identifying yeast isolates from all speci-
mens and screening patients at admission to ICU
and step-down units and at time of transfer from
departments where C. auris cases were detected. C.
auris screening was done by swabbing 3 sites (ax-
illa, groin, and throat). Endotracheal aspirates were
sampled from intubated patients. Swabs were inoc-
ulated onto Sabouraud dextrose agar and incubated
at 37°C for 5 days.

Candida species identification at the reference
laboratory was done using PCR and sequencing of
the ribosomal DNA internal transcribed spacer (ITS)
1-5.85-ITS2 and D1/D2 regions (7,12). Antifungal
susceptibility testing was performed using broth
microdilution according to Clinical and Laboratory
Standards Institute guidelines (13). Antifungals test-
ed were fluconazole, itraconazole, voriconazole, am-
photericin B, and anidulafungin (obtained from Sig-
ma, https://www.sigmaaldrich.com). Tentative C.
auris susceptibility breakpoints for fluconazole (>32
mg/L), anidulafungin (>4 mg/L), and amphotericin
B (>2 mg/L) were used, as proposed by the Centers
for Disease Control and Prevention (14). Because no
breakpoint has been defined for voriconazole, the
epidemiologic cutoff (ECOFF) value was calculated
from the MIC distribution using the ECOFF Finder
program (15,16).

We determined genetic relatedness among C.
auris isolates by using multilocus sequence typing,
as described previously (17,18). We used Bayesian
inference in MrBayes version 3.2 (19) to amplify,
concatenate, and compare genomic sequences of
RNA polymerase 11 (RPB)1, RPB2, internal tran-
scribed spacer (ITS), and the D1/D2 region of the
28S nuclear ribosomal large subunit rRNA gene
among strains. We used allele sequences reported by
Kwon et al. (17) as references to classify strains into
4 main clusters (clades). We constructed minimum-
spanning trees in R version 4.2.1 (R Foundation for
Statistical Computing, https://www.r-project.org)
and deposited all sequences into GenBank (Appen-
dix 1, https://wwwnc.cdc.gov/EID/article/29/7/
22-1888-Appl.xlsx).
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Statistical Analyses

We summarized patient characteristics by using de-
scriptive statistics. We determined between-group
differences by using the Fisher exact test for categori-
cal variables and Student t or Wilcoxon rank-sum test
for normally or nonnormally distributed continuous
variables. We measured variance across multiple
groups by using the Kruskal-Wallis test. The sig-
nificance level (type I error) was set at 0.05. We per-
formed all calculations in R.

Results

We recorded 209 patient-specific C. auris isolates dur-
ing the 8-year study period. The first cases of C. au-
ris infection in Israel were detected in May 2014 at a
tertiary-level medical center in Tel Aviv. During May
2014-December 2020, a total of 24 cases of C. auris in-
fection were reported from 7 hospitals (median inci-
dence 4 cases/y, range 1-5 cases/y). The incidence of
C. auris infection increased dramatically in 2021; an
annual incidence of 120 cases was reported from 10
hospitals and 3 long-term care facilities, which repre-
sented a 30-fold increase over the previous base an-
nual incidence (p = 0.00015; Figure 1). Of 185 patient-
specific isolates identified beginning in January 2021,
a total of 172 (92.9%) occurred in 4 community hos-
pitals (H1-H4). Hospital H1, located in the Northern

Central District of Israel, was the focus of the largest
outbreak; 127 patient-specific C. auris isolates were re-
ported (Figure 1, panel A). Repeat cultures were per-
formed for 152 patients; colonization was detected for
a median of 14 days (interquartile range [IQR] 4-32
days, maximum 210 days) (Appendix 2 Figure).

The incidence of C. auris cases during 2021 and
2022 corresponded with surges in COVID-19 cases
in Israel during that period (Figure 2). C. auris cases
peaked in January-March 2021, synchronous with the
COVID-19 Alpha variant wave; in June-November
2021, matching the Delta variant wave; and in Janu-
ary-May 2022, during the Omicron wave. During the
Alpha wave, 88.0% of patients with C. auris (15/17)
were infected with SARS-CoV-2. That percentage de-
creased to 22% (23/103) during the Delta wave and
6.2% (4/65) during the Omicron wave (Figure 2).

Strain Relatedness

We assessed the genetic relatedness and clade des-
ignation of C. auris strains isolated before 2021 and
those from the 2021-2022 outbreak by using multilo-
cus sequence typing. We typed 22 isolates collected
during May 2014-December 2020; of those, 18 (81.8%)
isolates were clade IV, 3 (13.6%) were clade IlI, and 1
(4.5%) was clade 1I (Figures 3, 4). The 3 clade III iso-
lates represented an importation event in 2016 traced

Figure 1. Incidence (no. cases) of Candida auris infection by medical facility (A) and type of specimen (B), Israel, 2014—-2022. Epidemic plots
were constructed with each patient appearing once, on the date of the first C. auris—positive specimen. H, hospital; NH, nursing home.
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to a patient who acquired a surgical site infection in
South Africa before being evacuated to Israel. The
population structure changed after January 2021,
when localized hospital outbreaks of clade III and
clade I occurred. Of 43 isolates typed during Janu-
ary 2021-May 2022, a total of 24 (55.8%) belonged to
clade 111, 11 (25.5%) to clade IV, and 8 (18.6%) to clade
I (Figures 3, 4). All isolates typed from hospital H1
(n = 18) belonged to clade III. Clade I isolates (n =
8) were identified in 2 hospitals (H2 and H3) in Isra-
el’s Southern district. Clade III isolates from the 2016
outbreak clustered with the earliest 2021 H1 isolates,
suggesting an epidemiologic link.

Antifungal Susceptibility

Overall rates of antifungal drug susceptibility were
15.5% (32/206) for fluconazole, 79.6% (164/206) for
voriconazole, 86.4% (178/206) for amphotericin B,
and 98.0% (198/202) for anidulafungin. A total of 21

C. auris Infections Driven by COVID-19, Israel

Figure 2. Association of Candida auris infection with COVID-19
hospitalization, Israel, January 2021-May 2022. Bars represent
monthly C. auris incidence (no. cases). Cases with SARS-CoV-2
co-infection are shown in orange, non—co-infected cases are in
blue. Red line shows level of hospital occupancy with COVID-19
patients. Scales for the y-axes differ substantially to underscore
patterns but do not permit direct comparisons.

isolates (10.0%) were resistant to both amphotericin
B and fluconazole; 2 (0.95%) were resistant to fluco-
nazole, amphotericin B, and anidulafungin. Clade III

Figure 3. Minnimum-spanning trees of Candida auris strains for 2014-2020 (A) and 2014—-2022 (B), Israel. Genetic relatedness of C.
auris isolates was assessed using multilocus sequence typing. Strain cluster designation was determined using sequences published
by Kwon et al. (shown in gray nodes) (17). Nodes are colored according to the respective medical center. Nodes marked with asterisks
represent 2016 importation event from South Africa. C, clade; H, hospital; NH, nursing home.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023
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isolates had significantly higher MICs of fluconazole
and voriconazole compared with non-clade III iso-
lates (Figures 4-6). Resistance to fluconazole (MIC
>32 mg/L) was detected in 100% (27/27) of clade III
isolates versus 63.1% (24/38) of non-clade IlII isolates
(p = 0.00017). Voriconazole MIC values above the
calculated ECOFF (MIC >4 mg/L) were detected in
74.0% (20/27) of clade IlI isolates versus 5.2% (2/38)
of non-clade III isolates (p<0.0001).

Clinical Characteristics and Outcomes
Clinical data were available for 177 patients (86.7%)
(Table). Patients were predominantly men (68.3%);
median age was 70 years (IQR 55-80 years). Patients
had multiple comorbidities; 50% had significant func-
tional impairment and 30% had dementia. Most pa-
tients (78%) required mechanical ventilation during
the same hospitalization, and 67% had a central ve-
nous catheter. Carriage or infection with other drug-
resistant organisms was detected in 55% of patients.
Forty-one patients (23.2%) had received a
COVID-19 diagnosis before acquiring C. auris in the
same hospital stay. Most of those patients (73.1%) had
critical COVID-19. Almost all patients with COVID-19
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received corticosteroids, and half were treated with
remdesivir. The median time from detection of
SARS-CoV-2 infection to recovery of C. auris was 25
days (IQR 11-38.5 days). Patients with and without
COVID-19 had similarly high rates of mechanical
ventilation (78%), but patients with COVID-19 had
better baseline functional status, fewer comorbidities,
and lower rates of dementia (Table).

Of 177 patients, 82 (46.3%) had positive clinical
specimens, and 95 (53.6%) were colonized with C. auris
with no evidence of invasive candidiasis. The propor-
tion of colonized versus infected patients was signifi-
cantly greater for patients with COVID-19 (70.7% vs.
48%; p = 0.013) and in hospital H1, where screening
was implemented (77.7% vs. 14.9% in other hospi-
tals; p<0.0001). Clinical specimens consisted of urine
(59.8%, n = 49), blood (36.6%, n = 30), and wounds
(17.1%, n = 14). In-hospital death occurred in 70
(39.5%) patients. The in-hospital mortality rate did not
differ significantly between patients with clinical infec-
tions, including those with C. auris bloodstream infec-
tions, and patients who were only colonized with C.
auris. Increasing age and comorbidity (Charlson score)
were predictors of in-hospital death (Appendix 2,

Figure 4. Association of
population strain clustering

with antifungal drug MIC and
medical facility for Candida auris
strains, Israel. A phylogenetic
tree of C. auris isolates was
constructed using multilocus
sequence typing and Bayesian
inference. Text colors represent
different medical centers. Heat
map colors represent MIC of
each drug, ranging from fully
susceptible (yellow) to resistant
(dark blue). AMB, amphotericin
B; ANF, anidulafungin; FCZ,
fluconazole; VCZ, voriconazole.

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 7, July 2023



C. auris Infections Driven by COVID-19, Israel

Figure 5. Comparison of
antifungal MIC distribution
among Candida auris clades,
Israel. Antifungal MICs were
determined using Clinical
Laboratory Standards Institute
M27A3/S4 methodology, for
fluconazole (A), voriconazole
(B), amphotericin B (C), and
anidulafungin (D). Comparison
among C. auris clades was
done using the Kruskal-Wallis
test and the pairwise Wilcoxon
post-hoc test. Each dot
represents a patient-specific
isolate. Horizontal bars within
box plots indicate medians, box
tops and bottoms represent
95% confidence interval. NS,
not significant.

https:/ /wwwnc.cdc.gov/EID/article/29/7/22-1888-
App2.pdf). Of the surviving patients, 27 (29.0%) were
discharged to home, 27 (29.0%) to ventilator-capable
skilled nursing facilities, 19 (20.4%) to rehabilitation fa-
cilities, and 17 (18.2%) to long-term care facilities.

Time Course of C. auris Hospital Outbreaks

We analyzed the evolution of the C. auris outbreaks
in hospitals H1, H2, and H3 (Figure 7). In H1, C. auris
infections were first detected among 10 mechanically
ventilated COVID-19 patients; 9 of these infections
occurred over a period of 13 days in February 2021
(cluster 1). Next, C. auris infections were detected in
mechanically ventilated patients with no history of
COVID-19 (cluster 2). Infections were first detected in
May 2021 in intermediate care unit A, to which con-
valescing COVID-19 patients had been transferred,
and in the adjacent general ICU. The first of the non-
COVID-19 cases was a patient admitted 52 days af-
ter the last of the COVID-19 patients had been dis-
charged. Additional cases were detected in inter-
mediate care unit B starting in July 2021, after that

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023

unit became a destination for recovering COVID-19
patients. Overall, 65 mechanically ventilated patients
were infected with C. auris in cluster 2.

A similar pattern, in which a cluster of C. auris
cases in mechanically ventilated patients with
COVID-19 was followed by spread to ventilated pa-
tients without COVID-19, was observed in hospital
H2, albeit on a smaller scale. The gap between dis-
charge of the last cluster 1 patients and admission of
the first cluster 2 patient was 67 days. Cluster 1 strains
included 2 sequence types belonging to clade I and
clade IV, whereas only the clade I sequence type was
identified in cluster 2. In hospital H3, C. auris infec-
tion was detected predominantly in ventilated pa-
tients, with or without COVID-19, with no temporal
clustering over the study period (Figure 7).

Discussion

We report an ongoing nationwide outbreak of C. auris
colonization and infection in hospitals in Israel. The in-
troduction of distinct clones of clade I and clade III into
3 hospitals, as well as increased circulation of clade 1V,

Figure 6. Temporal distribution
of Candida auris clades and
their respective MIC values,
Israel. Distribution of C. auris
fluconazole and voriconazole
MIC is shown for January 2014—
May 2022. Each dot represents
a patient-specific isolate. High
fluconazole and voriconazole
MIC associated with clade Il is
noted in 2021 and 2022.
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resulted in a 30-fold increase in the annual C. auris in-
cidence rate in 2021. Neither clade I nor clade III had
circulated in Israel before 2021, suggesting they arose
through importation events into the country. Further,
phylogenetic analyses showed that the clade III isolates
collected during the current outbreak were related to
those imported into Israel from South Africa in 2016
(8). The shift in clade distribution was associated with
a change in the azole MIC range; specifically, clade III
strains had higher fluconazole and voriconazole MICs
compared with those for clade IV strains. Thus, the con-
tinuing expansion of clade III in Israel and its spread
beyond H1 to other medical facilities might limit the al-
ready constrained treatment options for C. auris.

We identified 2 main drivers of C. auris health-
care-associated dissemination in this outbreak. The
first was COVID-19. Almost one quarter of patients
with C. auris infection or colonization were infected

with SARS-CoV-2 and received care in designated
COVID-19 units. C. auris incidence rates corresponded
in time with COVID-19-related surges in hospi-
talization. Cases of C. auris infection in COVID-19
wards tended to be tightly clustered (Figure 7),
suggesting efficient healthcare-associated trans-
mission within those units. Multiple genotypes of
C. auris were found in COVID-19 units in hospitals H1
and H2, and 1 dominant clone carried over to non-
COVID-19 patients in other departments. Outbreaks
of C. auris have been reported in COVID-19 care units
in the United States, India, Mexico, and Columbia,
resulting in colonization or infection rates as high as
50% (20-24). Potential reasons for the susceptibility of
COVID-19 units to such outbreaks include the use of
double gloving (wearing 2 pairs of gloves), poor ad-
herence to hand hygiene, and inadequate disinfection
of shared medical devices and equipment (20).

Table. Clinical characteristics of patients infected or colonized with Candida auris, Israel*

Characteristic COVID-19 Non-COVID-19 p value Total
No. patients 41 (23.2) 136 (76.8) 177 (100)
Median age, y (IQR) 67 (53-75) 72 (56-82) 0.16 70 (55-80)
Sex
M 24 (58.5) 97 (71.3) 0.13 121 (68.3)
F 17 (41.4) 39 (28.6) 56 (31.6)
Long-term care facility 5(12.1) 33 (24.2) 0.12 38 (21.5)
Functional status 0.0036
Independent 30 (73.1) 59 (43.3) 89 (50.3)
Requires assistance 4(9.7) 21 (15.4) 25 (14.1)
Complete dependence 7 (17.0) 56 (41.1) 63 (35.6)
Comorbidities
Dementia 6 (14.6) 46 (33.8) 0.019 52 (29.4)
Malignancy 3(7.3) 18 (13.2) 0.41 21 (11.8)
Median Charlson comorbidity score (IQR) 2 (0-3) 3(14) 0.00016 2 (1-4)
Drug-resistant organism carriage/infection
Any 21 (51.2) 76 (55.8) 0.72 97 (54.8)
Vancomycin-resistant Enterococcus 5(12.1) 17 (12.5) 1.0 22 (12.4)
Methicillin-resistant Staphylococcus aureus 10 (24.3) 25 (18.3) 0.38 35 (19.8)
Carbapenem-resistant Enterobacteriaceae 8 (19.5) 31(22.7) 0.83 39 (22.0)
Clostridioides difficile 0 6 (4.4) 0.33 6 (3.4)
Exposure to antimicrobials
Antibacterial 37 (90.2) 119 (87.5) 0.78 156 (88.1)
Azole 5(12.1) 11 (8.0) 0.53 16 (9.0)
Echinocandin 2(4.8) 3(2.2) 0.32 5(2.8)
Amphotericin B 0 0 1.0 0
COVID-19 severity and treatment
Critical 30 (73.1) NA 30 (76.9)
Severe 8 (19.5) NA 8 (20.5)
Mild 1(2.4) NA 1(2.5)
Corticosteroids 38 (97.4) NA 38 (97.4)
Remdesivir 17 (43.5) NA 17 (43.5)
Treatment required
Intensive care unit 14 (34.1) 34 (25.0) 0.31 48 (27.1)
Mechanical ventilation 32 (78.0) 106 (77.9) 1.0 138 (78.0)
Central venous catheter 30 (73.1) 89 (65.4) 0.44 119 (67.2)
Outcome
Median hospital stay, d (IQR) 36 (24-52) 36 (21-54) 0.98 36 (21.5-54)
Median ICU stay, d (IQR) 24 (18.5-38) 21 (11.2-28.8) 0.08 21.5 (13-33)
Median mechanical ventilation duration, d (IQR) 35.5 (19.8-46) 35(17.8-51.2) 0.60 35 (18-50)
In-hospital death 15 (36.5) 55 (40.4) 0.71 70 (40.0)

*Values are no. (% within COVID-19 group) except as indicated. IQR, interquartile range; NA, not applicable.

1308

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 7, July 2023



C. auris Infections Driven by COVID-19, Israel

Figure 7. Hospital-level outbreak
time course for the 3 hospitals
with the largest Candida auris
case numbers, Israel. Time
course of C. auris hospital
outbreaks is shown for patients
receiving mechanical ventilation
(A) and patients not receiving
mechanical ventilation (B).
Individual patients are displayed
in bottom to top order according
to the first date they became
infected. Bars are plotted from
the date of first C. auris—positive
specimen to the date of hospital
discharge. Colors represent
hospital unit at the time C. auris
was recovered. COVID-19,
specialized COVID-19 unit; H,
hospital; ICU, intensive care unit;
INT-A, intermediate care unit A;
INT-B, intermediate care unit B

A second crucial driver appeared to be mechani-
cal ventilation. Patients with and without COVID-19
had similarly high rates of mechanical ventilation
(78%). Moreover, within specific hospitals, C. auris
spread first among mechanically ventilated COVID-19
patients and then infected non-COVID-19 patients
in intermediate care units shared by both recovered
COVID-19 and non-COVID-19 patients. This second
population included patients with multiple comorbid-
ities, high rates of dementia, and long-term mechani-
cal ventilation. C. auris moved between those patient
populations asynchronously; gaps of >6 weeks were
observed in 2 hospitals between discharge of the last
infected COVID-19 patient and admission of a ven-
tilated non-COVID-19 patient who later acquired C.
auris. Possible explanations include persistence of C.
auris in the patient environment and on shared medi-
cal equipment, as well as undetected carriage by colo-
nized patients or healthcare workers. C. auris was pre-
viously isolated from 70% of environmental samples
at a ventilator-capable skilled nursing facility, includ-
ing those from handrails, doorknobs, and windowsills
(25). In vitro studies found that C. auris forms biofilm

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023

on plastic surfaces and is able to persist in viable colo-
nies for >2 weeks and as viable nonculturable cells for
>4 weeks (26).

Among the study cohort, 46% had clinical C. au-
ris infection, including 30 patients with candidemia.
The in-hospital mortality rate was 40% and was sim-
ilar for patients colonized and infected with C. auris,
likely reflecting the multiple acute and chronic co-
morbidities in this patient population. Of the surviv-
ing patients, only 30% were discharged home; the
rest were transferred to ventilator-capable skilled
nursing facilities, rehabilitation facilities, and long-
term care facilities, potentially establishing reser-
voirs of C. auris carriage.

Limitations of this study include lack of system-
atic active surveillance and environmental sampling
in most medical centers. In addition, hospitals dif-
fered in some key areas, including criteria for per-
forming yeast species identification and screening for
C. auris colonization.

In summary, C. auris is spreading in multiple hos-
pitals in Israel, and appears set to become endemic in
some facilities. The emergence and amplification of
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new C. auris clones was traced to patients receiving
mechanical ventilation in COVID-19 isolation units.
C. auris was transmitted from this population to non-
COVID-19 patients in shared intermediate care units
and from there disseminated to nonventilated patient
populations. New guidelines addressing this public
health threat were recently published by the Israeli
Ministry of Health (27). Continued surveillance and
implementation of infection control measures, focus-
ing on debilitated patients and those receiving me-
chanical respiratory support, are essential to control
the spread of C. auris.
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etymologia

Fonsecaea pedrosoi [fon-se-se'a pedro’soi]
Dayane Moraes, Alexandre Melo Bailao, Mirelle Garcia Silva-Bailao

hromoblastomycosis (CBM) is a neglected

tropical disease caused by dematiaceous fungi,
mainly Fonsecaea pedrosoi. This disease resembles
blastomycosis in the Americas; the prefix indi-
cates causative microorganisms’ pigmentation. In
1911, Pedroso observed histologic pathognomonic
findings for CBM. He also observed rounded and
brownish elements, now called muriform cells, in
skin biopsy specimens from a patient in Goids, Bra-
zil. In 1915, Medlar described a similar cutaneous
infection on the basis of culture and histologic analy-
ses. In 1922, Brumpt reported Pedroso’s findings as
Hormodendrum pedrosoi. Genus description referred
to dendroidal conidial chains.

Sources

1. Brumpt E. Hormodendrum pedrosoi Brumpt. In:
Précis de parasitology [in French]. Paris: Masson
and Cie; 1922. p. 1105 [cited 2023 Apr 29].
https:/ /agris.fao.org/-search/search.
do?recordID=US201300541075

2. Medlar EM. A cutaneous infection caused by a new
fungus, Phialophora verrucosa, with a study of the
fungus. ] Med Res. 1915;32:507-22.9.

Subsequent publications classified this
fungus into different genera (Botrytoides, Phia-
lophora, Phidoconidiophora, and Trichosporium)
on the basis of type of sporulation. Multiple
forms of conidiation in dematiaceous fungi
contributed to frequent genus changes. Terra
et al. described this fungus as Acrotheca pedro-
soi. In 1936, Negroni renamed this microor-
ganism Fonsecaea pedrosoi because Hormoden-
drum and Acrotheca reproductive structures
were recognized in samples. The genus was
named in honor of Fonseca Filho, a Brazilian
investigator who made notable contributions
to dermatomycoses.

Figure. Micrographs
showing tissue and culture
analyses of a fungal
infection case described
by Medlar in 1915. A)
Section of 5-week-old
colony. B) Muriform bodies
inside a giant cell. C)
Hyphae in a 4-week-old
colony. D) Aerial hypha
showing numerous, typical
sporogenous cells.

3. Negroni P. Study of the first Argentine case of
chromomycosis, Fonsecaea (Neg.) pedrosoi (Brump) 1921
[in Portuguese]. Rev Inst Bacteriol. 1936;7:424.

4. Pedroso A, Gomes JM. About four cases of verrucous
dermatitis produced by Phialophora verrucosa [in
Portuguese]. An Paul Med Cir. 1920;11:53-61.

5. Terra F, Torres M, Fonseca FO, Aréa-Leao A. New type of
verrucous dermatitis: Acrotheca mycosis associated with
leishmaniasis [in Portuguese]. Bras Med. 1922;36:363-8.
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We retrospectively reviewed consecutive cases of mucor-
mycosis reported from a tertiary-care center in India to de-
termine the clinical and mycologic characteristics of emerg-
ing Rhizopus homothallicus fungus. The objectives were
ascertaining the proportion of R. homothallicus infection
and the 30-day mortality rate in rhino-orbital mucormycosis
attributable to R. homothallicus compared with R. arrhizus.
R. homothallicus accounted for 43 (6.8%) of the 631 cases
of mucormycosis. R. homothallicus infection was indepen-
dently associated with better survival (odds ratio [OR] 0.08
[95% CI 0.02—0.36]; p = 0.001) than for R. arrhizus infection
(4/41 [9.8%] vs. 104/266 [39.1%]) after adjusting for age,
intracranial involvement, and surgery. We also performed
antifungal-susceptibility testing, which indicated a low range
of MICs for R. homothallicus against the commonly used
antifungals (amphotericin B [0.03—16], itraconazole [0.03—
16], posaconazole [0.03-8], and isavuconazole [0.03—16]).
18S gene sequencing and amplified length polymorphism
analysis revealed distinct clustering of R. homothallicus.

ucormycosis is an angioinvasive disease caused

by the saprophytic fungi of the order Mucorales.
The estimated prevalence of mucormycosis is =70 times
higher in India than elsewhere (1). Rhizopus arrhizus is
the most common etiologic agent of mucormycosis in
India and worldwide (2). Other reported Mucorales
include Apophysomyces variabilis, Cunnighamella spp.,
Lichtheimia spp., Mucor spp., Rhizomucor spp., Rhizopus
microsporus, Rhizopus homothallicus, Saksenaea vasifor-
mis, Syncephalastrum spp., and Thamostylum lucnowense
(3-7). R. arrhizus was the most common causative agent
even during the recent outbreak of COVID-19-asso-
ciated mucormycosis (CAM) in India (8). Although
infection with R. homothallicus was also reported in a few
patients (9), the importance of mucormycosis caused by
R. homothallicus is unclear. We report the percentage of
patients with mucormycosis caused by R. homothallicus
at our center (Postgraduate Institute of Medical Educa-
tion and Research [PGIMER], Chandigarh, India) and
describe clinical features, mycologic characteristics, an-
tifungal susceptibility, treatment, and mortality rates.
We also assess whether the mortality rate from rhino-
orbital mucormycosis (ROM) caused by R. homothalli-
cus is different from that of R. arrhizus disease.

The primary objectives of this study were to as-
sess the proportion of patients with mucormycosis
caused by R. homothallicus and 30-day mortality rate
from ROM caused by R. homothallicus and to determine
whether the species of Mucorales (R. homothallicus vs.
R. arrhizus) was an independent predictor of death
from ROM. The secondary objectives were to compare
the profile of patients infected with R. homothallicus
versus R. arrhizus and to ascertain the mycologic char-
acteristics of R. homothallicus isolates by conducting
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antifungal-susceptibility testing (AFST) and amplified
fragment length polymorphism (AFLP) analysis.

Methods

Study Design and Setting

We performed a retrospective study at PGIMER on a
10-month period (January-October 2021). Our center’s
institutional ethics committee approved the study
protocol. We were granted a consent waiver because
the study was a retrospective analysis of anonymized
patient data. We report the study according to the
Strengthening the Reporting of Observational Studies in
Epidemiology statement (10). Data for a few participants
published in this study have been reported in previous
studies (11-13). We conducted the study in accordance
with Declaration of Helsinki guidelines; the study was
approved by the PGIMER Institutional Review Board
(approval no. PGI/IEC/2021/001101) in August 2021.

Study Participants

We enrolled consecutive patients with ROM caused by
R. homothallicus and R. arrhizus. The patients in whom
mucormycosis caused by R. homothallicus and R. arrhi-
zus was diagnosed were identified from our mycology
laboratory records; we collected relevant clinical data
from the patient records. We followed the study partic-
ipants until discharge or 30 days after their mucormy-
cosis was diagnosed. We sought any missing informa-
tion for the study by contacting patients by telephone.
We excluded patients for whom information was not
adequate or not available. We obtained informed con-
sent from all patients involved in the study.

Data Collection and Variables

For eligible patients with ROM, we retrieved data
on age, sex, and risk factors for mucormycosis (e.g.,
diabetes mellitus, COVID-19 infection, organ trans-
plantation, immunosuppressive therapy, hemato-
logic malignancies). We defined diabetes mellitus as
recently diagnosed if the disease was detected (hy-
perglycemia and glycated hemoglobin >6.5%) during
the current illness. We also retrieved clinical details,
including signs and symptoms of ROM, treatment,
and outcome of all patients (noted on follow up at 30
days after mucormycosis diagnosis, irrespective of
discharge from hospital). All the study participants
received the standard of care treatment in accordance
with our institutional protocol.

Study Definitions
Mucormycosis was diagnosed in patients with com-
patible clinical and radiologic features and confirmed
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by histopathologic or microbiologic methods, as
previously described (8). We arbitrarily defined
COVID-19-associated mucormycosis as mucormy-
cosis diagnosed simultaneously with or within 3
months of virologically confirmed COVID-19 (14).

Phenotypic Identification of the Isolates

We inoculated tissue samples collected from patients
on Sabouraud dextrose agar and dichloran rose ben-
gal chloramphenicol (both from HiMedia, India) with
benomyl. We isolated the Mucorales from the culture
and confirmed them by demonstrating broad asep-
tate ribbon-shaped hyphae on direct microscopic ex-
amination of the samples. We performed phenotypic
identification on the basis of the colony morphology
(e.g., texture, growth rate, and color) and microscopic
findings (i.e., lactophenol cotton blue mount pre-
pared from slide culture) (15). We then summarized
the distinctive features of R. arrhizus and R. homothal-
licus (Table 1; Figure 1).

Molecular Identification of the Isolates

We confirmed identification of all R. homothallicus iso-
lates from ROM cases and 6 additional R. homothal-
licus isolates from pulmonary mucormycosis cases by
using a molecular sequencing method. In addition,
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we used sequences of 2 environmental isolates of R.
homothallicus for comparison with clinical strains. We
submitted to GenBank and included for phylogenetic
analysis only isolates with good-quality sequences
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/29/7/22-1491-Appl.pdf). We included the
DNA sequences of 1 isolate each of R. microsporus
and R. arrhizus from our culture collection as controls.
For DNA extraction, we used freshly grown sporu-
lated culture suspended in 500 pL of lysis buffer and
incubated for 5 minutes at 56°C. We then extracted
DNA by using the phenol-chloroform-isoamyl al-
cohol (25:24:1) method, as previously described (16).
We used PCR-based amplification of the 18S, internal
transcribed spacer, and 28S genes, followed by se-
quencing using previously published primers for mo-
lecular identification (17). Because we obtained mixed
chromatograms in most isolates of R. homothallicus by
sequencing the internal transcribed spacer and 28S
regions, we used the sequences of 18S for phyloge-
netic analysis. We aligned all sequences of the study
isolates and reference sequences of various Rhizopus
species obtained from GenBank by using MEGA 7.0
(18). We studied the evolutionary relationship of iso-
lates by constructing a phylogenetic tree by using
neighbor-joining analysis in MEGA 7.0.

Table 1. Mycologic characteristics of Rhizopus arrhizus and R. homothallicus based on macroscopic and microscopic findings of
tissue samples from patients enrolled in a 10-month retrospective study, Chandigarh, India, January—October 2021*

Characteristic R. homothallicus R. arrhizus
Macroscopic appearance
Growth rate Fast-growing colonies and sporulation Fast-growing colonies and sporulation relatively

relatively slower than R. arrhizus
Cottony, white colonies that turn grayish to
olive brown with a variegated appearance;

Obverse surface growth

faster than R. homothallicus
Cottony, white colonies that turn gray with
typical salt and pepper appearance

because of the large-sized zygospores,
brownish tufts can be seen unevenly
distributed throughout the mycelial growth

Reverse macroscopic findings

Reverse surface has no pigment

Reverse surface has no pigment

Microscopic findings
Hyphae

chlamydospore
Sporangiophore

Aseptate hyphae, less prominent rhizoids;
smooth and thick-walled intercalary

Erect, unbranched, or dichotomously

Aseptate hyphae, well-developed nodal
rhizoids with occasional intercalary
chlamydospores

Single or tufts of mostly unbranched

Sporangium

Sporangiospores

Zygospores

branched (length 300-2,000 um, width
5-30 um)

Sparsely noted in cultures; when present,
appears spherical and greyish brown (20—
140 pm) with conspicuous dark apophysis
and subspherical columella

Spherical to broadly ellipsoidal (3-5 x 4-8
um), hyaline, and thick-walled with less
prominent striations

Homothallic;T abundant golden brown
zygospores (60—100 pm) with stellate
spinous projections, attached to large
globose suspensor cells that are unequal
in size

sporangiophores (length 1,000—2,000 pm,
width 718 um)

Spherical sporangia (20-250 pm) with short
apophysis and spherical columella occupying
50% of sporangium

Lemon-shaped or subspherical to ellipsoidal

(6-8 x 4.5-5 pm) with striations, rough surface

Heterothallic zygospores not seen on
primary culture; red-brown spherical or
laterally flattened (60—140 pm) with flat

projections; suspensors are unequal, spherical

to conical

*Key features highlighted in bold.

TDifferentiation from other homothallic Rhizopus species that produce abundant zygospores (e.g., R. sexualis and R. azygosporus) is done based on size

of the suspensor cells of the zygospore and by molecular identification using the internal transcribed spacer and 28S sequences of rDNA.
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Figure 1. Macroscopic and
microscopic characteristics

of Rhizopus arrhizus and

R. homothallicus isolated

from tissue samples from
patients enrolled in a 10-month
retrospective study, Chandigarh,
India, January—October 2021.
A, B) Macroscopic appearance
of colonies of R. homothallicus
(A) and R. arrhizus (B) fungi.
C, D) Macro lens image of the
colonies showing dark-brown
specks in R. homothallicus

(C) and black and white dots
(salt and pepper appearance)
in R. arrhizus (D). E)
Photomicrograph from a
lactophenol cotton blue

mount of R. homothallicus
showing multiple reddish
brown ornamented zygospores
(original magnification x400).
F) Magnified image of panel E
showing unequal suspenser
cells and zygospore with
prominent spinous projections.
G) R. arrhizus showing long,
unbranched sporangiophore
with nodal rhizoids (original
magnification x200). H)
Magnified image of extensively
branched rhizoid seen in R.
arrhizus. ) Magnified image of
sporangiospores of R. arrhizus.

AFST

We performed AFST of the isolates for amphotericin
B, itraconazole, posaconazole, isavuconazole, and
terbinafine in accordance with Clinical and Labo-
ratory Standards Institute (CLSI) standards (19). In
brief, we diluted the drugs in the standard Roswell
Park Memorial Institute 1640 medium and then dis-
pensed 100 pL into each well of 96-well microdilu-
tion trays. We tested MICs in the range of 0.03-16
pg/mL. We prepared the inoculum by harvesting
the zygospores in 0.85% normal saline and adjusted
spore counts by using a spectrophotometer at an ab-
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sorbance of 530 nm. On adjusting the optical den-
sity (OD) to limits of 0.15-0.17 (0.4-5.0 x 10* zygo-
spores/mL), we observed no growth on subsequent
incubation; hence, we used a higher OD of 0.2-0.3
(0.3-5.0 x 10° zygospores/mL, confirmed by count-
ing on hemocytometer). We diluted the suspensions
to 1:50 in Roswell Park Memorial Institute 1640 me-
dium and incubated the microtiter plates at 35°C for
4-8 days until visible growth was observed in the
growth control. We defined MIC endpoints as the
lowest drug concentration that inhibited any recog-
nizable growth. We used Candida krusei (ATCC 6258)
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and Aspergillus flavus (ATCC 204304) as the quality-
control strains.

Because of the absence or presence of fewer spo-
rangiospores in R. homothallicus, performing AFST
was challenging, and we modified the standard CLSI
guidelines of AFST for this study. We used a higher
OD with more inoculum containing both zygospores
and hyphal fragments; performed intermittent vor-
texing of the inoculum for up to 45 minutes to en-
sure homogenous suspension (because zygospores
tend to settle fast and are sometimes unevenly dis-
tributed between the wells); and conducted reading
of AFST results up to 7 days (because zygospores
take longer time to germinate or multiply compared
with sporangiospores). The last step is in contrast
to the standard protocol of reading the results at 24
hours for other medically important Mucorales, ac-
cording to CLSI (19).

AFLP Analysis

We performed AFLP typing of R. homothallicus iso-
lates as previously described (20). We used ~50 ng
of genomic DNA for the combined restriction-liga-
tion procedure. We fragmented the DNA by using
the 5 units each of restriction enzymes EcoRI and
HindIll (New England Biolabs). For the preselective
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amplification, we used 10 pmol/L each of preselec-
tive primers of EcoRI primer (5'-GACTGCGTAC-
CAATTC-3") and Hindlll (5'-GACTGCGTACCA
GCTT-3"). We used the 6-carboxyfluorescein (6-FAM)
labeled primers for selective amplification. We used
10 umol/L each of HindlIII primer (5'-ACTGCGTAC-
CAGCTTT-3") and EcoRIl primer (5'-GACTGCG-
TACCAATTCAC-3') for selective amplification. We
performed capillary electrophoresis to identify the
restricted DNA fragments and reference marker (LIZ
500) in a genetic analyzer (3500 Genetic Analyzer 8
Capillary Array; Applied Biosystems). We imported
the fingerprint data into BioNumerics 6.6 (Applied
Maths) and converted curves into bands for analysis.
We calculated the genetic diversity by using the Pear-
son correlation coefficient and clustered the isolates by
using the unweighted pair group method with arith-
metic mean. Although no definite cutoff for differen-
tiating between strains exists, we used an arbitrary
cutoff of <70% for genus differentiation and >70%
for species differentiation. We defined clonal isolates
when the similarity was in the range of 95%-99%.

Statistical Analysis
For statistical analysis, we used SPSS Statistics
22.0 (IBM) and GraphPad Prism 9.0 (GraphPad

Table 2. Comparison of mucormycosis caused by Rhizopus homothallicus versus R. arrhizus in patients enrolled in a 10-month

retrospective study, Chandigarh, India, January—October 2021*

Parameter R. homothallicus, n = 41 R. arrhizus, n = 266 p value
Mean age, y (+ SD) 45.9 (£ 12.8) 52.5 (£ 12.7) 0.002
Sex

M 23/41 (56.1) 182/266 (68.4) 0.15

F 18/41 (43.9) 84/266 (31.6)

Risk factors
CAM 23/41 (56.1) 256/266 (96.2) 0.0001
Duration after COVID-19, d (+ SD) 6.13 (£ 13.5) 11.9 (£ 14.8) 0.07
Diabetes mellitus 39/41 (95.1) 223/238 (93.7) 0.72
Recently diagnosed diabetes mellitus 9/39 (23.1) 54/223 (24.2)

Renal transplantation 0 1/238 (0.4) 1.00
Intracranial involvement 3/41 (7.3) 13/266 (4.9) 0.46
Clinical features

Fever 4/41 (9.8) 3/55 (5.5) 0.42

Headache 4/41 (9.8) 10/55 (18.2) 0.38

Toothache 4/41 (9.8) 5/55 (9.1) 0.91

Eye swelling 27/41 (65.9) 27/55 (49.1) 0.10

Facial pain 11/41 (26.8) 22/55 (40) 0.18

Facial swelling 16/41 (39) 22/55 (40) 0.92

Proptosis 3/41 (7.3) 0 0.08

Visual disturbance 18/41 (43.9) 7155 (12.7) 0.0005

Oral ulcer 3/41 (7.3) 10/55 (18.2) 0.12

Nasal crust 5/41 (12.2) 5/55 (9.1) 0.62

Palatal eschar 5/41 (12.2) 10/55 (18.2) 0.42
Management

Amphotericin therapy 38/41 (92.7) 212/218 (97.2) 0.14

LAMB 36/38 (94.7) 196/212 (92.5)
Conventional AMB 2/38 (5.3) 16/212 (7.5)

Surgery 24/36 (66.7) 184/245 (75.1) 0.31

30-day mortality 4/41 (9.8) 104/266 (39.1) 0.0001

*Values are no. patients/no. with data available (%) except as indicated. CAM, COVID-19-associated mucormycosis; LAMB, liposomal amphotericin B;

AMB, amphotericin.
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Table 3. Binary logistic regression analysis demonstrating the factors associated with death among patients with rhino-orbital
mucormycosis enrolled in a 10-month retrospective study, Chandigarh, India, January—October 2021*

Variable Survivors Nonsurvivors Odds ratio (95% CI) p value
Mean age, y (+ SD) 55.8 (+ 12.4) 494 (+12.6) 1.06 (1.03-1.08) 0.0001
Male sex 124/199 (62.3) 81/108 (75) 1.38 (0.75-2.53) 0.31

Intracranial involvement 4/199 (2) 12/108 (11.1) 22.7 (4.03-128.1) 0.0001
Surgery for ROM 144/173 (83.2) 64/108 (59.3) 0.22 (0.11-0.43) 0.0001
R. homothallicus infection 37/199 (18.6) 4/108 (3.7) 0.08 (0.02—-0.36) 0.001

*Values are no. patients/no. with data available (%) except as indicated. ROM, rhino-orbital mucormycosis.

Software). We present the descriptive data as mean
+SD for continuous variables and frequencies with
percentages for categorical variables. We compared
differences between the 2 groups by using the y?
test and Fisher exact test for categorical variables,
as appropriate, and used the Student f-test test to
compare continuous data. We performed a binary
logistic regression analysis of variables (age, sex,
presence of brain involvement, combined medical-
surgical therapy for ROM, and causative species
[R. homothallicus vs. R. arrhizus]) that influenced the
mortality rate for ROM and reported the adjusted
odds ratio (aOR) and 95% CI. All the statistical tests
were 2-sided, and we considered a p value <0.05 to
be statistically significant.

Results

Of the 631 patients with culture-confirmed mu-
cormycosis, 43 (6.8%) had infection attributable to
R. homothallicus. We excluded 324 cases from the
study (262 because of inadequate information [e.g.,
lost to follow up], 35 because of non-R. arrhizus and
non-R. homothallicus mucormycosis, and 27 non-
ROM cases). We analyzed 41 ROM cases caused by
R. homothallicus and 266 consecutive ROM cases at-
tributable to R. arrhizus.

The mean +SD age of the 307 patients with ROM
was 51.6 years +12.8 years, and most were men (205
[66.8%]). The mean age of patients with R. arrhizus in-
fection was significantly higher than that for patients
with ROM caused by R. homothallicus. Data on diabe-
tes status were available for 279 patients; 93.9% had
diabetes, and of those, 45 (16.1%) had diabetic keto-
acidosis during the initial encounter. We observed no
statistically significant difference between the risk fac-
tors proportion of patients with intracranial involve-
ment or medical and surgical management in the 2
study groups (Table 2). The overall mortality rate was

35.2% (108/307) and was significantly higher among
patients infected with R. arrhizus compared with R.
homothallicus (39.1% vs. 9.8%; p = 0.0001). The mortal-
ity rate of patients with ROM caused by R. homothalli-
cus was not significantly different between CAM and
non-CAM subgroups (Appendix Table 2).

On multivariate analysis, infection with R. homo-
thallicus and surgery for ROM were independently as-
sociated with lower odds of death. A higher age (odds
ratio [OR] 1.01 [95% CI 1.03-1.08]) and the presence
of brain involvement (OR 22.7 [95% CI 4.03-128.10])
were independently associated with higher mortality
rates among ROM cases (Table 3).

We performed AFST for 34 R. homothallicus
isolates. We calculated the geometric mean, range,
and MICs at which 50% (MIC,)) and 90% (MIC,)
of isolates are inhibited for amphotericin B, itra-
conazole, posaconazole, isavuconazole, and terbi-
nafine (Table 4).

The phylogram constructed using 185 sequences
(40 clinical and 2 environmental isolates of R. homo-
thallicus and 1 each of R. arrhizus and R. microsporus)
(Figure 2; Appendix Table 1) and the AFLP results
(Appendix Figure) both revealed distinct clustering of
R. homothallicus from the other tested species. We ob-
served no prominent clades among isolates of R. ho-
mothallicus from patients with CAM versus non-CAM.

Discussion

We report a 6.8% prevalence of R. homothallicus infec-
tion among culture-confirmed mucormycosis cases.
The mortality rate for ROM caused by R. homothallicus
was significantly less than that for R. arrhizus (9.8%
vs. 39.1%) after adjusting for age, sex, intracranial ex-
tension of the disease, and surgery for mucormyco-
sis in the binary logistic regression model. The AFST
data indicated good susceptibility to the common
antifungal drugs and the newer agent isavuconazole.

Table 4. Distribution of MICs of 34 Rhizopus homothallicus isolates from patients enrolled in a 10-month retrospective study,

Chandigarh, India, January—October 2021*

Antifungal agent Geometric mean (range), mg/L MICso, mg/L MICg, mg/L
Amphotericin B 0.75 (0.03-16) 2 4
Itraconazole 0.51 (0.03-16) 0.5 8
Posaconazole 0.24 (0.03-8) 0.12 2
Isavuconazole 0.32 (0.03-16) 0.25 2
Terbinafine 0.34 (0.03-16) 0.25 4

*MICso, MIC at which 50% of isolates are inhibited; MICgo, MIC at which 90% of isolates are inhibited.
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Figure 2. Evolutionary
relationships of 40 Rhizopus
homothallicus isolates from
patients in a 10-month
study, Chandigarh, India,
January—October 2021,
and 2 environmental
isolates.January—October
2021. GenBank accession
numbers of 41 clinical and 1
environmental-MTCC 602
isolate of R. homothallicus
from India are shown. Tree
generated using neighbor-
joining algorithm with 1,000
bootstrap replicates.
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The 18S gene sequencing and AFLP revealed distinct
clustering of R. homothallicus from the common spe-
cies implicated in ROM.

Human infection with R. homothallicus was first
reported from North India (4) in a case of pulmonary
mucormycosis and was followed by a few more re-
ports (5,21). In 2 prospective multicenter studies from
India, R. homothallicus accounted for 2.5% (6/239) (22)
and 7.6% (22/290) (23) of the cases where the caus-
ative organism could be identified. Despite a higher
prevalance of mucormycosis cases (associated with
the CAM outbreak) in our study, the prevalence of R.
homothallicus mucormycosis (6.8 %) was similar to that
in the previous reports.

R. homothallicus, a homothallic fungus, produc-
es more heavy sexual spores than asexual spores
(sporangiospores) and undergoes less dispersion in
the air. The relative amount of sporangiospores is
considerably lower in R. homothallicus than in the
heterothallic Rhizopus species (24). Consequently,
the chances of acquiring infection with R. homothal-
licus are expected to be low. Thus, R. homothallicus
infections probably indicate the presence of some
unidentified environmental niche where this agent
can produce asexual spores abundantly and dis-
perse them in the air. Recent studies have shown
R. homothallicus in the hospital air and air samples
obtained from the residence of patients with mu-
cormycosis (25,26).

The mortality rate for mucormycosis may vary
with the causative species. For instance, 2 system-
atic reviews have shown higher mortality rates
for infections with Cunninghamella spp. than those
with R. arrhizus (2,27). We observed a significantly
better survival rate with R. homothallicus infection
compared with R. arrhizus. A substantially higher
proportion of patients with R. homothallicus infec-
tion had visual disturbance (44% vs. 13% for R. ar-
rhizus), and this difference could have led to earlier
detection. The duration of symptoms in CAM pa-
tients with mucormycosis caused by R. homothalli-
cus and R. arrhizus was also different, although not
significantly (6 vs. 12 days; p = 0.07). The timely ini-
tiation of antifungal therapy, intracranial spread of
disease, and surgery for mucormycosis are impor-
tant factors determining the outcome of mucormy-
cosis (28,29). We conducted a preliminary growth
curve analysis at 25°C, 37°C, and 40°C (data not
shown) to determine whether the 2 species had a
difference in growth rate. We observed an overall
faster time to log phase at all temperatures for R.
arrhizus compared with R. homothallicus (6 h vs. 27 h
at25°C,5hvs.32hat37°C,and 6 h vs. 25 h at 40°C).
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However, further in vivo studies are required to
identify the different pathogenic potentials of these
2 Mucorales species.

The first limitation of our study was that it was
retrospective and conducted at a single center, limit-
ing generalizability. We do not have information on
all patients with ROM caused by R. arrhizus, and the
proportion of patients with CAM was much higher
in the R. arrhizus group than in the R homothallicus
group. However, data from our center and another
large multicenter study from India showed similar
mortality rates for ROM with or without COVID-19
co-infection (8,11). Because our study focused exclu-
sively on ROM cases, future studies should explore
pulmonary or other sites of involvement, which are
inherently associated with higher mortality rates
(30). Although we noted a lower mortality rate from
R. homothallicus infection on multivariate analysis,
we cannot exclude residual confounding factors
that could have resulted in improved survival with
R. homothallicus infection. Also, we do not have a
detailed evaluation of risk factors or genetic analy-
sis to ascertain whether specific factors predispose
persons to infection with R. homothallicus. Alhough
the AFLP method is known for poor reproducibility,
the results may be within an acceptable range when
the test is repeated with the same batch of reagents,
as we observed with our R. homothallicus isolates.
Moreover, modification of the AFST protocol makes
the results difficult to interpret and compare with
published data.

In conclusion, our results show that R. homothal-
licus is an important agent of mucormycosis with
epidemiologic and clinical significance. R. homothal-
licus may be less virulent or manifest earlier than R.
arrhizus, thus resulting in better survival. Identifying
R. homothallicus based on macroscopic and micro-
scopic appearance is not difficult and should be em-
phasized. Most R. homothallicus isolates are uniformly
susceptible to the commonly used antifungal agents
to manage mucormycosis.
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Trajectory and Demographic
Correlates of Antibodies to
SARS-CoV-2 Nucleocapsid in
Recently Infected Blood Donors,
United States

James M. Haynes, Roger Y. Dodd, Lauren A. Crowder, Edward P. Notari, Susan L. Stramer

We evaluated antibodies to the nucleocapsid protein of
SARS-CoV-2 in a large cohort of blood donors in the
United States who were recently infected with the virus.
Antibodies to the nucleocapsid protein of SARS-CoV-2
indicate previous infection but are subject to waning,
potentially affecting epidemiologic studies. We longitudi-
nally evaluated a cohort of 19,323 blood donors who had
evidence of recent infection by using a widely available
serologic test to determine the dynamics of such waning.
We analyzed overall signal-to-cutoff values for 48,330
donations (average 2.5 donations/person) that had an
average observation period of 102 days. The observed
peak signal-to-cutoff value varied widely, but the wan-
ing rate was consistent across the range, with a half-
life of 122 days. Within the cohort, only 0.75% of per-
sons became seronegative. Factors predictive of higher
peak values and longer time to seroreversion included
increasing age, male sex, higher body mass index, and
non-Caucasian race.

lood donors are a healthy subset of the population,

and data collected from testing their donations for
infectious disease markers provides opportunities for
monitoring epidemiologic characteristics translatable
to the general population (1,2). Most blood donors
return to donate frequently and at somewhat regu-
lar intervals, which offers a unique opportunity for
longitudinal studies. In June 2020, the American Red
Cross and many other large blood centers began test-
ing donors in the United States for antibodies against
SARS-CoV-2 as a means to identify sources for conva-
lescent-phase plasma and to attract potential donors (3).

Natural decay of SARS-CoV-2 antibodies is ex-
pected after vaccination and natural infection and
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can be quantified by serosurveillance over time. Spe-
cifically, antibodies to the spike protein develop after
vaccination or infection and can take a relatively long
time to decrease, but antibodies to the nucleocapsid
protein develop only after natural infection and wane
at a faster rate, which is particularly detectable with
testing by using an IgG assay format versus a total
antibody assay format (3-8).

In this study, over =1 year, every blood dona-
tion was tested for antibodies to SARS-CoV-2 spike
protein antigens. Donations that had a reactive result
were further tested for antibodies to nucleocapsid an-
tigens. A subset of donors who seroconverted during
the study period and who donated at least once more
were investigated. Signal levels and waning rates for
nucleocapsid antibodies were modeled, and demo-
graphic correlates, including age, sex, body mass in-
dex (BMI), and race, were sought.

Methods
During June 2020-June 2021, the American Red Cross
tested >5.2 million blood donations from 2.4 million
blood donors for the presence of total antibodies to the
SARS-CoV-2 S1 protein by using the Ortho-Clinical
Diagnostics VITROS Anti-SARS-CoV-2 Total Reagent
Pack test system (Thermo Fisher Scientific, https://
www.thermofisher.com). Reactive samples were test-
ed for total nucleocapsid antibodies by using the Roche
Elecsys Anti-SARS-CoV-2 test (Roche, https://www.
roche.com), as described elsewhere (3,9). By manufac-
turer guidelines, a signal-to-cutoff (S/CO) value >1
was considered reactive. A total of 1,527,776 donations
were spike protein reactive, of which 475,943 (31%)
were subsequently classified as nucleocapsid reactive.
The cohort selected for the study was nonre-
active donors who seroconverted to reactive for
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Table 1. Cohort selection process for study of trajectory and demographic correlates of antibodies to SARS-CoV-2 nucleocapsid in
recently infected blood donors, United States, June 2020—June 2021*

Characteristic

No. donors (no. donations)

Donations received during June 2020—June 2021

S1 reactive tested for N antibody

N reactive

Seroconverters, N antibody reactive after N antibody nonreactive

Period to observed N antibody peak value <120 d from N antibody nonreactive

Donations with N antibody signal value reported
Observations at and after observed peak

Donors with >1 observation after observed peak
Observations that were valid or without apparent reinfection

2,448,127 (5,221,553)
1,092,736 (1,527,776)
321,387 (475,943)
54,414 (190,983)
32,376 (126,227)
32,376 (89,682)
32,376 (61,432)
19,326 (48,382)
19,323 (48,330)

*N, nucleocapsid; S, spike.

antibodies to spike protein and to nucleocapsid at
the same time, or within no more than 120 days, and
who had at >1 donation after seroconversion (Table
1) (3). We identified persons only by code and were
advised of reactive test results; individual character-
istics were self-reported and obtained from routine
blood donation records. This study was approved
by the American Red Cross Biomedical Services In-
stitutional Review Board.

Peak Signal/Cutoff Measurement and Antibody Waning
For this study, we analyzed S/CO values from the
nucleocapsid antibody test starting from the day of
the highest observed value (i.e., peak) (Figure 1). We
converted all nucleocapsid antibody S/CO values to
the natural log scale to capture the exponential decay
as a linear function of the percentage change in S/CO
per day. We classified donors as seroreverting if any
donation crossed into nonreactivity (S/CO <1) at any
point after their observed peak S/CO date.

To evaluate the consistency of the slope of de-
crease of S/CO values and to demonstrate the rela-
tionship of observed peak value to negative signal,
we placed donors into deciles based on the natural
log of their observed peak S/CO. We calculated days

Figure 1. Potential
nucleocapsid antibody test

Observed peak S/CO date

to seroreversion as the natural log of the peak S/CO
divided by the estimated slope.

Statistical Considerations

We used linear mixed effects regression to estimate
the slope of nucleocapsid S/CO values from the ob-
served peak. Demographic covariates serving as fixed
effects were sex, age, and BMI at observed peak S/
CO and binary race variable (Caucasian vs. non-
Caucasian). We considered the intercept and days
after peak S/CO as random effects to account for
variations in observed peak S/ CO values and follow-
up time between donations, respectively. We used
model influence diagnostics (restricted likelihood
distance) to identify data points with large deviations
from predicted values. We matched donors to those
data points and their historical serology. We removed
large increases in antibody nucleocapsid S/CO after
an observed pattern of decrease from analysis, along
with subsequent observations, because they were as-
sumed to indicate reinfection.

We compared demographics of seroreverting
donors at the time of peak donation (with BMI cal-
culated from height and weight measurements) to
nonseroreverting donors by using the G-test of in-

Seroreversion date

Reactive cutoff

Observed testing value
Unobserved (theoretical) testing value
Projected waning after observed peak value :

signal over time, showing likely L5
sequence of S/CO values 1.01
and seroconversion and o 0.54
seroreversion for nucleocapsid Q
antibodies, in study of trajectory b 01
) O
and demographic correlates = —0.51
of antibodies to SARS-CoV-2 c 1.0 °
nucleocapsid in recently -
infected blood donors, United =1.57 °
States, June 2020—June 2021. —2.01 P —e—
Each circle shows a potential _5'0 _2'5 (')

value; solid circles indicate
observed testing values
and open circles theoretical

25

50 75 100 125 150 175

Days postpeak S/CO

unobserved points. The observed peak value is likely to be less than the true peak value and could occur before the true peak, in
which case the slope could be affected. Blue line indicates the projected waning after the observed peak value. Ln, natural log; NC,
nucleocapsid; S/CO, signal-to-cutoff value.
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Table 2. Study sample donor demographics stratified by seroreversion status during the follow-up period for study of trajectory and
demographic correlates of antibodies to SARS-CoV-2 nucleocapsid in recently infected blood donors, United States, June 2020—June

2021*
Characteristic Total, n = 19,323 Nonseroreverter, n = 19,178 Seroreverter,T n = 145 Significancet
Sex NS
F 9,965 (51.6) 9,890 (51.6) 75 (561.7)
M 9,358 (48.4) 9,288 (48.4) 70 (48.3)
Race/ethnicity NS
Caucasian 18,285 (94.6) 18,143 (94.6) 142 (97.9)
African American 221 (1.1) 220 (1.2) 1(0.7)
Hispanic 429 (2.2) 428 (2.2) 1(0.7)
American Indian 46 (0.2) 46 (0.2) 0
>1 race 101 (0.5) 101 (0.5) 0
Other 53 (0.3) 53 (0.3) 0
Asian 159 (0.8) 159 (0.8) 0
Missing 29 (0.2) 28 (0.2) 1(0.7)
Region NS
Northeast 2,228 (11.5) 2,215 (11.6) 13 (8.9)
Midwest 10,274 (53.2) 10,199 (53.2) 75 (51.7)
South 3,998 (20.7) 3,965 (20.7) 33 (22.8)
West 2,818 (14.6) 2,794 (14.6) 24 (16.6)
Missing 5(0.03) 5(0.03) 0
Mean age, y (SD) 52.3 (13.9) 52.3 (13.9) 49.6 (13.6) p =0.01
BMI, kg/m? (SD) 28.8 (5.7) 28.8 (5.7) 27.4 (5.4) p<0.01

*Values are no. (%) unless otherwise indicated. BMI, body mass index; NS, not significant; S/CO, signal-to-cutoff value.
tDonor with any donation after the peak S/CO with loss of nucleocapsid reactivity (S/CO <1.0).
1G-test of independence was used for categorical significance tests comparing demographics of seroreverting and nonseroreverting donors.

dependence for categorical variables and t-tests for
continuous variables. We manually selected variables
by using a forward stepwise process where each vari-
able was first entered into a model with only days
postpeak, after which significant variables were add-
ed one-by-one to build the final model. Vaccination
status at peak S/CO was initially significant but was
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no longer significant after addition of the age, male,
and Caucasian variables.

We evaluated the validity of the linear model by
comparing model outcomes with actual observations
among 3 groups of 10 randomly selected donors from
different quartiles of observed peak values. We used
SAS version 9.4 (SAS Institute Inc., https:/ /www.sas.

Figure 2. Longitudinal plot of all
nucleocapsid-reactive donors
with predicted slope (black
dashed line) at mean observed
peak S/CO in study of trajectory
and demographic correlates

of antibodies to SARS-CoV-2
nucleocapsid in recently infected
blood donors, United States,
June 2020—June 2021. Shown
are the overall dataset and a
spaghetti plot of regression lines
of S/CO values for each donor
in the cohort. The natural log of
observed peak values covered
a range from ~0 to 5.7, and
the mean observation time was
101.7 days. Ln, natural log; NC,
nucleocapsid; S/CO, signal-to-
cutoff value.
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Table 3. Parameter estimates modeling repeat donor nucleocapsid S/CO for study of trajectory and demographic correlates of
antibodies to SARS-CoV-2 nucleocapsid in recently infected blood donors, United States, June 2020—June 2021*

Parameter Estimate (SE) p value
Intercept 2.3278 (0.06794) <0.0001
Days postpeak S/CO -0.00656 (0.00009) <0.0001
Male sex 0.2901 (0.08703) 0.0009
Caucasian race —-0.2856 (0.02960) <0.0001
Age at peak S/CO 0.01445 (0.00061) <0.0001
BMI at peak S/CO 0.03441 (0.00193) <0.0001
Malet BMI at peak S/CO -0.00834 (0.00295) 0.0047
Days postpeakt age at peak S/CO 0.000017 (0.000002) <0.0001

*BMI, body mass index; S/CO, signal-to-cutoff value.

TMultiply estimates by 100 to obtain percentage change per unit increase. Only effects that include days postpeak S/CO affect the slope of decrease

where others effect peak S/CO.

com) for all analyses.
Results

Study Population

A total of 51,414 donors (190,983 donations) serocon-
verted to nucleocapsid antibody reactivity during the
universal screening period, of which 48,330 dona-
tions from 19,323 donors remained eligible for anal-
ysis (Tables 1, 2). The population had slightly more
female than male donors (51.6% vs. 48.4%), a mean
age of 52.3 years (SD 13.9 years), and was primarily
of Caucasian race (94.6%); most (53.2%) persons re-
sided in the Midwest United States and were over-
weight (mean BMI 28.8 kg/m?, SD 5.75 kg/m?). A sig-
nificant difference was found in mean follow-up time
between male donors (99.9 days, SD 48.05 days) and
female donors (103.3 days, SD 48.08 days) (p<0.0001)
although such a small difference is unlikely to have
any effect in the model. A total of 145 (0.75%) persons
seroreverted during the study. Persons who were
older and had higher BMIs had higher S/CO values
(albeit minor) when seroreverters and persons who
did not serorevert were compared (Table 2). The ef-
fect of vaccination on seroreversion was not apparent
in the model.

Table 4. Days to seroreversion by peak nucleocapsid S/CO at a
mean age of 52 for study of trajectory and demographic
correlates of antibodies to SARS-CoV-2 nucleocapsid in recently
infected blood donors, United States, June 2020—June 2021*

Days to 100%

Percent decile Peak S/CO Ln (raw) seroreversion

100 5.71 (301.87) 1,005
90 5.19 (179.47) 914
80 4.91 (135.64) 865
70 4.64 (103.54) 817
60 4.34 (76.71) 765
50 4.03 (56.26) 709
40 3.70 (40.45) 652
30 3.29 (26.84) 580
20 2.80 (16.44) 494
10 2.11(8.25) 372

*Ln, natural log; S/CO, signal-to-cutoff value.
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Observed Peak S/CO and Rate of Waning

The observed peak S/CO varied greatly between do-
nors; on the natural log scale, the overall mean peak
S/CO was 3.8 (SD 1.19), translating to a raw value of
44.7 (Figure 2), which also showed a relatively con-
stant rate of waning across all donors. The mean ob-
servation period postpeak for all donors was 101.7
days. Using our linear model, we estimated peak
values and identified differences by demographics
in estimated peak S/CO values. For every additional
year of age, the estimated peak S/CO increased by
1.4%. Caucasian persons were estimated to have a
28.6% lower peak S/CO than persons of other races.
Every point increase in BMI was associated with an
increased estimated peak S/CO by 3.4%. Male donors
were estimated to have a 29.0% higher peak S/CO
than female donors.

Linear mixed effects regression (Table 3) adjust-
ing for age, sex, race, and BMI at peak S/CO estimat-
ed the population mean nucleocapsid antibody slope
of decrease to be —0.656% (95% CI —0.64% to —0.67 %)
per day (p<0.0001). An interaction between age and
days postpeak S/CO indicates the estimated S/CO
decrease is slower as age increases, reducing the slope
by 0.0017% (95% CI 0.0013%-0.0021%) with each ad-
ditional year of age. Donors were placed into deciles
(Table 4) based on the natural log of their observed
peak S/CO with days to seroreversion calculated as
the natural log of the peak S/CO divided by the es-
timated slope using the sum of the population mean
slope (—0.00656) and the age interaction slope using
the mean age (0.000017 x 52), resulting in a slope of
—-0.568% per day, or a 122-day half-life.

On the basis of the estimated decrease, donors are
projected to remain reactive between 1 year and 2.75
years postpeak. To evaluate the efficacy of the linear
model, we assigned donors to quartile groups based
on peak S/CO. Ten donors from each quartile group
were randomly selected, and their data were plotted
with their observed and predicted serology values.
We compiled raw model estimates of peak S/CO
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values (Figure 3, panel A) and adjustments of each of
the estimated values by the difference in the observed
and predicted peak S/CO to better depict the accu-
racy of the projected slope (Figure 3, panel B).

Seroreversion

Nucleocapsid antibody serology for all serorevert-
ers (n = 145, 0.75%) during the study period (Fig-
ure 4) showed 98% had peak S/CO values within
the first decile (raw nucleocapsid antibody S/
CO<8.25). The remaining values fell within the
second decile (raw nucleocapsid antibody S/CO
<16.44). We also determined the estimated time of
waning to a negative test signal for 100% of donors
in each decile (Table 4).

Discussion

This large study supports the finding that, using
the VITROS Anti-SARS-CoV-2 total nucleocapsid
antibody test, the signal decreases with time, but
the degree of decrease varies with donor age, as in-
dicated by the age and days interaction. All other
variables in the model contribute solely to the es-
timated peak. Therefore, using a linear model, we

Quartile 1 Quartiles 2 and 3

>

Ln NCS/CO
O OrRpENNWWwARGLD
tnolnolnownononono

Antibodies to SARS-CoV-2 in Blood Donors

estimated the rate of decrease to be 0.656% /day, or
a half-life of 106 days, or 122 days if correction is
made for the age interaction (i.e., as age increases,
waning decreases), using the average donor age in
the study. Direct observation of the study popula-
tion showed that only 0.75% of study participants
seroreverted, all of whom had an observed peak
value within the 2 lowest deciles for the popula-
tion. The validation study of the linear model did
not accurately define the peak signal level (Figure
3, panel A), indicating that peak signal levels are
inherently variable over a wide range. However,
when the model was adjusted to compare the wan-
ing slopes, these slopes were found to be consistent
across a range of different observed peak values
(Figure 3, panel B).

Our results are similar to those from a longitu-
dinal study of employees at Brigham and Women'’s
Hospital (Boston, MA, USA), where it was estimat-
ed that the nucleocapsid antibody half-life was 128
days (8), compared to our study value of 122 days.
We also observed a similar interaction effect be-
tween nucleocapsid antibody levels and BMI in men
as that reported by Yamamoto et al. (10). Our study

Figure 3. Predicted values and
actual S/CO values. A) Raw
predicted peak S/CO values
and actual donor serologic
values by peak S/CO quartile
(n =30); B) intercept-adjusted
predicted S/CO values and
actual donor serologic values
by peak S/CO quartile (n = 30).
Dotted lines indicate predicted
values and solid lines observed
values. Quartiles were defined
on the basis of their observed
peak value. Samples were

Quartile 4

150 0 50 100

Quartile 1 Quartiles 2 and 3

(v e

Ln NC S/CO
O ORRNNWWARNULIO

150 0 50
Days postpeak S/CO

randomly chosen. Ln, natural
log; NC, nucleocapsid; S/CO,
signal-to-cutoff value.
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Figure 4. Longitudinal plot

of nucleocapsid reactive
seroreverting donors in study
of trajectory and demographic
correlates of antibodies to
SARS-CoV-2 nucleocapsid in
recently infected blood donors,
United States, June 2020—June
2021. All seroreverting donors
are plotted by their observed
testing values. Black dashed
lines are overlaid as indicators
of the first and second deciles
of peak S/COs across all donors
to show low starting values of
those who seroreverted. Decile
lines are plotted by using the
mean age (52 years) of donors,
but seroreverting donors were
slightly younger (49 years)

and showed faster waning. Ln,
natural log; NC, nucleocapsid; S/
CO, signal-to-cutoff value.

24
0 3 6 9 12

Months postpeak S/CO

15 18

demonstrated that the Roche Elecsys Total Ig nu-
cleocapsid test for serosurveillance of SARS-CoV-2
as antibody reactivity remains detectable for >1 year
in 90% and >2 years in 50% of donors in our co-
hort. Our results contrast those of Alfego et al., who
found a decrease of 31.8% nucleocapsid seropositiv-
ity by using a qualitative assay after 293 days in a
population-based analysis (11). The explanation for
this difference is probably low peak antibody levels
in that study’s population.

Although immunity to SARS-CoV-2 wanes over
time, the extent to which this waning is linked to nu-
cleocapsid antibody signal strength is unknown and
should not be assumed. However, the trajectory of
antibody levels is such that an estimate of serorever-
sion may be made for any given population if the dis-
tribution of observed peak values is known. In addi-
tion, the same information could be used to estimate
the number of persons who seroconverted at a given
time in the past.

Strengths of our study include a large geograph-
ically dispersed sample within the United States,
with almost equal representation by sex, and the abil-
ity to isolate incident infections on the basis of pre-
vious nonreactive results. Limitations of the study
include that blood donors are mostly Caucasian, are
healthy at the time of donation, and are not fully
representative of the general US population. In ad-
dition, during the study period, a higher proportion
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of blood donors were vaccinated relative to the
population at large (2). Nevertheless, donors have
been used in this context for previous research (2).
A second limitation is that although a linear model
appears to be appropriate, there was some deviation
from linearity among donors who had the highest
and lowest antibody S/ CO signal levels. For donors
who had low levels, this finding may reflect the in-
herent variability of signal levels close to the cutoff
value of the test used. Geography, grouped by US
census region, was not considered for the model
because it was believed to only affect the timing of
infection onset, as opposed to providing a biologic
effect on S/CO values. In addition, the method did
not necessarily identify true peak signal levels. Nev-
ertheless, it is clear that the range of signal levels
was highly variable, but the slope of decrease was
similar across all observed peak levels.

In conclusion, we evaluated the waning of sig-
nal levels for SARS-CoV-2 nucleocapsid antibodies
in a large cohort of blood donors by using a widely
available total antibody test. Waning rates were con-
sistent across a wide range of observed signal peaks.
Rates differed somewhat by age and BMI. The overall
half-life of the antibody signal was 106 days uncor-
rected and 122 days when corrected for age and BMI
distribution in the study cohort. We believe that the
method reported here may be generalized to other
antibody systems.
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Zoonotic outbreaks of sporotrichosis are increasing in
Brazil. We examined and described the emergence of
cat-transmitted sporotrichosis (CTS) caused by the fun-
gal pathogen Sporothrix brasiliensis. We calculated in-
cidence and mapped geographic distribution of cases
in Curitiba, Brazil, by reviewing medical records from
216 sporotrichosis cases diagnosed during 2011—May
2022. Proven sporotrichosis was established in 84 (39%)
patients and probable sporotrichosis in 132 (61%). In-
cidence increased from 0.3 cases/100,000 outpatient
visit-years in 2011 to 21.4 cases/100,000 outpatient visit-
years in 2021; of the 216 cases, 58% (n = 126) were
diagnosed during 2019—-2021. The main clinical form of
sporotrichosis was lymphocutaneous (63%), followed by
localized cutaneous (24%), ocular (10%), multisite infec-
tions (3%), and cutaneous disseminated (<0.5%). Since
the first report of CTS in Curitiba in 2011, sporotrichosis
has increased substantially, indicating continuous dis-
ease transmission. Clinician and public awareness of
CTS and efforts to prevent transmission are needed.

porotrichosis, the most prevalent implantation

mycosis worldwide, is caused by fungi of genus
Sporothrix (1-4). In some regions of Brazil, sporotri-
chosis has been referred to as cat disease because of
its zoonotic transmission from felines. Since 1990, a
new Sporothrix species, S. brasiliensis, has emerged
rapidly as an agent of cat-transmitted sporotrichosis
(CTS) (5). Initially identified primarily in Rio de Ja-
neiro, highly virulent S. brasiliensis causes a notable
level of epizootic disease involving cats, dogs, and
humans (5-12) that is emerging and expanding geo-
graphically across Brazil (7-9,11) and is now a major
public health problem (12). Originally, CTS was re-
ported primarily in the South and Southeast regions
of Brazil, but by 2022, CTS was reported in 25 of its
26 states, as well as in neighboring Argentina, Chile,
and Paraguay (Figure 1) (2,9,13-18). In 2022, a case of
cutaneous CTS caused by S. brasiliensis was reported
in a veterinarian in the United Kingdom who was in-
fected by an imported cat with sporotrichosis (19,20).

Rio de Janeiro state, in the Southeast region of
Brazil, has the highest prevalence of CTS, >8,900 hu-
man cases reported since the beginning of the out-
break, followed by Rio Grande do Sul (South region)
with 181 human cases (14,15,21). In Parana state, also
in the South region, public health officials and clini-
cians have been alarmed by the emergence of CTS,
but epidemiologic and clinical data on this disease in
this jurisdiction are lacking because reporting is not
mandatory (11,22). Therefore, we performed a retro-
spective, descriptive study of human CTS to describe
the characteristics of patients with sporotrichosis,
based on a decade of experience in a single medical
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institution, the Hospital de Clinicas of the Federal
University of Parana (HC/UFPR), a tertiary referral
hospital in Curitiba, Parand’s largest city. Our study
was approved by the HC/UFPR ethical committee
(registration no. 12379819.4.0000.0096).

Methods

Study Design

We identified cases from the hospital database by
using code B42 from the International Classification
of Diseases, 10th Revision. Our study analyzed data
from all proven and probable CTS cases from HC/
UFPR during January 2011-May 2022.

Case Definition

We used case definitions approved by the Brazilian
Ministry of Health (23-25). Proven human CTS was
defined as microbiologic evidence (positive culture or
histopathology) of sporotrichosis, presence of lesions
or other symptoms compatible with sporotricho-
sis, and evidence of CTS transmission, including cat
scratches or bites, contact with feline exudates, or ex-
posure to sneezing by cats (Table 1) (23-26). Probable
human CTS was defined as presence of compatible
clinical manifestations after traumatic injury from or
close contact with infected cats but lacking microbio-
logic evidence of sporotrichosis (Table 1) (23-25). We
excluded patients with possible CTS or among whom
CTS was ruled out.

Sporothrix Isolate Molecular Typing

We molecularly identified at the species level all Spo-
rothrix isolates obtained from patients and extracted
DNA from isolates using MasterPure Yeast DNA Pu-
rification Kit (Thermo Fisher Scientific). We amplified
the calmodulin (CAL) locus region using the degener-
ate primers CL1 (5'-GAR TWC AAG GAG GCC TTC
TC-3") and CL2A (5'-TTT TTG CAT CAT GAG TTG
GAC-3'), then sequenced amplicons using a BigDye
Terminator v3.1 Cycle Sequencing Kit (Applied Bio-
systems). We visually inspected sequences using the
BioEdit version 7.2.5 sequence alignment editor and
used MAFFT version 7 to align sequences with refer-
ence strains from the National Center for Biotechnol-
ogy Information databank and MEGA version 7.0.26
software with Tamura Nei method with 1,500 boot-
straps to calculate evolutionary distance.

Data Collection and Statistical Analysis

From hospital clinical records we collected clinical, lab-
oratory, and epidemiologic data from cases and stored
them using a standardized Microsoft Excel form. We
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Figure 1. Burden of sporotrichosis in South America and distribution
of cat-transmitted sporotrichosis in humans caused by Sporothrix
brasiliensis, 2022. Cat icons indicate countries where cases of
cat-transmitted sporotrichosis caused by S. brasiliensis have been

reported; arrows indicate transmission from cats to cats, humans,
and dogs.
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calculated descriptive statistics to record the character-
istics of the cases. We also calculated the incidence rate
per 100,000 outpatient all-reason visits per year (outpa-
tient visit-years [OPVY]). We performed analyses using
Medcalc version 19.0 statistical software and used Qgis

version 3.28.3 to map distribution of CTS cases by resi-
dence coordinates (latitude and longitude). We obtained
graphic sources of the vector layer from the Instituto de
Pesquisa e Planejamento Urbano de Curitiba, Instituto
Ambiental do Parand, and Coordenacdo da Regido Me-
tropolitana de Curitiba. We created kernel density maps
to show hotspot areas for sporotrichosis in Curitiba; for
this analysis, we established a search radius of 750 m.

Results

We included 216 CTS cases in this analysis. Case-pa-
tients were more frequently female than male (ratio
1.8:1) except in the 11-17 year age group (Figure 2).
Median age among CTS case-patients was 40 years
(interquartile range 22.5-56.0 years) (Table 2); 29
(13%) patients were <18 years of age. Overall, 11%
of patients had occupations with disease-related risk
factors, including 9 veterinarians, 5 veterinary stu-
dents, 3 pet sitters, and 2 gardeners. The most fre-
quent clinical form of sporotrichosis was lymphocu-
taneous (n = 136, 63%), followed by fixed cutaneous
(n=53,25%), ocular (n =21,10%), mixed forms (n =5,
2%), and cutaneous disseminated (n =1, <0.5%). We
observed that some CTS case-patients had unusual
clinical manifestations (Figure 3).

Overall, 84 (39%) patients had proven CTS and
132 (61%) had probable CTS. Among probable CTS
cases, we tested 18 patients by microscopy and cul-
ture, and all tested negative. Laboratory testing was
not requested for the 14 remaining probable CTS
case-patients; the main causes for not testing were
specimen unavailability for microbiology testing and
previous initiation of antifungal treatment. Among
the proven CTS cases, Sporothrix isolates were collect-
ed from direct swabbing of lesion secretions for 50 pa-
tients, skin biopsy for 29, and aspirate from abscesses
for 5. Average times for positive Sporothrix culture
results varied by specimen type: specimens collected
using the swab method averaged 6 days (range 3-17
days), compared with 13 days (range 4-30 days) for

Table 1. Cat-transmitted sporotrichosis case definitions used in study of human cases in Curitiba, Brazil, 2011-2021*

Definition Epidemiology Clinical Laboratory
Proven History of trauma or contact Lesions compatible Positive culture and/or histopathology (microbiological
with a cat with sporotrichosis with sporotrichosis evidence)
Probable History of trauma or contact Lesions compatible Human: Negative culture and/or histopathology.t
with a cat with sporotrichosis with sporotrichosis Sick cat: A) sporotrichosis diagnosed by culture and/or
histopathology in a veterinarian laboratory; B) cat resident in a
region with confirmed presence of cats with sporotrichosis
(data verified by public health authorities)
Possible History of trauma or contact Lesions compatible Absent
with a cat with sporotrichosis with sporotrichosis
Non-CTS History of trauma or contact with  Lesions compatible Negative culture and/or histopathology for Sporothrix spp.t

a cat with sporotrichosis with sporotrichosis

Definition of other case of disease (infectious or noninfectious)

*Adapted from Guide to Health Surveillance, 5th ed (23-25). CTS, cat-transmitted sporotrichosis.
tNegative culture for Sporothrix spp. alone does not rule out diagnosis (limitation of the culture).
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specimens collected by biopsy (p<0.0001). On the ba-
sis of phylogenetic analysis of calmodulin sequence
genes of 38 Sporothrix isolates from patients, we iden-
tified S. brasiliensis as the only etiologic agent (38/38
cases) of CTS during the study period (Figure 4).

In 98% (212) of the 216 total CTS cases, infection
was associated with zoonotic transmission; in those
cases, the patient had direct or indirect contact with
a cat with diagnosed sporotrichosis. In 4 (2%) spo-
radic cases, occurring in 2016, 2017, 2019, and 2021,
infection was associated with saprozoic exposure
with traumatic implantation from an environmental
source. The first observed substantial increase in cas-
es was from 1 in 2015 (0.3 cases/100,000 OPVY) to 12
in 2016 (3.5 cases/100,000 OPVY) (Figure 5), and in-
cidence rates continued to increase thereafter. There
were 34 cases (8.3 cases/100,000 OPVY) in 2018, al-
most 3 times as many as in 2016, and 61 cases (21.4
cases /100,000 OPVY) in 2021 (Figure 5). During Janu-
ary-May 2022, we identified 20 cases from 142,873
outpatient visits (14 cases/100,000 OPVY) (Figure 5).

CTS cases were reported in 15 of the 399 mu-
nicipalities in the state of Parana (Figure 6, panels
A, B) and in 11 of the 29 municipalities comprising
the metropolitan region of Curitiba (Figure 6, panel
C). Among the 216 CTS cases identified in the state
of Parand, the metropolitan region of Curitiba ac-
counted for 205 (95%), the city of Curitiba alone for
170 (79%) (Figure 6, panel D). We also tracked trien-
nial distribution of cases in the city of Curitiba dur-
ing 2011-2013, 2014-2016, 2017-2019, and 2020-May
2022. The first case of CTS in Parana was identified
in 2011 in Campina Grande do Sul, a municipality
located in the metropolitan region of Curitiba. The
first case of CTS in the city of Curitiba was identi-
fied in 2012 in the Mercés neighborhood, located in
the north-central part of the city (Figure 6, panel E).
Since 2016, cases have spread across the city of Cu-
ritiba and been reported in 41 of 75 districts; most
cases have been identified in the northwest region
of the city, but during 2020-May 2022, incidence
spread throughout the city (Figure 6, panels F, G,
H). We also observed clusters of CTS cases involv-
ing members of the same household. Since 2011, a
total of 10 clusters involving 21 cases were identi-
fied; 7/10 CTS clusters (15 cases) occurred after the
COVID-19 pandemic began in 2020.

Kernel density maps identified hotspots for spo-
rotrichosis in the city of Curitiba (Figure 7). The most
critical hotspots were identified in the western part,
mainly the Cidade Industrial de Curitiba (CIC) neigh-
borhood, and north-central (city center) areas of Curi-
tiba. CIC has an area of 44,588 km? and a population
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Figure 2. Age—sex pyramid showing the distribution of
cat-transmitted sporotrichosis cases in patients treated at Hospital
de Clinicas, Federal University of Parana, Curitiba, Brazil,
2011-May 2022.

of 172,909 inhabitants (density 3.9 habitants/km?);
it is largely residential, and most residents live in
houses. CIC is economically characterized as a lower
middle-income area, with an average daily income
of USD $4.7 (27). The second hotspot, in downtown
Curitiba, is a combination of commercial and residen-
tial areas, composed mostly of apartment buildings.
Curitiba city center comprises 3,310 km? and is the
most densely populated (37,234 inhabitants; density
11.2 inhabitants/km?) part of the city. Average daily
income among residents is USD $20 (27). The kernel
density maps of Curitiba show additional medium-
density hotspots for CTS throughout other parts
of the city, especially in the south, southeast, and
northeast parts.

Table 2. Sociodemographic characteristics in study of human
sporotrichosis cases in Curitiba, Brazil, 2011-2022
Characteristic No. (%) patients

Sex
F 140 (65)
M 76 (35)

Age range, y
<10 17 (8)
11-17 12 (6)
18-30 45 (21)
31-60 109 (50)
>60 33 (15)

Occupation
Unemployed 42 (19)
Student 42 (19)
Retired 23 (11)
Domestic worker 17 (8)
Veterinarian or veterinary student 17 (8)
Administrator 11 (5)
Teacher 3(1)
Pet sitter 3(1)
Gardener 2(1)
Butcher 2(1)
Others 54 (26)
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Figure 3. Unusual clinical
manifestations of cat-transmitted
sporotrichosis in patients treated
at Hospital de Clinicas, Federal
University of Parand, Curitiba,
Brazil, 2011-May 2022.

A) Fixed cutaneous
manifestation in the thumb with
osteoarticular involvement.

B) Fixed cutaneous
manifestation in forearm

with ulcer similar to primary
cutaneous leishmaniasis.

C) Lymphocutaneous
manifestation in the knee with
a large ulceration, mimicking
cutaneous leishmaniasis.

D) Ocular form with Parinaud
ocular-glandular syndrome

" and dacryocystitis. E)
Erythema nodosum resulting
from immunoreactive
sporotrichosis manifestation

in the leg (same patient

from panel D). F) Cutaneous
disseminated manifestation in
immunocompromised patient.

Discussion

During the 10-year study period, sporotrichosis inci-
dence increased substantially, suggesting uncontrolled
spread in the city of Curitiba. Brazil is facing the larg-
est reported current zoonotic outbreak of CTS globally
(9,11,13,28). CTS is a public health issue exacerbated by
insufficient public health activities, such as case surveil-
lance, animal control, and diagnostic capacity, and by
lack of disease awareness among health professionals
and the general population (9,13,25,29). Our study adds
relevant epidemiologic information to promote better
understanding of CTS in the state of Parana, Brazil.

We found a higher prevalence of CTS among female
patients, especially in adult women involved in domes-
tic activities. This finding is similar to those of other pre-
viousreports and is likely related to close contact with in-
fected domestic cats (30-33). In this study, we observed
an increased proportion of pediatric CTS cases; 29 cases
(13%) occurred in patients <18 years of age, likely re-
flecting the close nature of interactions between children
and domestic pets, especially cats (23). In addition, we
found that >10% of cases occurred in persons working
in professional animal care disciplines (2,11,22), who
are at increased risk for CTS because of close contact
with and exposure to contaminated body fluids from
infected animals. Those professionals would benefit
from increased awareness that infection in humans can
occur through direct contact with body fluids from cats
contaminated with S. brasiliensis yeast (26).

1334

Lymphocutaneous and fixed cutaneous forms
were the most frequently identified clinical manifes-
tations of sporotrichosis, consistent with findings in
previous literature (1,22). However, since the sporo-
trichosis epidemic in Brazil began, reports of unusual
clinical manifestations have been increasing (1,6,34).
It should be highlighted that cutaneous disseminated
sporotrichosis is a rare manifestation that mostly oc-
curs in immunocompromised persons; it differs from
cutaneous manifestations caused by multiple trau-
matic implantations, as also happens in CTS cases
(35-37). We also found a relatively high frequency of
ocular sporotrichosis, which occurred in 10% of cases.
Ocular sporotrichosis occurs mainly because of direct
contact of the ocular mucosa of a person with secre-
tions from an infected cat, usually because of cutane-
ous exudates or respiratory droplets expelled during
cat sneezing (5,12,26). Ocular sporotrichosis is char-
acterized by acute or chronic conjunctivitis, includ-
ing Parinaud ocular syndrome and dacryocystitis
(2,12,38-41). We also observed that unusual clinical
manifestations of CTS increased from 2018 onward,
coinciding with the epidemic increase in the number
of cases of the disease. On the basis of those findings,
the current guidelines in Brazil recommend use of
personal protective equipment, including glasses or a
face shield, during contact with sick cats (24).

Proven cases of CTS in this study made up slightly
more than one third (39%) of all cases, compared with
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Figure 4. Phylogenetic analysis
of Sporothrix spp. isolates from
cat-transmitted sporotrichosis
patients treated at Hospital de
Clinicas, Federal University of
Parana, Curitiba, Brazil, 2011—
May 2022. Tree shows analysis
of clades based on calmodulin
near-complete genes
constructed with maximum-
likelihood implemented in
MEGA 7.0.26. Bootstrap values
>80 from 1,500 resampled
datasets are shown. Bold
indicates strains isolated in

this study; yellow shading
represents S. schenckii isolates
and S. brasiliensis isolates.
GenBank accession numbers
are shown in Appendix Table

1 (https://wwwnc.cdc.gov/EID/
article/29/7/23-0155-App1.pdf).
Scale bar represents number of
substitutions per site.
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Figure 5. Epidemiologic curve and incidence rate (cases/100,000
outpatient visit-years) of cat-transmitted sporotrichosis patients
treated at Hospital de Clinicas, Federal University of Parana,
Curitiba, Brazil, 2011-2021.

65.3% in other case-series studies of sporotrichosis
(22,23). This difference may have resulted from using
a case definition not based solely on culture and mi-
croscopy results, which are suboptimal assays for de-
tecting sporotrichosis in humans. Cultures from pus or
secretion from lesions could be a feasible alterna-
tive; that type of test shows good performance and

generates results in half the time compared with testing
specimens obtained by biopsy. In addition, that type of
sample is noninvasive, simple, and inexpensive. HC/
UFPR has a medical institute with extensive experi-
ence in the diagnosis of sporotrichosis, and its medical
professionals consequently have a high index of sus-
picion for this disease, increasing the chances of early
detection of cases in which culture and microscopy are
generally negative. On the basis of this experience, we
highlight the importance of the probable case classifica-
tion, because recognizing probable CTS enables rapid
initiation of treatment, resulting in a positive effect on
the quality of life of patient with sporotrichosis (23,25).

Molecular typing identified a single species, S.
brasiliensis, in all proven cases in our study. The iso-
lates were related to the species that caused the CTS
outbreak in the state of Rio de Janeiro in the early 2000s
and is primarily causing outbreaks throughout Brazil
(5,11,13,17, 42-44). Those isolates were identified by
phylogenetic analysis of the near-complete calmodu-
lin gene sequencing, showing a high degree of simi-
larity with previously sequenced isolates from Rio de
Janeiro. Additional analyses, such as microsatellite
typing, multilocus sequence typing, and amplified

C

Figure 6. Locations of human cat-transmitted sporotrichosis cases (red dots) treated at Hospital de Clinicas, Federal University of
Parana, Curitiba, Brazil, during 2011-May 2022, and evolution of spatial distribution of cases in the city of Curitiba. A-D) Locations of
all human cases in Brazil (A), Parana state (B), Metropolitan Region of Curitiba (C), and Curitiba (D). E-H) Distribution of new human
cases in Curitiba during 2011-2013 (E), 2014-2016 (F), 2017-2019 (G), and 2020—-May 2022 (H).
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fragment-length polymorphic fingerprinting, can im-
prove understanding of the expansion of cases in Parana
and the city of Curitiba (13,45). Moreover, analysis of
whole-genome sequencing results is a tool relevant for
elucidating central concerns about the differences in in-
fectious potential between closely related species. Com-
parative genomic analysis of data on tissue invasion
and transmission of pathogenic sibling species has been
applied to highlight genes involved in fungal adapta-
tion to an animal-associated lifestyle (11,46,47).

We observed an exponential increase in the inci-
dence rate of sporotrichosis, from 0.3 OPVY in 2011
to 21.4 OPVY in 2021, a trend similar to that for data
reported recently in a review of the burden of spo-
rotrichosis in Brazil (9,15,22,29,30,48). In Brazil, the
largest number of CTS cases is concentrated in the
southwest and south of Brazil, including the states of
Rio de Janeiro, Rio Grande do Sul, Sdo Paulo, Espirito
Santo, and Minas Gerais. However, cases of CTS have
also been described in the Midwest, Federal District,
and Northeast regions and in Pernambuco and Rio
Grande do Norte states, clearly showing the spread of
the disease throughout Brazil (22,32,49).

Most cases in this study occurred in the city of
Curitiba. The first case identified at HC/UFPR was in
the center-north part of the city in 2012, but the first
substantial increase in the number of cases, a trend
that continued, was observed in 2016. After the World
Health Organization declared COVID-19 a pandemic
in March 2020 and lockdowns started, we observed
a 37% increase in cases and also an increase in CTS
clusters. The increase may have been related to higher
rates of pet adoption aimed at reducing anxiety and
depression because of the lockdowns (23). We identi-
fied 2 areas of the city of Curitiba as CTS hotspots, one
area characterized by high population density and
the other by social inequalities. In addition, the kernel
density estimate showed low or medium CTS expand-
ed practically throughout the city, especially during
2020-2022; areas of medium density were located in
the south, southeast, and northeast parts of the city.

The main limitation of our study was that data
came from a single center; however, the data covered
a decade of experience, and our findings add infor-
mation based on actual case numbers rather than es-
timates. Since March 7, 2022, the State Department of
Health of Paran4, has provided guidelines (resolution
no. 093/2022) for mandatory notification of human
and animal sporotrichosis cases in the state.

Because of the zoonotic transmission of this
disease, a One Health approach is necessary to
control the public health effects of CTS. Integrat-
ing human, animal, and environmental health
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Figure 7. Heatmap of human cat-transmitted sporotrichosis cases
using kernel density estimation in Curitiba, Brazil, 2011-May 2022.
Kernel density map was created using a search radius of 750 m.

approaches through coordinated actions among
microbiologists, veterinarians, physicians, epide-
miologists, and surveillance authorities could ben-
efit control efforts. Potential actions include owners
restricting cats from going outside homes and hav-
ing contact with street cats, providing no-cost neu-
tering of cats in regions where S. brasiliensis is en-
demic to prevent expansion of feral cat populations,
widely establishing compulsory notification of CTS
cases, increasing awareness of the disease among
clinicians and the public, providing easy access to
treatment in human and animal cases, and cremat-
ing cat remains (12,36,50). Additional interventions
to control CTS outbreaks could include providing
access to rapid, accurate diagnostic assays and an-
tifungal drugs, developing vaccines specifically for
cats, and evaluating novel treatment strategies, par-
ticularly for treating feline sporotrichosis. Enacting
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those and other prevention and control measures
in a timely manner is urgently needed to repress
the increased incidence and spread of this serious
health condition.
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Triplex ELISA for Assessing
Durability of Taenia solium
Seropositivity after
Neurocysticercosis Cure

Nina L. Tang, Theodore E. Nash, Madelynn Corda, Thomas B. Nutman, Elise M. O’Connell

Neurocysticercosis prevalence estimates often are
based on serosurveys. However, assessments of Tae-
nia solium seropositivity durability in patients with vari-
ous neurocysticercosis types are lacking. We optimized
a triplex serologic ELISA by using synthetic GP50, T24H,
and Ts18var3 antigens for T. solium. We used that as-
say to test sequential serologic responses over sever-
al years after neurocysticercosis cure in 46 patients, 9
each with parenchymal or ventricular neurocysticercosis
and 28 with subarachnoid disease. Triplex results were
concordant with 98% of positive and 100% of negative
enzyme-linked immunoelectrotransfer blots. Eight years
after neurocysticercosis cure, 11.1% of patients with pa-
renchymal, 47.3% with subarachnoid, and 41.7% with
ventricular disease were still seropositive. Median time
to seroreversion after cure in this cohort in a T. solium
nonendemic area was 2 years for parenchymal disease,
4 years for ventricular disease, and 8 years for subarach-
noid disease. Our findings can inform epidemiologic mod-
els that rely on serosurveys to estimate disease burden.

Neurocysticercosis is a parasitic disease caused by
infection with larval cysts of the pork tapeworm,
Taenia solium. Serosurveys are crucial tools for under-
standing the epidemiology of T. solium infection and
populations at risk for neurocysticercosis. However,
even in highly disease-endemic communities, concur-
rent neuroimaging reveals that few T. solium-sero-
positive neurocysticercosis patients have viable cysts
at any given time (1,2). The discrepancy between se-
ropositivity and evidence of central nervous system
infection is likely the result of a combination of fac-
tors. One contributor is certainly persisting antibody
response after intracranial cysts have resolved.

Author affiliation: National Institutes of Health, Bethesda,
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However, the kinetics of serologic reactivity of pa-
tients after neurocysticercosis cure has not been dem-
onstrated in follow-up beyond 1 year after treatment
(3). Because serologic responses to any antigen can be
boosted by repeat exposure, assessing long-term re-
sponses in a population that has left an endemic area
and has little possibility of reexposure can be particu-
larly useful.

The reference standard serologic diagnostic as-
say for neurocysticercosis is the enzyme-linked im-
munoelectrotransfer blot (EITB). EITB uses T. solium
glycoproteins purified with lentil lectin to detect Tae-
nia-specific antibodies, and positivity to any of 7 glyco-
proteins of interest is considered a positive result. EITB
has a universally high sensitivity for detecting viable
neurocysticercosis cysts, except in the case of a single
parenchymal cyst. However, EITB testing is extremely
labor intensive, requires parasite material, depends on
expertise to accurately interpret the results, and has
low throughput (4). Previous studies identified the 7
glycoproteins detected by EITB, which encompass 3
families of proteins, GP50, T24, and 8kD (5-8). Using
QuickELISA (Immunetics Inc., https://immunetics.
com) and a synthetic or recombinant antigen from each
family has been previously reported to have high sen-
sitivity for each component (9). That finding contrasts
with ELISAs that use crude Taenia antigens and have
reduced sensitivity and specificity (10,11).

We assessed the sensitivity of a slightly different
combination of antigens representing the 3 families of
proteins (GP50, T24H, and Ts18var3) used in the EITB
assay in a traditional ELISA by using samples known
to be EITB-positive or EITB-negative. We subsequently
assessed the durability of seroreactivity after cure in a
well-characterized group of patients with parenchy-
mal, ventricular, and subarachnoid neurocysticercosis
followed longitudinally in a nonendemic setting.
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Methods

Samples

To define assay cutoffs, we obtained samples from 2
sources. First, we obtained samples from patients with
known neurocysticercosis enrolled in an Institutional
Review Board-approved neurocysticercosis natural
history protocol (no. NCT00001205) at the National
Institutes of Health Clinical Center, (Bethesda, Mary-
land, USA). All persons in that protocol provided writ-
ten consent and were confirmed to be serologically
positive by EITB performed at the Centers for Disease
Control and Prevention (Atlanta, Georgia, USA). A
second source of serum and plasma was deidentified
samples left over from clinical testing that would oth-
erwise have been discarded and that had quantitative
PCR-detectable levels of circulating T. solium antigen
(12), T. solium DNA, or both (13). Patients with positive
results by those assays had a large burden of viable
T. solium and were universally positive by EITB (14),
here referred to as putative positives. To establish the
optimal cutoffs for our triplex assay, we used serum
or plasma from 100 known EITB-positive or putative
positive patients and 52 persons from an endemic area,
29 of whom were known to be EITB-negative and 23
of whom were healthy blood bank controls without
epidemiologic exposures. We collected samples from
EITB-positive patients <18 months after their positive
EITB. The pool of neurocysticercosis patients included
cases of various cyst locations and represented a di-
verse range of geographic exposure (Table).

Patients from the neurocysticercosis natural history
protocol that were serologically positive during active
infection by the triplex assay and had banked samples
with at least 2 years of follow-up after cure also under-
went sequential sample testing. Cure for subarachnoid
neurocysticercosis was defined as the first timepoint at
which T. soliumm DNA was undetectable in cerebrospinal
fluid (CSF) (n = 11) by gPCR (13) or T. solium antigen
testing (12). For patients who did not have CSF avail-
able for testing (n = 17), we defined cure as the date
anthelmintics were stopped; all patients in that group
had >3 years of clinical follow-up with brain magnetic
resonance imaging (MRI) after anthelmintics were dis-
continued. For patients with ventricular disease, we
defined time of cure as the date on which the lesion
was calcified on computed tomography (CT) imaging
or susceptibility-weighted MRI images or when T2-
weighted MRI sequences became dark, or at the time of
surgical resection if the cyst was removed. Patients with
parenchymal disease had to have noncalcified cysts at
study entry to be included in this cohort. We defined
time of cure for parenchymal disease as the date that
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imaging first demonstrated calcification or complete
lesion resolution. Most patients were able to provide
samples from both before and after cure. Year after cure
was calculated as the date of serum collection minus the
date of cure and rounded to the closest year.

Triplex T. solium Assay

The triplex T. solium assay used recombinant T24H
and GP50 proteins. T24H (8) was expressed in a High
Five (BTI-Tn-5B1-4) (Kempbio, http://www.kemp-
proteins.com) baculovirus expression system (8). GP50
was produced (Genscript, https://www.genscript.
com) as previously described (7). The synthetically pro-
duced 74 amino acid polypeptide Ts18var3 (LifeTein,
https:/ /www lifetein.com) was derived from a T. soli-
um DNA sequence (Genbank accession no. AF098075)
(5,6) (Appendix, https://wwwnc.cdc.gov/EID/
article/29/7/23-0364-Appl.pdf). We tested additional
proteins, TsRS1 (6) and NC3 (15), but preliminary tests
on those 2 proteins were notas sensitive as the 3 proteins
used (data not shown), and we did not pursue those 2
proteins further.

Statistical Analysis
We used Prism 9 (Graphpad, https://www.
graphpad.com) to perform statistical analyses. We

Table. Demographics of a cohort of neurocysticercosis patients
who underwent serial ELISA testing for reactivity to Taenia
solium antigens GP50, T24H, and Ts18var3 to assess
seropositivity after cure*

Characteristic Value
Sex
M 28
F 18
Age at cure, y
19-29 15
30-60 30
>60 1
Region of birth
Asia 4
Central America 29
Mexico 8
South America 4
United States 1
Neurocysticercosis typet
Parenchymal
Single cyst 3
>1 cyst 6
Extraparenchymal
Subarachnoid 28
Ventricular 9
Total cohort size 46
Median length of follow-up, y (range)
Parenchymal 8.5 (4-17.5)
Subarachnoid 6.6 (1.2-16.6)
Ventricular 8.4 (2.6-12.1)

*Values are no. patients except as indicated.
tPatients were classified by their most severe form of disease:
subarachnoid, ventricular, then parenchymal.
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Figure 1. Sensitivity and specificity of a triplex assay to determine durability of Taenia solium seropositivity after
neurocysticercosis cure. The assay combines 3 families of T. solium antigens: A) T24H; B) GP50; and C) Ts18var3. Receiver
operating characteristic curves were produced by testing serum from 52 persons who were T. solium—negative and 100
neurocysticercosis patients with positive enzyme-linked immunoelectrotransfer blot results: 17 with parenchymal disease, 16 with
ventricular disease, 35 with subarachnoid disease, and 32 putative positives (patients with detectable levels of circulating T. solium

antigen, T. solium DNA, or both).

produced receiver operating characteristic (ROC)
curves by using the Wilson-Brown method for sen-
sitivity and specificity and set 95% Cls. We calcu-
lated the J-index at various signal-to-noise cutoffs
by adding sensitivity and specificity and subtract-
ing 1. To compare the seroreactivity of different
disease types to T24H, GP50, and Ts18var3, we
used Kruskal-Wallis analysis of variance and Dunn
multiple comparisons tests with adjusted p values.
We used Fisher exact tests and Baptista-Pike odds
ratios (ORs) to determine the specificity of various

seroreactivity patterns for different forms of neu-
rocysticercosis. We used Fisher exact tests to deter-
mine differences in seropositivity at cure among
neurocysticercosis groups. We used nonparamet-
ric Wilcoxon matched pairs signed-rank tests to
compare the seroreactivity to T24H, GP50, and Ts-
18var3 at the time of cure and 4 years after cure.
We used Kaplan-Meier simple survival analyses to
describe the annual prevalence of seroreversion af-
ter cure and log-rank Mantel-Cox tests to analyze
differences between survival curves.

Figure 2. Signal-to-noise results of a triplex assay to determine durability of Taenia solium seropositivity after neurocysticercosis cure.
The assay combines 3 families of T. solium antigens: A) T24H; B) GP50; and C) Ts18var3. Samples from neurocysticercosis positive
and negative persons were compared; each circle represents 1 person. Horizontal bars indicate geometric mean; dotted horizontal lines
indicate signal-to-noise cutoffs that provided the highest sensitivity while maintaining 100% specificity for each protein.
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Results

Sensitivity and Specificity of T. solium Triplex Assay
For all proteins, we compared the sensitivity and
specificity produced by various signal-to-noise cutoffs
determined using ROC curves (Figure 1). We defined
sensitivity as the percent positive by the triplex assay
out of the 100 samples known to be positive by EITB
or antigen testing. We defined specificity as the per-
cent of the 52 samples known to be EITB-negative that
were also negative by the triplex assay. The J-index
cutoffs for signal-to-noise were 3.547 (] = 0.7331) for
T24H, 2.742 (J = 0.9208) for GP50, and 4.019 (J = 0.8531)
for Ts18var3. Those cutoffs resulted in sensitivity of
81% (95% C172%-88%) and specificity of 92% (95% Cl
82%-97%) for T24H, sensitivity of 94% (95% CI 88%-
97%) and specificity of 98% (95% CI 90%-100%) for
GP50, and sensitivity of 93% (95% CI 86%-97%) and
specificity of 92% for Ts18var3 (95% CI 82%-97%).
In addition to the J-index, we used ROC curves for
each protein to determine cutoffs that yielded 100%
specificity. This approach resulted in signal-to-noise
thresholds of 7.6 for T24H, 7.206 for GP50, and 6.261
for Ts18var3. With those cutoffs, each protein inde-
pendently achieved moderate sensitivity, 66% for
T24H and 82% for both GP50 and Ts18var3 (Figure 2).

To improve the diagnostic capacity of the indi-
vidual proteins, we combined the results of each as-
say and defined T. solium positivity as positivity to
any of the 3 proteins. Using this approach, the sen-
sitivity of the combined triplex assay exceeded that
of any individual protein (Figure 3). When we used
cutoffs that yielded 100% specificity, the triplex assay
achieved a sensitivity of 98% (95% CI 93%-100%), a
major improvement over the sensitivities of each as-
say in isolation, demonstrating the power of this tri-
plex approach.

Differential Seroreactivity to Antigens

In addition to binary detection of Taenia-specific anti-
bodies, we found the triplex assay provided informa-
tion on disease type by assessing the differential reac-
tivity of serum to the assays’ components. We noted
no difference in reactivity (H2) between patients with
subarachnoid and ventricular disease for T24H (H2
adjusted p>0.9999), GP50 (H2 adjusted p = 0.3676), or
Ts18var3 (H2 adjusted p>0.9999), suggesting that ex-
traparenchymal disease drives reactivity to all 3 pro-
teins (Figure 4). We also saw no significant difference
in seroreactivity toward Ts18var3 between patients
with parenchymal and subarachnoid disease (H2
adjusted p = 0.5396) or parenchymal and ventricular
disease (H2 p>0.9999).

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 29, No. 7, July 2023

Triplex ELISA for T. solium Seropositivity

Figure 3. Comparison of positive and negative results of a triplex
assay to determine durability of Taenia solium seropositivity after
neurocysticercosis cure. The assay combines 3 families of T. solium
antigens: T24H, GP50, and Ts18var3. The graph shows results for
each antigen from 100 persons with and without neurocysticercosis,
by disease type. Blue indicates positive results; white indicates
negative results.
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Figure 4. Positivity patterns

per cyst location for a triplex
assay to determine durability of
Taenia solium seropositivity after
neurocysticercosis cure. The
assay combines 3 families of

T. solium antigens: A) T24H; B)
GP50; and C) Ts18var3. Graphs
display signal-to-noise reactivity
to T24H, GP50, and Ts18var3 by
neurocysticercosis disease type.
We assessed differential reactivity
to T. solium antigens in samples
from 68 neurocysticercosis-positive
persons, 17 with parenchymal,

16 with ventricular, and 35 with

subarachnoid neurocysticercosis. Dotted horizontal lines indicate 100% specificity cutoff each protein. NS, not statistically significant; P,

parenchymal; S, subarachnoid; V, ventricular.

However, the divergent patterns of seroreactiv-
ity between extraparenchymal and parenchymal cases
became clear when comparing reactivity to T24H and
GP50. Subarachnoid patients exhibited higher reactiv-
ity than parenchymal patients to both T24H (H2 ad-
justed p<0.0001) and GP50 (H2 adjusted p<0.0001).
Similarly, ventricular patients were also significantly
more reactive than parenchymal patients to T24H
(H2 adjusted p = 0.0046) and GP50 (H2 adjusted
p = 0.0108). Odds ratio analysis using Fisher exact tests
and Baptista-Pike ORs demonstrated the predictive ca-
pacity of those seroreactivity patterns; seropositivity to
T24H resulted in 25.91 (95% CI 4.931-120.1; p<0.0001)
times the odds of extraparenchymal over parenchymal
disease and positivity to GP50 resulted in 27.00 (95%
CI 6.531-93.71; p<0.0001) times the odds in the same

direction (Figure 5). Meanwhile, positivity to only Ts-
18var3 resulted in nonsignificant odds of 5.189 (95% CI
0.7467-58.76; p = 0.1574) in favor of parenchymal over
extraparenchymal neurocysticercosis.

Although positivity to Tsl8var3 did not con-
fer any statistically significant predictive capacity
to the triplex assay, it was the main driver of the
triplex assay’s sensitivity for parenchymal neuro-
cysticercosis. When we used only Ts18var3 with
the 100% specificity cutoff of 6.261 signal-to-noise,
we detected 94.1% (16/17) of patients with paren-
chymal disease, compared with 11.8% (2/17) when
we only used T24H and 29.4% (5/17) when we only
used GP50 (Figure 6). Therefore, to maximize de-
tection of parenchymal disease, Ts18var3 is a neces-
sary component of the assay.

Figure 5. Odds ratios of seropositivity of a triplex assay to determine durability of Taenia solium seropositivity after neurocysticercosis
cure. The assay combines 3 families of T. solium antigens: T24H, GP50, and Ts18var3. We assessed seropositivity in extraparenchymal
and parenchymal disease. Error bars indicate 95% Cls; arrows indicate that the end of a Cl exceeds the range of the graph axis. NCC,

neurocysticercosis; 1/OR, reciprocal odds ratio; OR, odds ratio.
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Persistence of Seropositivity after

Neurocysticercosis Cure

To evaluate the persistence of seropositivity after
cure, we longitudinally collected serum from 46 neu-
rocysticercosis patients and evaluated samples by
using the triplex T. solium assay. The patient cohort
included 9 persons with active parenchymal neuro-
cysticercosis, all of whom subsequently had calcified
disease; 28 subarachnoid patients; and 9 ventricular
patients. The median follow-up time was 8.5 (range
4-17.5) years for parenchymal disease, 6.6 (range 1.2~
16.6) years for subarachnoid disease, and 8.4 (range
2.6-12.1) years for ventricular disease (Table).

At the time of cure, 67 % of patients with parenchy-
mal, 100% with subarachnoid, and 89% with ventricu-
lar disease were seropositive (Figure 7, panel A). In the
first 4 years after cure, we noted all groups had statis-
tically significant reductions in seroreactivity toward
T24H (p<0.0001), GP50 (p<0.0001), and Ts18var3 (p =
0.0002) (Figure 7, panels B-D). This finding suggests a
reduction in T. solium antibodies after disease resolu-
tion. However, the rate at which reactivity decreases
to the individual antigens of the triplex assay is differ-
ent. Kaplan-Meier survival analysis showed that, by
4 years after cure, 80% of patients with parenchymal,
90.5% with subarachnoid, and 100% with ventricular
disease were no longer reactive to Ts18var3 (Figure
8, panels A-C). Insufficient numbers of patients with
parenchymal disease were available to perform sur-
vival analysis for T24H and GP50. However, 4 years
after cure, 69.4% of patients with subarachnoid disease
seroreverted to T24H and 52% seroreverted to GP50.
Meanwhile, 70% of patients with ventricular disease
seroreverted to T24H and 78% seroreverted to GP50
over the same period. Log-rank Mantel-Cox analysis
showed a significant difference in annual serorever-
sion between T24H, GP50, and Ts18var3 in both sub-
arachnoid (p = 0.03) and ventricular patients (p = 0.04),
and reactivity to Ts18var3 was the first to decline, then
GP50 and T24H.

We used additional Kaplan-Meier survival anal-
ysis to determine the probability of complete sero-
reversion for each disease type, meaning that patients
would achieve seronegativity to all proteins. That
analysis demonstrated significant differences in sero-
reversion over time (p = 0.025) among the 3 different
categories of neurocysticercosis. Median seropositiv-
ity was 2 years after cure for parenchymal disease, 8
years for subarachnoid disease, and 4 years for ven-
tricular disease (Figure 8, panel D). Overall seroposi-
tivity at year 8 after cure was 11% for parenchymal
disease, 47.3% for subarachnoid disease, and 41.7%
for ventricular disease.
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Figure 6. Sensitivity for parenchymal disease of a triplex assay
to determine durability of Taenia solium seropositivity after
neurocysticercosis cure. The assay combines 3 families of T.
solium antigens: T24H, GP50, and Ts18var3. The graph shows
that sensitivity is primarily dependent on Ts18var3; numbers at
tops of bars indicate percentages of parenchymal cases (n = 17)
found to be positive by each protein.

Discussion

Although brain imaging is required to diagnose neu-
rocysticercosis, serologic testing often confirms the di-
agnosis, and T. solium serosurveys often are performed
to assess the burden of T. solium exposure in a popula-
tion. We optimized a serologic ELISA by using 3 pro-
teins in a triplex assay. The triplex T. solium assay was
able to detect 98% of EITB-positive or antigen-positive
cases and agreed 100% with EITB test negativity. Al-
though recombinant T24H has been reported to have a
high sensitivity and specificity when used in an ELISA
for serologic detection (9), our study did not find T24H
was an essential driver of overall positivity. In fact, of
the 98 samples that were positive by the optimized
triplex assay, 97 would still have been positive by re-
lying only on GP50 and Ts18var3 without sacrificing
specificity. This finding suggests that future diagnostic
assays might be able to rely on only 2 antigens, but be-
cause neurocysticercosis involving a single parenchy-
mal lesion has diminished seroreactivity, a larger scale
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Figure 7. Taenia solium seropositivity over time by a triplex assay to determine durability of T. solium seropositivity after
neurocysticercosis cure. The triplex assay combines 3 families of T. solium antigens: T24H, GP50, and Ts18var3. A) Seropositivity

at time of cure. B-D) Seropositivity at year 4 by neurocysticercosis disease type: B) parenchymal (n = 9); C) subarachnoid (n = 28);
and D) ventricular disease (n = 9). Line colors in panels B-D correspond to bar colors in panel A. Horizonal dotted lines indicate the
100% specificity cutoff used for that protein. Statistically significant differences in seropositivity were seen between patients with
parenchymal disease (67%) and subarachnoid disease (100%) (p = 0.011), but not for ventricular disease (89% at the time of cure).
Patients seropositive at time of cure (parenchymal n = 6, subarachnoid n = 28, ventricular n = 8) underwent testing of paired samples at
time of cure (day 0) and 4 years after cure. For each subgroup, reactivity to GP50, T24H, and Ts18var3 showed statistically significant

decreases by year 4. P, parenchymal; S, subarachnoid; V, ventricular.

study in a population more representative of those pa-
tients will be needed to verify that finding (16). In ad-
dition, EITB banding patterns have been reported to be
somewhat different in small assessments in Asia (17).
In ROC curve development for this study, we had 5
patients from countries in Asia, namely India, South
Korea, and Laos. All those patients were T. solium-
positive by the triplex assay without exception to any
antigen. High quality evidence from serologic assess-
ments in Asia also showed that reactivity to T24 and
to the 8kDa family, of which Ts18var3 is a member,
was maintained (17,18). However, because of the small

representation of patients from Asia, formal validation
of our triplex assay should be undertaken in endemic
areas of Asia before deploying it in that setting.

In this group of patients, responsiveness to GP50
and T24H greatly increased the odds that the patient
had extraparenchymal disease. In a previous study
that analyzed EITB assay banding patterns, positivity
to GP50 or T24 was associated with intraparenchymal
infections (19). In that same study, reactivity to GP50,
T24, and the 8kDa protein family were observed more
frequently in extraparenchymal disease and patients
with multiple intraparenchymal lesions (19). However,

Figure 8. Degradation of Taenia solium seropositivity over time by a triplex assay to determine durability of T. solium seropositivity

after neurocysticercosis cure. The assay combines 3 families of T. solium antigens: T24H, GP50, and Ts18var3. Kaplan-Meier survival
curves show seropositivity by disease type for each protein over 8 years after neurocysticercosis cure. A) Parenchymal disease; B)
subarachnoid disease; C) ventricular disease; D) all disease types. Time O represents time during treatment when all subjects were
seropositive; dotted vertical line indicates time of cure. Symbols indicate years containing censored data for each disease type. The
sample size for patients with parenchymal disease testing positive to T24H, GP50, or both, at cure were too few to plot. Therefore,
these curves were excluded in this analysis. Log-rank Mantel-Cox analysis found significant differences in seroreversion in Ts18var3
compared with T24H and GP50 for both subarachnoid (p = 0.03) and ventricular disease (p = 0.04). Log-rank Mantel-Cox analysis for all
survivors (D) demonstrates significant differences between the curves (p = 0.025); 11.1% of patients with parenchymal disease, 47.3%
with subarachnoid disease, and 41.7% with ventricular disease were seropositive 8 years after cure.
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those differences likely are a result of the different plat-
forms used for antibody detection. Such differences in-
clude the sensitivity in detecting antibodies to various
antigens because of the different methods and because
the positivity threshold for ELISA is artificially set by
choosing a signal-to-noise ratio that maximizes sen-
sitivity and specificity. EITB also might be limited by
what can be visually observed in grading reactivity.

Clarifying the kinetics of seroreactivity to T. solium
infection in neurocysticercosis patients is vital for de-
termining the clinical utility these tests and epidemio-
logic studies that involve their use (3,20). Serial sero-
surveys without concurrent brain imaging in Peru and
Ecuador have shown that, over the course of a year,
~30% of serologically positive patients will revert to
negative (21,22). Another study in Peru followed pa-
tients with parenchymal neurocysticercosis after ther-
apy and demonstrated that only 7% of all treated pa-
tients became seronegative 1 year after treatment, and
only 23% (3/13) of cured patients became seronegative
(3). Here, we studied patients that had >1 positive se-
rologic response during active disease and assessed
what happened over time. By the time of cure, deter-
mined by CSF antigen negativity, calcification, or sur-
gical removal, depending on disease type and sample
availability, only 33% (3/9) of patients with parenchy-
mal disease, 11% (1/9) with ventricular disease, and
none (0/28) with subarachnoid disease seroreverted.
The time parameters of our study are not completely
comparable to the studies from Peru and Ecuador be-
cause it can take >1 year from the time of treatment for
an intraparenchymal cyst to start to calcify, which we
used as a criterium for cure in this study. However,
we used cure to standardize the durability of seroposi-
tivity because in some cases viable cysts begin to die
before treatment is begun, and some patients require
multiple treatment courses. Regardless of the time-
frame used for assessing seroreversion, serologic nega-
tivity is unreliable for determining disease activity in
neurocysticercosis, as others have also demonstrated
(3), and should not be used to assess treatment efficacy
nor disease activity.

Our data show a major decrease in antibody reac-
tivity to each antigen in the triplex assay for all neu-
rocysticercosis disease states over time. However, the
overall durability of seropositivity was striking; the
median seropositivity for patients with parenchymal
disease was 2 years, for subarachnoid disease was 8
years, and for ventricular disease was 4 years. Those
differences appear to be driven by the difference in the
kinetics of disappearance of the antibodies to the indi-
vidual antigens. Reactivity to Ts18var3 was the most
short-lived for each disease type. However, Ts18var3

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 29, No. 7, July 2023

Triplex ELISA for T. solium Seropositivity

is the main driver of positivity among patients with
parenchymal disease; thus, the overall seropositivity
for those with parenchymal disease was shorter. By
comparison, patients with ventricular disease were re-
active to Ts18var3 for a median of 1 year after cure,
but >50% of patients with subarachnoid disease had
already seroconverted to Ts18var3 at 1 year after cure.

A few aspects of this study should be considered
when interpreting these data in a larger epidemio-
logic context. Our population is skewed toward more
heavily infected patients, and most of the included
patients had extraparenchymal neurocysticercosis.
Our parenchymal disease cohort was relatively small,
and most patients had >1 cyst. However, those data
are particularly useful for demonstrating durability
of seropositivity among patients with extraparenchy-
mal disease, and nearly half of those patients were
still seropositive 8 years after cure. That finding is
notable because extraparenchymal disease is likely
underdiagnosed, and the true prevalence likely is un-
known and higher than previously appreciated (23).
Moreover, symptoms of extraparenchymal disease
are often not captured when screening populations
by history because patients without parenchymal
cysts do not have seizures, and a history of head-
aches is very nonspecific. Finally, CT imaging often
misses extraparenchymal cysts and cannot be relied
on for making that diagnosis. Thus, the contribution
of extraparenchymal disease to the seropositivity of
a population remains an area of active investigation.
We did not address the contribution of cysts outside
the central nervous system to overall seropositivity or
the duration of seropositivity in those patients.

In conclusion, seroreversion in neurocysticerco-
sis patients is often delayed for years after cure. We
described the kinetics of serologic responses against
3 diagnostic antigens for T. solium from neurocysti-
cercosis diagnosis to cure in persons who likely did
not have further exposure to the parasite. These data
could help inform epidemiologic models that rely on
serosurveys to estimate disease burden.
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Effect of Norovirus Inoculum
Dose on Virus Kinetics,
Shedding, and Symptoms

Yang Ge, W. Zane Billings, Antone Opekun, Mary Estes, David Graham, Juan Leon,
Katia Koelle, Ye Shen, Robert Atmar, Benjamin Lopman, Andreas Handel

The effect of norovirus dose on outcomes such as virus
shedding and symptoms after initial infection is not well
understood. We performed a secondary analysis of a hu-
man challenge study by using Bayesian mixed-effects
models. As the dose increased from 4.8 to 4,800 reverse
transcription PCR units, the total amount of shed virus
in feces increased from 4.5 x 10" to 3.4 x 10*> genomic
equivalent copies; in vomit, virus increased from 6.4 x
10° to 3.0 x 107 genomic equivalent copies. Onset time
of viral shedding in feces decreased from 1.4 to 0.8 days,
and time of peak viral shedding decreased from 2.3 to
1.5 days. Time to symptom onset decreased from 1.5 to
0.8 days. One type of symptom score increased. An in-
crease in norovirus dose was associated with more rapid
shedding and symptom onset and possibly increased
severity. However, the effect on virus load and shedding
was inconclusive.

Norovirus is a major cause of foodborne disease
and causes a large number of cases, hospitaliza-
tions, and deaths in the United States and globally (1-
4). Specific treatments are not available, and vaccines
are still under development (4,5). Generic infection
control measures are the best approaches to minimiz-
ing disease burden (6-10).

An increase in exposure dose (number of virus
particles) is associated with an increased risk for in-
fection; this principle applies to norovirus (11-14) and
many other pathogens (15,16). Less is known about
the possible effect of dose on infection outcomes after
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infection has occurred. For acute infections such as in-
fluenza, infectious bronchitis virus, and parainfluen-
za virus, animal studies and models suggest that dose
influences the virus load kinetics (17-19). For noro-
virus, some evidence from experimental challenge
studies suggests that dose is associated with more
rapid onset of symptoms (20). To further elucidate the
effect of inoculum dose on infection outcomes such as
virus shedding and symptom severity, we performed
a secondary analysis of data from a human norovirus
challenge study (20).

Methods

In this article, we will give brief descriptions of our
methods. We have also provided complete modeling
and analysis details, including all data and code needed

to reproduce our results (Appendix, https://wwwnc.
cdc.gov/EID/article/29/7/23-0117-Appl.pdf).

Data

The data we used for our analyses are from a human
challenge study registered at ClinicalTrials.gov (trial
no. NCT00138476) (20-24). The clinical protocol was
reviewed and approved by the institutional review
boards of the Baylor College of Medicine and The
Houston Methodist Hospital, and written informed
consent was obtained from each study participant.

In the challenge study, 57 healthy persons (18-50
years of age) were randomly inoculated with either
placebo or norovirus genogroup I genotype 1 strain
(GL.1 NV) at 4 different doses (0.48, 4.8, 48, or 4,800
reverse transcription PCR [RT-PCR] units). Of the
21 persons who became infected, 1 person was un-
available for follow-up, and thus we excluded that
patient from all analyses. In addition, only 1 person
in the 0.48-unit dose group became infected, so we
excluded this person from our main analyses. There-
fore, remaining for our analysis were 6 persons in the

1349



RESEARCH

4.8-unit dose group, 7 persons in the 4.8-unit dose
group, and 6 persons in the 4,800-unit dose group.
We provide analyses that include the 1 person who
was infected at the 0.48-dose level (Appendix).

All persons were isolated in the research center for
>4 days (96 hours) after inoculation. The study person-
nel collected samples of feces and vomit and recorded
clinical symptoms.; samples were also collected for 4-8
weeks postinoculation. For some of our analyses, we
focused on the 96 hours during which persons were
under clinical observation. For other analyses, we in-
cluded the data collected after persons returned home.
We state which data are used for each analysis.

Overall Analysis Approach and Implementation
Because we performed a secondary data analysis, a
strict null hypothesis significance testing framework
using p values was not suitable, so we performed all
analyses in a Bayesian framework. For all analyses,
we used Bayesian mixed-effects models. We treated
the dose as a continuous variable for the results shown
in the article. We also provide a sensitivity analysis
with dose modeled as categorical (Appendix). We re-
port the mean of the estimated posterior distribution
with 95% equal-tailed credible intervals (Crls) for all
model results (25). We conducted all analyses using
R version 4.2.3 (26), and Stan (27), accessed through
the brms package in R (28). We used Rhat values to
diagnose convergence (28).

Analysis of Virus Shedding Outcomes
We measured virus shedding concentration in sam-
ples by either an immunomagnetic capture (IMC)
RT-PCR, which provided a qualitative readout (posi-
tive or negative), or real-time quantitative RT-PCR
(qRT-PCR), which provided a quantitative readout in
genomic equivalent copies (GEC) (21). Those 2 meth-
ods had limits of detection (LOD) at 15,000 GEC/ g of
stool (LOD1) and 40,000,000 GEC/g of stool (LOD?2).
Therefore, the virus shedding concentration could be
between 0 and LOD1 (negative IMC, negative qRT-
PCR), between LOD1 and LOD2 (positive IMC, nega-
tive qRT-PCR), or a quantitative measurement above
LOD2 (positive qRT-PCR). We reported vomit shed-
ding data similarly, with either a numeric value or a
positive or negative readout. We accounted for this
censored data structure in our models (Appendix).
We obtained the total virus contained in each
sample by multiplying virus concentration by sample
weight for feces (GEC/g x weight of feces in grams)
or sample volume for vomit (GEC/mL x volume of
vomit in mL). We calculated each participant’s to-
tal amount of virus shedding in feces and vomit by

1350

summing virus shedding values for all samples per
participant. We used a linear model structure to ana-
lyze associations between inoculum dose and the to-
tal amount of virus shedding.

In a further analysis, we modeled the longitudi-
nal time-series of virus concentration in feces, V(#),
using the 4-parameter equation

which was shown to accurately describe trajectories of
acute viral infections (17,29). We fitted the trajectories
by using a Bayesian nonlinear mixed-effects model in
which the mean of the response was described using
this equation. We used the comparison between the
parameter’s prior and posterior distributions to en-
sure that the choice of prior distribution had no sig-
nificant effect on our results. We sampled from the
posterior distribution of the estimated parameters to
obtain predicted trajectories of virus concentration
kinetics. From those time-series, we computed sev-
eral summary quantities: virus shedding onset (time
at which the trajectory crossed LOD1); time to peak
virus shedding; shedding duration, defined as the to-
tal amount of time at which virus concentration was
above LOD1; and total amount of virus shed, defined
as the area under the virus concentration curve.

Vomiting episodes were too few (11 persons with
26 samples of vomit) to enable a time-series analysis
similar to the one we performed for virus shedding
in feces. We have compiled vomit event time-series
data (Appendix).

Analysis of Symptom Outcomes

The study recorded 10 kinds of symptoms: body tem-
perature, malaise, muscle aches, headache, nausea,
chills, anorexia, cramps, unformed or liquid feces,
and vomiting. Clinical symptom scores (except feces
and vomit) were reported as none = 0, mild =1, mod-
erate = 2, or severe = 3. For feces, we used a scoring
of solid = 0, unformed =1, and liquid = 2. Vomit was
reported as absent = 0 or present = 1.

We considered time to symptom onset (incuba-
tion period) and 2 symptom scores as outcomes of
interest. We defined time to system onset as the time
from inoculation to the first reported symptom of any
type. For the first symptom score, we used a modified
Vesikari score (MVS) that was previously applied to
measure norovirus severity (5,30-33). We computed
the MVS by using a limited number of symptoms
(i.e., fever, diarrhea, and vomiting). We also devel-
oped an additional score, which we call the compre-
hensive symptom score (CSS), which encompasses all

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 29, No. 7, July 2023
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Table. Selected characteristics of patients in in study of the effect of norovirus inoculum dose on virus kinetics, shedding, and

symptoms*
Dose, RT-PCR units

Characteristic 0.48 4.8 48 4,800
No. participants 1 6 7 6
Age, y, median (range) 24 (24-24) 30 (21-39) 24 (22-34) 28 (22-47)
Sex

F 1 (100) 2 (33) 4 (57) 2 (33)

M 0 4 (67) 3 (43) 4 (67)
Blood type group

A 0 2 (33) 2 (29) 3 (50)

¢] 1(100) 4 (67) 5(71) 3 (50)

*Values are no. (%) except as indicated. RT-PCR, reverse transcription PCR.

reported 10 symptoms in this study. Additional de-
tails of score computation, scores for each individual,
and further model details are provided (Appendix).

Sensitivity Analyses

We performed 2 sensitivity analyses. In the first anal-
ysis, we treated dose as categorical rather than con-
tinuous. In the second analysis, we included 1 person
who became infected after exposure to a dose of 0.48
RT-PCR units.

Results

Data Description

Detailed descriptions of the study can be found in
previous publications (20-24). We summarized char-
acteristics of the infected persons included in our
analyses (Table). Distributions of age, sex, and ABO
blood group status were generally similar across
dose groups.

Association between Dose and Total Virus Shedding
We computed total virus shedding in either feces or
vomit by summing the amount of shed virus in all
samples for each person. We focused on fecal shed-
ding during the first 96 hours of the study, when
patients were under clinical observation. Almost all
viral shedding events that occurred during this time-
frame were recorded. Every person shed virus in >1
fecal sample. All vomiting events occurred within
the first 96 hours, and only 11 persons vomited. Vi-
rus shedding showed some association with dose, al-
though with a fair amount of uncertainty (Figure 1),
leading to overall inconclusive results. We developed
an alternative analysis using fecal shedding that in-
cludes the self-reported data after persons returned
to their homes (Appendix). In that case, we observed
no noticeable association.

Association between Dose and Viral Kinetics
Next, we fitted the virus concentration model to the
time-series data for virus load for each person. The

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023

parameter’s prior and posterior distributions showed
that the choice of prior distribution had no significant
effect on our results (Appendix).

We calculated the population-level curves per
dose group for the estimated virus load trajecto-
ries (Figure 2) and developed fitted curves for each
person (Appendix). The curves show a trend toward
more rapid onset and earlier virus peak as dose in-
creases (Figure 2, panel B) but little effect on shedding
duration and total viral load (Figure 2, panel A). To
further quantify these results, we sampled trajectories
from the posterior distributions. For each trajectory,
we computed 4 quantities (indicated in Figure 2, pan-
el A): shedding onset (i.e., time at which virus became
detectable), time of peak virus shedding, duration of
virus shedding, and the total amount of virus shed
(computed as area under the curve). We then exam-
ined the distribution of each of these quantities.

We calculated the model-predicted relationship
between dose and those 4 quantities (Figure 3). As the
dose increased from 4.8 to 4,800 RT-PCR units, aver-
age onset time decreased from 1.4 (95% Crl 1.1-1.8)
to 0.8 (95% Crl 0.5-1.1) days, and the time of virus
peak decreased from 2.3 (95% Crl 2-2.8) to 1.5 (95%
CrI 1.3-1.8) days. We observed a very slight trend to-
ward increased duration of shedding, from 23.7 (95%
Cr1 17.8-30.6) to 26.4 (95% Crl 19-35.8) days. Total vi-
rus load barely changed, from 1.5 x 10" (95% CrI 2.2
x 10°-5.2 x 10") to 1.7 x 10" (95% Crl 1.9 x 10°-6.6 x
10%) GEC x days/g.

Association between Dose and Symptoms
We investigated associations between dose and symp-
tom related outcomes next. A higher inoculum dose
was associated with a shorter incubation period (more
rapid symptoms onset) (Figure 4). The incubation pe-
riod decreased from 1.5 (95% Crl 0.9-2.5) to 0.8 (95%
Crl 0.4-1.4) days as dose increased (Figure 4, panel A).
Our model estimated a slight increase in symp-
toms as measured by the MVS, from 2.9 (95% Crl
1.4-5.2) t0 3.3 (95% Crl 1.4-6.5) as dose increased (Fig-
ure 4, panel B). The CSS showed a more pronounced
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Figure 1. Total virus shedding

in feces and vomit of patients
challenged with norovirus in
study of the effect of norovirus
inoculum dose on virus kinetics,
shedding, and symptoms. A)
Cumulative virus shedding

in feces. B) Cumulative virus
shedding in vomit. Open circles
represent raw data points. Lines
and shaded regions indicate
means and 95% Crls of the fitted
Bayesian model. Missing values
attributable to limits of detection
were replaced with fixed values
(Appendix, https://wwwnc.cdc.gov/
ElID/article/29/7/23-0117-App1.
pdf). Crl, credible interval; GEC,
genomic equivalent copies; RT-
PCR, reverse transcription PCR.

increase, from 9.4 (95% Crl 6.1-13.6) to 18.7 (95% CrI
11.8-28.3) (Figure 4, panel C). A further analysis sug-
gests that the different pattern seen for the MVS and
CSS might be attributable to those symptoms that
are part of the MVS not showing an association with
dose, whereas a few symptoms (e.g., cramps, malaise,
nausea) that are part of the CSS but not the MVS do
show a correlation with dose (Appendix).

Sensitivity Analyses

We performed 2 main sensitivity analyses (Appen-
dix). In the first sensitivity analysis, we treated dose
as categorical (low, medium, or high) instead of
continuous. For this analysis, total virus shedding
in feces and vomit was highest at the intermediate

Figure 2. Fitted virus
concentration (GEC/g) in feces
of patients challenged with
norovirus in study of the effect

of norovirus inoculum dose on
virus kinetics, shedding, and
symptoms. A) Fitted curves
showing the full infection time-
course. Onset is time at which
virus load rose to the LOD1 level.
Duration is amount of time where
virus load was above the LOD1
level. Peak is time to virus peak
shedding. B) Zoomed in plot of
the first 7 days to better show the
initial increase and peak. Curves
and shaded regions indicate
means and credible intervals of
the fitted time series Bayesian
model. LOD1 and LOD2

lines indicate the 2 different

dose, though with overlap of the credible intervals
for all doses. Similar to results for the main analysis,
an increase in dose led to earlier onset and peak of
shedding. Duration of shedding and total virus load
concentration also suggested the highest levels at in-
termediate doses, although again with overlap in un-
certainty estimates. Symptom onset was earlier, and
the CSS measure increased, with no noticeable effect
on the MVS measure.

In the second sensitivity analysis, we included 1
person infected after receiving the lowest dose (0.48
RT-PCR units). For this dataset, we found similar pat-
terns of increasing total virus shedding in feces and
vomit as dose increased. Also consistent with those
results, onset and peak of shedding occurred earlier

limits of detection. Missing values attributable to limits of detection were treated as censors (Appendix, https://wwwnc.cdc.gov/EID/
article/29/7/23-0117-App1.pdf). AUC, area under virus concentration curve; GEC, genomic equivalent copies; LOD, limit of detection;

RT-PCR, reverse transcription PCR.
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Figure 3. Associations between
4 characteristics of fecal viral
shedding kinetics and levels of
inoculum dose in patients in study
of the effect of norovirus inoculum
dose on virus kinetics, shedding,
and symptoms. A) Shedding
onset (time at which virus load
reaches limit of detection 1).

B) Time to virus peak shedding.
C) Shedding duration (amount of
time where virus load was above
limit of detection 1). D) Total

virus load (area under the fitted
trajectory). Lines and shaded
regions indicate means and 95%
credible intervals of the posterior
samples of the fitted time

series model. RT-PCR, reverse
transcription PCR.

but duration of shedding and total virus load con-
centration did not change noticeably. Symptom onset
was earlier and stronger based on the CSS measure,
with no noticeable effect on the MVS.

The categorical analysis suggested similar pat-
terns but supported, albeit very tentatively, that in-
termediate dose might be associated with the high-
est level of shedding. However, because only a single
person fell into the lowest-dose category, a categori-
cal analysis that included that person did not seem
to be useful, so we did not perform such an analysis.

In time series models, we treated values below
the limits of detection as censors. In other virus shed-
ding models, we additionally performed 2 sensitivity
analyses to explore the effect of choices for the values
that are below the limits of detection. The conclusions
remained consistent (Appendix).

Discussion

We explored the effect of norovirus inoculum dose
on infection and disease outcomes, an important gap
in the literature. We found that an increased dose
was associated with a faster onset and peak of virus
shedding in feces (Figure 3, panel A, B) but not with
fecal shedding duration and total virus concentra-
tion (Figure 3, panel C, D). A trend toward increased
total shedding was noted for both feces and vomit
(Figure 1). Our analysis also showed a pattern of
accelerated onset of symptoms. Symptom severity

Emerging Infectious Diseases « www.cdc.gov/eid ¢ Vol. 29, No. 7, July 2023

showed an increase with inoculum dose for the CSS
measure but not the MVS measure (Figure 4), pos-
sibly because only some symptoms are affected by
dose, and those symptoms are captured by CSS but
not MVS (Appendix). An increase in symptoms de-
spite no noticeable change in virus load suggests
that symptoms are mostly immune-mediated. We
found mild evidence that a high virus growth rate
associated with increased symptoms (Appendix);
thus, a more rapid initial virus growth might trig-
ger a stronger immune response. This finding could
be tested in studies that measure components of the
ensuing immune response.

Findings similar to ours have been reported for
other enteric pathogens. The clinical manifestation of
typhoid illness appears to be independent of inocu-
lum dose, whereas the onset of symptoms was more
rapid after a higher infectious dose (34). More rapid
onset of symptoms after a larger infectious dose has
also been observed with cholera infections (35). This
finding could suggest a general pattern of dose-de-
pendent incubation periods for enteric diseases. We
did not find evidence of presymptomatic virus shed-
ding, which could be attributable to the fact that di-
arrhea and vomit were considered as symptoms in
our research, which explains the similar time of virus
shedding onset time and incubation period.

The association between dose and severity
might partially explain the results of several recent
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Figure 4. Association between
inoculum dose and symptoms
in patients in study of the effect
of norovirus inoculum dose on
virus kinetics, shedding, and
symptoms. A) Incubation period
(i.e., time between infection

and onset of first symptoms).

B) Severity using the modified
Vesikari score. C) Severity using
the comprehensive symptom
score. Circles show raw data for
participants. Lines and shaded
regions indicate means and
95% credible intervals of the
fitted Bayesian model. RT-PCR,
reverse transcription PCR.

norovirus vaccine candidates. Those vaccines have
shown limited effectiveness at reducing the risk for
infection but do seem to reduce disease outcomes
(6,36). Perhaps protection induced by current vac-
cine candidates (assumed to be mainly mediated by
antibodies) is not enough to provide sterilizing im-
munity and thus prevent infection but can reduce
the effective dose that starts an infection and thereby
reduce symptoms. This pattern would be consistent
with our findings here.

However, it is unclear what the typical norovirus
dose is for natural infections and how that dose com-
pares with the doses chosen in the challenge study data
we analyzed. This uncertainty limits any possibility to
generalize results obtained from challenge studies to
natural infections or the potential role of vaccine can-
didates at influencing the effective inoculum size that
starts an infection. Thus, potential clinical or epidemio-
logic implications of changes in dose for natural infec-
tions will need to await further investigations to de-
termine the potential applicability of challenge study
results to such natural infection settings.

Our analysis was a secondary data analysis of a
limited number of persons, which resulted in wide
credible intervals and constrained further explora-
tions of nonlinear models. The associations we found
may not equal to causality. As such, our results should
be considered exploratory and need to be confirmed
in future studies. Further studies, ideally with larger
sample sizes, are needed. Larger sample sizes might
also allow for stratification on the basis of host char-
acteristics, which could yield information regarding
possible interactions between host characteristics and
dose-outcome relationships.

In conclusion, if we can assume that the associa-
tions we found have an underlying causal relation
(something that needs to be confirmed in future stud-
ies), our results suggest that norovirus dose might
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affect some infection outcomes while not influencing
others. Thus, when comparing results across chal-
lenge studies or trying to combine data from multiple
studies for analysis, some care must be taken if dos-
es are different. In some instances, combining data
across studies seems reasonable, such as combining
data from multiple studies to focus on viral shedding.
However, for symptom-related outcomes and quan-
tities that focus on norovirus infection kinetics, dose
differences might lead to differences between studies
that prohibit easy comparison.
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Estimating Waterborne Infectious
Disease Burden by Exposure Route,
United States, 2014

Megan E. Gerdes,* Shanna Miko,* Jasen M. Kunz, Elizabeth J. Hannapel,
Michele C. Hlavsa, Michael J. Hughes, Matthew J. Stuckey, Louise K. Francois Watkins,
Jennifer R. Cope, Jonathan S. Yoder, Vincent R. Hill, Sarah A. Collier

More than 7.15 million cases of domestically acquired
infectious waterborne illnesses occurred in the United
States in 2014, causing 120,000 hospitalizations and
6,600 deaths. We estimated disease incidence for 17
pathogens according to recreational, drinking, and non-
recreational nondrinking (NRND) water exposure routes
by using previously published estimates. In 2014, a total
of 5.61 million (95% credible interval [Crl] 2.97-9.00 mil-
lion) illnesses were linked to recreational water, 1.13 mil-
lion (95% Crl 255,000—3.54 million) to drinking water, and
407,000 (95% Crl 72,800—1.29 million) to NRND water.
Recreational water exposure was responsible for 36%,
drinking water for 40%, and NRND water for 24% of hos-
pitalizations from waterborne illnesses. Most direct costs
were associated with pathogens found in biofilms. Esti-
mating disease burden by water exposure route helps
direct prevention activities. For each exposure route, wa-
ter management programs are needed to control biofilm-
associated pathogen growth; public health programs are
needed to prevent biofilm-associated diseases.

aterborne infectious diseases substantially af-

fect public health in the United States, despite
widespread treatment and disinfection of drinking
water systems and recreational water venues such as
swimming pools and hot tubs. Cases of waterborne
infections are estimated at >7.15 million annually in
the United States, causing 120,000 hospitalizations
and 6,600 deaths (1). Pathogens found in biofilms,
such as nontuberculous mycobacteria (NTM) and
Legionella bacteria, are predominant causes of hos-
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pitalizations and deaths from waterborne diseases
in the United States. Waterborne pathogen exposure
routes include swimming, drinking water, bathing, or
breathing in aerosolized water.

Before widespread application of drinking water
disinfection treatments, cholera and typhoid were
major causes of death in the United States. Supply-
ing treated, safe drinking water dramatically reduced
the incidence of those diseases; in the past 50 years,
outbreaks from large public drinking water systems
have occurred less frequently (2-4), likely because
of operational regulations and improvements. How-
ever, aging infrastructures and climate change nega-
tively affect drinking water systems (5). Furthermore,
43 million US residents are served by private wells or
domestic water systems that are not regulated by the
Environmental Protection Agency Safe Drinking Wa-
ter Act, leaving homeowners responsible for main-
taining and monitoring water quality in their wells
(6). During 1971-2008, one third of reported disease
outbreaks from drinking water were linked to private
wells (7). The complexity of water distribution has also
increased; 6 million miles of plumbing inside build-
ings (known as premise plumbing) support drinking
water, sanitation, hygiene, cooling, and heating needs
in the United States (8,9). Premise plumbing water
quality can be compromised when water is stagnant
or disinfectant concentrations are reduced, thereby
promoting microbial pathogen growth and biofilm
formation (10). Exposure to biofilm-related patho-
gens can occur through contact with, ingestion of, or
aerosol inhalation of contaminated water from differ-
ent sources, such as showerheads, hot tubs, building
cooling towers, or decorative fountains.

Filtration and chlorination of water in swim-
ming pools to remove and inactivate pathogens were

These first authors contributed equally to this article.
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introduced in the early 1900s. Illnesses caused by rec-
reational water contact still occur, partly because of
lack of national standards across the United States for
treated recreational water venues, such as pools, hot
tubs, and splash pads, and design innovations that
have increased venue sizes and complexity and have
changed how persons are exposed (e.g., increased hot
tub water aerosols).

Swimming in untreated recreational water ven-
ues (lakes, rivers, and oceans) can cause outbreaks
predominantly linked to norovirus, Shiga toxin-
producing Escherichia coli, Cryptosporidium spp., and
Shigella spp. (11,12). Those enteric pathogens can be
introduced into untreated recreational water through
human feces or vomit, stormwater runoff, sewage or
septic system malfunctions, or animal waste and can
then be transmitted to persons who ingest the con-
taminated water.

Annual incidences of illness associated with
drinking water in community drinking water systems
have been estimated at 4-20 million (13-16). Illnesses
associated with recreational contact with untreated or
natural waters have also been estimated (17,18), and
1 study reported 90 million illnesses annually attrib-
utable to recreational water exposure. We previously
estimated the overall burden of waterborne diseases
in the United States (1). In this study, we quantified
exposure-specific diseases from 3 water sources —rec-
reational, drinking, and nonrecreational nondrinking
(NRND) water — by using a multiplier model of sur-
veillance data from 2014. Our goals were to estimate
disease burdens by water exposure route, help guide
disease prevention measures, determine key preven-
tion partners, and prioritize limited resources.

Methods

We apportioned waterborne diseases to recreational,
drinking, or NRND water categories as previously
described in a structured expert judgment study (19)
(Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/29/7/23-0231-Appl.pdf). Recreational water
is defined as water used for recreational activities,
such as aquatic venues or natural bodies of water.
Drinking water is used primarily for drinking but
can include other domestic uses, such as washing or
showering. Drinking water can come from a public
water system, private well, or commercially bottled
sources. NRND water is used for purposes other
than recreation or consumption, such as agriculture,
manufacturing or cooling equipment, or medical
treatment; this category also includes backcountry
streams and flood waters. Examples of diseases trans-
mitted by NRND water include Legionnaires” disease
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associated with a cooling tower, giardiasis transmit-
ted by drinking untreated water from a stream, and
Vibrio spp. wound infections after wading through
flood waters.

We estimated the total number of cases for 17
diseases or syndromes in 2014 in the United States
(Appendix): acute otitis externa, campylobacteriosis,
cryptosporidiosis, giardiasis, Legionnaires” disease,
NTM infection, norovirus infection, Pseudomonas
pneumonia, Pseudomonas septicemia, salmonellosis
(nontyphoidal), Shiga toxin-producing Escherichia
coli infection with an O157 or non-O157 serogroup,
shigellosis, and vibriosis caused by Vibrio alginolyti-
cus, V. parahaemolyticus, V. vulnificus, and other non-
V. cholerae spp. (1) (Appendix Table 2). We divided
total waterborne disease estimates previously report-
ed (1) by structured expert judgment study estimates
(19) to produce 2014 burden estimates for recreation-
al, drinking, and NRND water exposure (Appendix
Table 3). We quantified direct healthcare costs of
treat-and-release emergency department (ED) visits
and hospitalizations, measured by insurers and out-
of-pocket payments, by using MarketScan data, as
previously described (1).

We used anonymized administrative surveil-
lance and literature data from 2000-2015 and based
all estimates on the 2014 US population (318.6 million
persons); at the time of analysis, 2014 was the most
recent year for which all data were available. Data
sources have been described previously (1). We esti-
mated values by using probabilistic multiplier mod-
els (Appendix); each model input had an associated
uncertainty estimate represented by a distribution of
plausible values (Appendix Figure). Uncertainty in
final estimates for each type of water exposure was
a cumulative effect, incorporating the uncertainties
of each model input (1,19). We obtained count distri-
butions by using 100,000 iterations to generate point
estimates of means and corresponding 95% credible
intervals (Crls; the 2.5th-97.5th percentiles of empiri-
cal distribution). We generated all-disease totals for
each outcome by sampling from the distributions
generated for each disease. We used SAS version 9.4
(SAS Institute, https://www.sas.com) and R ver-
sion 3.5.1 (The R Project for Statistical Computing,
https:/ /www.r-project.org) for analyses.

Results

llinesses

In 2014, a total of 5.61 million (95% CrI 2.97-9.00 mil-
lion) domestically-acquired infectious waterborne
illnesses were associated with recreational water,
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1.13 million (95% Crl 255,000-3.54 million) with
drinking water, and 407,000 (95% Crl 72,800-1.29
million) with NRND water (Table 1). Acute otitis
externa caused most illnesses associated with rec-
reational water (79%) and NRND water (27%), and
norovirus infection was the leading illness associ-
ated with drinking water (53%).

ED visits

Recreational water exposure was linked to =552,000
(95% Crl 320,000-808,000) ED visits, drinking water
to 31,600 (95% Crl 4,070-133,000) visits, and NRND
water exposure to 17,200 (95% Crl 951-69,400) visits
(Table 2). Acute otitis externa caused the most ED vis-
its for each water exposure: 97% of those associated
with recreational water, 48% associated with drink-
ing water, and 78% associated with NRND water.

Hospitalizations

Recreational water was linked to ~42,300 (95% Crl
26,500-63,000), drinking water to 47,700 (95% Crl
24,600-72,800), and NRND water to 27,900 (95%
Crl 13,200-48,900) hospitalizations (Table 3). Acute
otitis externa caused most (52%) hospitalizations
associated with recreational water exposure; NTM
infections caused most hospitalizations associ-
ated with drinking water (73%) and NRND water
(37%) exposures.

Deaths

Recreational water exposure was linked to 1,290
(95% Crl 591-2,520) deaths, drinking water to 3,300
(95% Crl 1,630-5,180) deaths, and NRND water ex-
posure to 2,040 (95% Crl 909-3,690) deaths (Table
4). NTM infections caused most deaths for each wa-
ter exposure type; 37% of NTM-related deaths were
associated with recreational water, 78% with drink-
ing water, and 37% with NRND water.

Direct healthcare costs for ED visits and hospitalizations
Illnesses associated with drinking water represent-
ed the largest portion (42%) of combined costs, to-
taling $1.39 billion (95% Crl $364.00 million-$4.81
billion) (Figure; Appendix Tables 4, 5). Illnesses as-
sociated with recreational water exposures repre-
sented 32%, totaling $1.07 billion (95% Crl $439.00
million-$2.67 billion) of combined costs; illnesses
associated with NRND exposures made up 26%,
totaling $871.00 million (95% Crl $240.00 mil-
lion-$2.64 billion) of combined costs. Four infection
types accounted for 89% of $3.33 billion total costs;
NTM infection was responsible for 46 %, acute otitis
externa for 17%, Pseudomonas pneumonia for 14%,
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and Legionnaires” disease for 12% of combined
costs (Appendix Tables 4, 5).

Discussion
Of the estimated 7.15 million infectious waterborne
illnesses in 2014 in the United States, 78 % of illnesses
were attributed to recreational water, 16% to drink-
ing water, and 6% to NRND water. Drinking water
exposure caused 40% of hospitalizations and 50% of
deaths, recreational water exposure 36% of hospital-
izations and 20% of deaths, and NRND exposure 24 %
of hospitalizations and 30% of deaths. ED visits and
hospitalizations from exposure to drinking or recre-
ational water exposure cost >$2 billion annually.
Acute otitis externa, which can be acutely pain-
ful and cause itchiness, drainage, and swelling, was
the most common recreational water-associated ill-
ness. Risks for acute otitis externa have been corre-
lated with water quality measures, levels of Pseudo-
monas and other pathogens in water, and increased
bather load in recreational water venues in some
studies but not others (20-23). Water can displace
the protective coating of cerumen (ear wax) in the
ear canal, leaving the outer ear more vulnerable to
infection by endogenous flora. Whether otitis exter-
na is caused by endogenous flora or contamination
introduced by water remains unclear. In the struc-
tured expert judgment study (19), experts were
asked to consider this question while estimating
the proportion of otitis externa transmitted through
water versus other pathways. They estimated 81%
(95% uncertainty interval 67%-95%) of Pseudomonas
otitis externa was transmitted through water (19).
In response to the absence of national standards for
recreational water venues, the Centers for Disease
Control and Prevention (CDC) participated in the
development and updating of the Model Aquatic
Health Code (MAHC) (24). For treated water ven-
ues, the MAHC includes guidance for health au-
thorities and aquatics sector to minimize risks for
acute otitis externa and other illnesses and injuries
(24,25). For both treated and untreated venues, risk
for acute otitis externa can be minimized by keep-
ing ears as dry as possible when swimming and en-
suring ears are dry after swimming. Recreational
swimmers and parents of young swimmers can
educate themselves about steps to minimize the
risks for infection from enteric pathogens at trusted
sites, such as the CDC’s healthy swimming web-
page (26). Signage at treated and untreated recre-
ational water venues (12) and adoption of CDC’s
MAHC for treated public recreational water ven-
ues can further improve prevention. The number of
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illnesses and ED visits for acute otitis externa
caused by drinking water exposure might seem
counterintuitive, but drinking water was defined
as water used for drinking, bathing, or showering.

Cryptosporidium and Legionella spp. infections in
humans were identified in the late 1970s, and out-
breaks associated with those pathogens in treated
recreational water venues were identified soon after.
In subsequent decades, reported incidences of treated
recreational water-associated outbreaks increased
substantially; Cryptosporidium, Legionella, and Pseudo-
monas spp. were the predominant etiologies (27). P.
aeruginosa is a major cause of acute otitis externa and
folliculitis or hot tub rash in addition to pneumonia
and septicemia (28). Infectious Cryptosporidium sp.
oocysts have tough outer shells that provide extreme
chlorine tolerance, whereas Legionella and Pseudomo-
nas spp. thrive in biofilms, where they are protected
from chlorine inactivation.

Reported infectious disease outbreaks associated
with public drinking water systems have decreased
since the 1970s, likely because of federal manage-
ment and treatment regulations that address enteric
pathogens (3). However, outbreaks associated with
individual water systems, such as private wells, and
premise plumbing deficiencies have not decreased
(3). Our analysis affirms that most hospitalizations
and deaths associated with drinking water exposure

were linked to biofilm-associated pathogens, not to
pathogens causing enteric disease. Legionella bacteria
are biofilm-associated pathogens and have become
the most frequently reported cause of disease out-
breaks associated with drinking water. Our analysis
revealed that NTM infections were the leading cause
of drinking water-associated illnesses, ED visits, hos-
pitalizations, and deaths; NTM infections were the
most common cause of death associated with all 3
water exposure routes. However, NTM infections are
not nationally notifiable diseases; thus, cases are not
consistently reported to public health authorities and
outbreaks might remain undetected. Improving NTM
illness reporting could lead to greater outbreak de-
tection and inform disease prevention strategies for
water systems. The Council of State and Territorial
Epidemiologists has a standardized case definition
for extrapulmonary NTM infections (opportunistic
infections of wounds, soft tissue, or joints) to increase
reportability, ensure consistency in reporting, and
help identify outbreaks (29). Thus far, the state of Or-
egon has adopted this definition for their surveillance
program (30), and other sites are piloting NTM sur-
veillance programs (31).

NRND water includes water used for agriculture,
such as for irrigation or livestock; industry, such as
manufacturing or cooling equipment; medical pro-
cedures, such as medical devices, washing surgical

Table 1. Number of cases of selected domestically acquired illnesses from different water sources in study estimating waterborne

infectious disease burden by exposure route, United States, 2014*

Water exposure route, no. cases (95% Crl)

Disease or syndrome Recreational watert

Drinking watert NRND water§

Acute otitis externa
Campylobacteriosis
Cryptosporidiosis
Giardiasis

Legionnaires’ disease

NTM infection

Norovirus infection
Pseudomonas pneumonia
Pseudomonas septicemia
Salmonellosis, nontyphoidal

4,430,000 (2,170,000—7,020,000)
54,900 (0-307,000)
211,000 (27,700-718,000)
204,000 (26,900-552,000)
1,000 (174-3,810)

8,630 (0-29,700)
626,000 (1,930—2,960,000)
7,600 (996-16,200)

417 (23-1,940)

14,000 (343-67,500)

126,000 (0-891,000)
75,400 (40-366,000)
76,400 (957-362,000)

137,000 (6,070-445,000)
5,760 (2,030-9,160)
46,400 (17,400-78,200)
604,000 (1,800—2,890,000)
935 (62-4,750)

929 (25-3,710)
57,700 (3,050-214,000)

111,000 (0-521,000)
40,900 (0-257,000)
34,400 (37-177,000)
74,100 (41-329,000)
4,250 (1,360~7,890)
13,800 (0-38,200)
102,000 (2-792,000)
7,380 (1,330-15,900)
4,410 (481-11,500)
5,320 (72-31,000)

STEC infection
0157 serotype
Non-O157 serotype

2,300 (188-9,260)
5,780 (0-23,600)

887 (33-4,220)
1,360 (0-8,820)

163 (0-1,050)
4,300 (0~18,000)

Shigellosis

13,200 (667-60,900)

586 (0-3,920) 3,450 (71-18,800)

Vibrio spp. infections 33,500 (184-20,300) 342 (2-210) 759 (3-277)
V. alginolyticus 12,300 (3,500-24,900) 93 (0-564) 248 (0-2,330)
V. parahaemolyticus 20,300 (4,950-38,600) 210 (0-1,900) 277 (0-2,490)
V. vulnificus 184 (82-274) 2 (0-18) 3 (0-45)
Other Vibrio spp. 610 (0-5,050) 38 (0-270) 231 (0-1,350)

Total illnesses

5,610,000 (2,970,000-9,000,000)

1,130,000 (255,000-3,540,000) 407,000 (72,800-1,290,000)

*Estimates are rounded to 3 significant figures. Crl, credible interval; NRND, nonrecreational nondrinking; NTM, nontuberculous mycobacteria; STEC,
Shiga toxin—producing Escherichia coli.
TRecreational water is used for recreational activities, such as swimming, in treated (e.g., pools, hot tubs, and splash pads) or untreated (e.g., lakes,

rivers, and oceans) venues (19).

$Drinking water is used primarily for drinking but can also be used for maintaining hygiene, such as for washing or showering, and can come from public
water systems, private wells, or commercially bottled sources (19).
8NRND water is used for purposes other than recreation or drinking (e.g., for agriculture, industry, or medical procedures) and can come from
backcountry streams or flood waters (19).
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Table 2. Number of emergency department visits for selected domestically acquired illnesses from different water sources in study
estimating waterborne infectious disease burden by exposure route, United States, 2014*
Water exposure route, no. visits (95% Crl)

Disease or syndrome Recreational watert Drinking watert NRND water§
Acute otitis externa 538,000 (309,000-793,000) 15,300 (0-111,000) 13,500 (0-63,500)
Campylobacteriosis 102 (0-534) 140 (0-630) 76 (0-468)
Cryptosporidiosis 323 (69-732) 117 (2-413) 53 (0-228)
Giardiasis 278 (36-755) 187 (8-615) 102 (0—453)
Legionnaires’ disease 61 (8-234) 349 (96-722) 257 (66-585)
NTM infection 636 (0-2,200) 3,420 (1,240-5,980) 1,020 (0-2,850)
Norovirus infection 12,300 (39-57,200) 11,900 (36-56,100) 2,020 (0-15,700)
Pseudomonas pneumonia 139 (18-307) 17 (1-87) 135 (24-301)
Pseudomonas septicemia 3(0-12) 6 (0-26) 28 (1-85)
Salmonellosis, nontyphoidal 35 (0-168) 145 (8-514) 14 (0-78)
STEC infection

0157 serotype 8 (0-25) 3(0-12) 0 (0-3)

Non-0157 serotype 2 (0-9) 0 (0-3) 2 (0-7)
Shigellosis 49 (3-236) 2 (0-15) 13 (0-62)
Vibrio spp. infections{ NA NA NA
Total visits 552,000 (320,000-808,000) 31,600 (4,070-133,000) 17,200 (951-69,400)

*Estimates are rounded to 3 significant figures. Crl, credible interval; NA, not applicable; NRND, nonrecreational nondrinking; NTM, nontuberculous
mycobacteria; STEC, Shiga toxin—producing Escherichia coli.

TRecreational water is used for recreational activities, such as swimming, in treated (e.g., pools, hot tubs, and splash pads) or untreated (e.g., lakes,
rivers, and oceans) venues (19).

$Drinking water is used primarily for drinking but can also be used for maintaining hygiene, such as for washing or showering, and can come from public
water systems, private wells, or commercially bottled sources (19).

8NRND water is used for purposes other than recreation or drinking (e.g., for agriculture, industry, or medical procedures) and can come from
backcountry streams or flood waters (19).

fNo codes from the International Classification of Diseases, 9th Revision, Clinical Modification, are available for Vibrio spp. infections, only a general code
for vibriosis and cholera combined. Emergency department visit estimates relied on administrative data that used those codes and are available only for
Vibrio infections overall.

tools and equipment, and hydrotherapy; and back- 2 billion gallons were used for livestock, 118 billion
country streams or floodwaters (19). NRND water gallons for irrigation, 7.55 billion gallons for aquacul-
made up 87% of the 322 billion gallons of water used ture, and 133 billion gallons for thermoelectric power
each day in the United States in 2015; of that volume, (6). NRND water is associated with a small portion of

Table 3. Number of hospitalizations for selected domestically acquired ilinesses from different water sources in study estimating
waterborne infectious disease burden by exposure route, United States, 2014*
Water exposure route, no. hospitalizations (95% Crl)

Disease or syndrome Recreational watert Drinking watert NRND water§
Acute otitis externa 22,000 (12,700-32,400) 628 (0—4,590) 553 (0-2,630)
Campylobacteriosis 690 (0-3,700) 947 (0-4,410) 513 (0-3,190)
Cryptosporidiosis 734 (56-2,560) 265 (3-1,260) 119 (0-625)
Giardiasis 540 (71-1,470) 362 (16—1,180) 196 (0-870)
Legionnaires’ disease 985 (171-3,740) 5,650 (1,990-8,990) 4,170 (1,340-7,740)
NTM infection 6,440 (0-22,200) 34,600 (13,000-58,000) 10,300 (0-28,400)
Norovirus infection 2,240 (7-10,300) 2,170 (7-10,100) 367 (0-2,840)
Pseudomonas pneumonia 7,390 (970-15,700) 909 (60—4,620) 7,170 (1,290-15,400)
Pseudomonas septicemia 405 (22-1,890) 903 (24-3,600) 4,290 (468-11,100)
Salmonellosis, nontyphoidal 275 (6-1,360) 1,140 (56—4,400) 105 (1-617)
STEC infection

0157 serotype 95 (8-364) 36 (1-165) 7 (0-42)

Non-O157 serotype 38 (0-165) 9 (0-61) 28 (0-126)
Shigellosis 188 (8-886) 8 (0-56) 49 (0-264)
Vibrio spp. infections 243 (3-157) 2 (0-1) 5 (0-3)

V. alginolyticus 25 (7-57) 0 (0-1) 0 (0-5)

V. parahaemolyticus 58 (14-111) 0 (0-5) 0 (0-7)

V. vulnificus 157 (69-239) 1(0-15) 3(0-38)

Other Vibrio spp. 3 (0-27) 0 (0-2) 1(0-7)
Total hospitalizations 42,300 (26,500-63,000) 47,700 (24,600-72,800) 27,900 (13,200-48,900)

*Estimates are rounded to 3 significant figures. Crl, credible interval; NRND, nonrecreational nondrinking; NTM, notuberculous mycobacteria; STEC,
Shiga toxin—producing Escherichia coli.

TRecreational water is used for recreational activities, such as swimming, in treated (e.g., pools, hot tubs, and splash pads) or untreated (e.g., lakes,
rivers, and oceans) venues (19).

$Drinking water is used primarily for drinking but can also be used for maintaining hygiene, such as for washing or showering, and can come from public
water systems, private wells, or commercially bottled water sources (19).

8NRND water is used for purposes other than recreation or drinking (e.g., agriculture, industry, or medical procedures) and can come from backcountry
streams or flood waters (19).
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Table 4. Number of deaths from selected illnesses domestically acquired from different water sources in study estimating waterborne

infectious disease burden by exposure route, United States, 2014*

Water exposure route, no. deaths (95% Crl)

Disease or syndrome Recreational watert Drinking watert NRND water§
Acute otitis externa 208 (98-352) 6 (0-41) 5 (0-24)
Campylobacteriosis 9 (0-65) 12 (0-81) 6 (0-49)
Cryptosporidiosis 16 (0-96) 6 (0—46) 3 (0-22)
Giardiasis 0 (0-3) 0 (0-2) 0 (0-2)
Legionnaires’ disease 91 (15-347) 520 (180-858) 384 (122-727)
NTM infection 476 (0-1,650) 2,560 (950—4,370) 763 (0-2,110)
Norovirus infection 25 (0-116) 25 (0-114) 4 (0-32)
Pseudomonas pneumonia 349 (44-795) 43 (3-213) 339 (68-779)
Pseudomonas septicemia 50 (3-236) 112 (3—-449) 532 (58-1,390)
Salmonellosis, nontyphoidal 4 (0-24) 18 (0-79) 2 (0-11)
STEC infections

0157 serotype 1(0-12) 0 (0-5) 0 (0-0)

Non-O157 serotype 0 (0-6) 0 (0-1) 0 (04)
Shigellosis 0 (0-7) 0 (0-0) 0 (0-2)
Vibrio spp. infections 58 (0-53) 0 (0-0) 1 (0-0)

V. alginolyticus 1(0-4) 0 (0-0) 0 (0-0)

V. parahaemolyticus 4 (0-9) 0 (0-0) 0 (0-0)

V. vulnificus 53 (21-84) 0 (0-5) 0 (0-13)

Other Vibrio spp. 0(0-2) 0 (0-0) 0 (0-0)

Total deaths 1,290 (591-2,520)

3,300 (1,630-5,180) 2,040 (909-3,690)

*Estimates are rounded to 3 significant figures. Crl, credible interval; NRND, nonrecreational nondrinking; NTM, nontuberculous mycobacteria; STEC,

Shiga toxin—producing Escherichia coli.

TRecreational water is used for recreational activities (e.g., swimming) in treated (e.g., pools, hot tubs, and splash pads) or untreated (e.g., lakes, rivers,

and oceans) venues (19).

$Drinking water is used primarily for drinking but can also be used for hygiene activities, like washing or showering, and can come from a public water

system, a private well, or commercially bottled sources (19).

8NRND water is used for purposes other than recreation or drinking (e.g., for agriculture, industry, medical treatment, backcountry streams, or flood

waters) (19).

reported waterborne illnesses but is responsible for
one quarter of waterborne disease-associated hospi-
talizations and one third of associated deaths.

Waterborne pathogens, such as NTM, Pseudo-
monas spp., and Legionella spp., occur naturally in
freshwater and can colonize other environments,
particularly large complex equipment that is not
properly maintained. Those pathogens are aerosol-
ized in water droplets produced during use, which
can be inhaled. Water management programs are
recommended to minimize growth and spread of
pathogens in engineered systems (32-34). Resourc-
es can be found on the CDC Environmental Health
Services safe water program webpage (35), guide for
developing a water management program to reduce
Legionella growth and spread in buildings (36), Le-
gionella control toolkit (37), and guide for reducing
risk from water (38). Water management programs
in healthcare facilities are also critical for protecting
vulnerable patient populations, staff, and visitors
and might require specific considerations for a wide
range of biofilm-associated pathogens, including
NTM, Pseudomonas, and Legionella spp. (39-42). In-
terdisciplinary collaboration is needed for planning
future management of complex water systems and
investigating illnesses and outbreaks.

Reducing risks for illness from biofilms in wa-
ter systems is difficult. Biofilms can persist despite
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standard water treatment processes. Biofilms are
complex ecosystems; control is complicated by
structural issues (e.g., pipe characteristics), system
operational issues (e.g., water age, temperature, and
residual disinfectants), and water end-user behav-
iors. Changes designed to reduce prevalence of 1
microbial constituent can sometimes produce unin-
tended consequences, such as proliferation of NTM,
if a comprehensive approach to biofilm control is
not considered (43). NTM are persistent pathogens;
despite standard treatment, NTM species have been
recovered from surface water treatment plants, bio-
films in sand filters, ozonated water, biofilms from
granular activated carbon filters, and activated car-
bon-filtered water. Even municipal systems that in-
corporate full treatment chains, including 2 filtration
and 2 disinfection stages, might not effectively pre-
vent NTM growth (44). Because climate change con-
tinues to create extreme weather events and increase
water temperatures, more stress will be placed on
aging water infrastructure; biofilm-associated patho-
gens will continue to proliferate (5), highlighting the
need for biofilm-focused control programs.
Prevention of biofilm-associated organisms is
an emerging field, and more scientific evidence is
needed to determine best practices for public water
systems and premise plumbing and identify effective
prevention strategies for homeowners and building
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managers. Persons can reduce their risk for illness
from a biofilm-associated pathogen by flushing
rarely used faucets and showerheads, flushing water
heaters, and maintaining specific water heater tem-
peratures. Resources for risk reduction can be found
on CDC’s Preventing Waterborne Germs at Home
webpage (45).

Most previous waterborne infectious disease
estimates are not directly comparable with results
from this study because of differing methods used to
generate estimates. Many studies have attempted to
estimate a burden for 1 disease or aspect of drinking
or recreational water exposure. Two studies from a
workshop convened by CDC and the Environmen-
tal Protection Agency used 2 different methods to
estimate the number of cases of acute gastrointes-
tinal illness in public drinking water systems only.
Those studies estimated 4-16 million acute gas-
trointestinal illness cases per year (13,16). A 2008
study estimated all illnesses associated with public
drinking water systems at 19 million cases per year
(14). Previous publications have used cohort stud-
ies to estimate gastrointestinal illness from water
recreational activities and percentages of economic
burden from recreational water exposure (17,46).
In Canada, rates for waterborne disease per 100,000
persons were estimated by using literature, clinical
input, and administrative data (47). Our estimates
differ from previous work because we focused on
specific pathogens, including those causing nongas-
trointestinal diseases, and we provide estimates for
Figure. Direct healthcare costs
for emergency department
visits and hospitalizations in
study estimating waterborne
infectious disease burden by
exposure route, United States,

2014. Estimated combined costs
are shown in US dollars for
selected domestically acquired
waterborne ilinesses for each
exposure route. Estimates
were rounded to 3 significant
figures. NRND water is used for
purposes other than recreation
or drinking (e.g., agriculture,
industry, medical treatment,
backcountry streams, or flood
waters); recreational water is
used for recreational activities
in treated (e.g., pools, hot tubs,
and splash pads) or untreated
(e.g., lakes, rivers, and oceans)
venues; drinking water is

used for drinking, washing, or

Waterborne Infectious Disease, United States, 2014

recreational water, drinking water, and NRND wa-
ter exposure routes.

The first limitation of our study is that the esti-
mates relied on a series of multipliers. Although we at-
tempted to account for uncertainty in the multiplier es-
timates, biased multipliers will yield biased estimates.
We used attribution estimates for proportions of dis-
ease caused by each water exposure route, derived
from a structured expert judgment study. Structured
expert judgment is used when data are sparse and re-
lies on expert opinion. Statistical techniques are used to
combine expert opinions into a single estimate with an
uncertainty interval. Various weighting techniques can
be used to increase accuracy or informativeness (nar-
rowness of the uncertainty interval), but tradeoffs be-
tween accuracy and informativeness occur. For some
individual estimates, including norovirus infection,
NTM infection, and acute otitis externa, uncertainty
intervals were wide, reflecting uncertainty about the
proportion of disease transmitted via water. Second,
as with previous waterborne disease burden estimates
(1), we included estimates of 17 infectious diseases that
had adequate data available. Other waterborne infec-
tious diseases were excluded, such as Pseudomonas fol-
liculitis or viral gastroenteritis not caused by norovi-
rus. We also excluded noninfectious diseases caused
by exposure to contaminated water, such as from lead
or harmful algae-derived toxins, and did not evaluate
long-term chronic effects of infectious or noninfectious
diseases. In addition, we excluded foodborne illnesses,
such as salmonellosis from lettuce or norovirus disease

showering and can come from a public water system, private well, or commercially bottled sources (19). NRND, nonrecreational

nondrinking; NTM, nontuberculous mycobacteria.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023

1363



RESEARCH

from shellfish, where contaminated water might have
been responsible. Third, this study used data from hos-
pital and ED billing databases. Billing records are not
medical records and might reflect diagnoses that result
in reimbursement from insurance companies rather
than true assessments by clinicians. Fourth, those bill-
ing databases use International Classification of Dis-
eases, 9th Revision, Clinical Modification, coding to
classify diagnoses; some illnesses might not perfectly
match existing codes. Fifth, we provide estimates for
2014, and illness burdens, healthcare costs, and clinical
practices have likely changed since then. Sixth, we as-
sumed that severity of illness was independent of ex-
posure route. For example, if salmonellosis was more
severe when transmitted by drinking water than by
recreational water, the multipliers used in calculating
estimates did not account for this. Seventh, many dis-
eases in this analysis might be more severe in persons
with compromised immunity, but we did not attempt
to apportion the burden of illness between waterborne
illnesses and immune status. Finally, reliably distin-
guishing between illnesses linked to premise plumb-
ing water exposure and distribution system exposure
was difficult, which was reflected in 95% Crl widths
for drinking water and NRND estimates for some
pathogens, including NTM. More research is needed
in this area because federal regulations for distribution
systems differ from building codes and state and local
laws that regulate premise plumbing.

In conclusion, quantifying the burden of illness
linked to drinking, recreational, and NRND water is
an essential factor for addressing biofilm-associated
pathogens, because prevention measures and vital
partners differ for each exposure route. Estimating
disease burden by water exposure route will help
direct prevention activities and prioritize limited re-
sources. Measures for preventing illnesses from recre-
ational water use, such as those in the MAHC for treat-
ed recreational water venues, could reduce disease
burden associated with recreational water exposure.
Incorporating water management programs and con-
trol measures for systems that are common sources of
biofilm pathogen exposure into building and public
health codes is crucial for reducing risks for biofilm-
associated pathogen exposure in drinking water and
NRND water systems (34). In addition, improved
surveillance and reporting of biofilm-associated ill-
nesses could lead to the timely detection and investi-
gation of outbreaks and inform disease prevention ac-
tivities. Interdisciplinary partnerships among public
health agencies and industries that use NRND water
are pivotal to reduce incidences of waterborne dis-
eases. For drinking water and NRND water systems,
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addressing factors that promote biofilm growth (stag-
nation, temperature, or lack of disinfection) could re-
duce growth of biofilm-associated pathogens. Facili-
ties that serve persons at increased risk for infections,
such as healthcare facilities, should review water
system design and operations to decrease risks from
biofilm-associated pathogens. Additional research on
the roles of pipe material, water chemistry, and op-
timal water distribution system management could
provide insights into improving prevention actions.
As climate change continues to place increased stress
on water systems, improved prevention and mainte-
nance strategies should be developed to prevent ill-
ness from all types of water exposure.
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As the most commonly reported vector-borne disease in the
United States, Lyme disease represents a significant economic burden
to individual people and US society. While approximately 476,000
cases of Lyme disease are diagnosed in the United States annually,
comprehensive economic evaluations are lacking. Using a
cost-of-illness analysis, researchers uncovered a substantial
financial burden that underscores the need for effective prevention
methods to reduce the incidence of Lyme disease in the US.

In this EID podcast, Dr. Sarah Hook, an epidemiologist at
CDC in Fort Collins, Colorado, discusses the economic
burden of Lyme disease in the United States.
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Highly Pathogenic Avian
Influenza Virus (H5N1)
Clade 2.3.4.4b Introduced
by Wild Birds, China, 2021

Jingman Tian,* Xiaoli Bai,* Minghui Li,* Xianying Zeng,* Jia Xu, Peng Li, Miao Wang,
Xingdong Song, Zhiguo Zhao, Guobin Tian, Liling Liu, Yuntao Guan, Yanbing Li, Hualan Chen

Highly pathogenic avian influenza (HPAI) subtype H5N1
clade 2.3.4.4b virus has spread globally, causing un-
precedented large-scale avian influenza outbreaks since
2020. In 2021, we isolated 17 highly pathogenic avian
influenza H5N1 viruses from wild birds in China. To de-
termine virus origin, we genetically analyzed 1,529 clade
2.3.4.4b H5N1 viruses reported globally since October
2020 and found that they formed 35 genotypes. The 17
viruses belonged to genotypes GO7, which originated
from eastern Asia, and G10, which originated from Rus-
sia. The viruses were moderately pathogenic in mice but
were highly lethal in ducks. The viruses were in the same
antigenic cluster as the current vaccine strain (H5-Re14)
used in China. In chickens, the H5/H7 trivalent vaccine
provided complete protection against clade 2.3.4.4b
H5N1 virus challenge. Our data indicate that vaccination
is an effective strategy for preventing and controlling the
globally prevalent clade 2.3.4.4b H5N1 virus.

he hemagglutinin (HA) gene of highly pathogenic

avian influenza subtype H5 viruses has evolved
into multiple clades (clades 0-9), and some clades are
further divided into subclades. Of the 2 dominant
clades, 2.3.2.1 has been further categorized into 7
(2.3.2.1a-g) and 2.3.4.4 have been further categorized
into 8 (2.3.4.4a-h) subclades (1-3). The World Organ-
isation for Animal Health reported that >8,000 out-
breaks of highly pathogenic avian influenza (HPAI)
subtype H5N1 clade 2.3.4.4b occurred in birds dur-
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ing October 2020-October 2022. Massive numbers of
birds across 4 continents (Europe, Asia, Africa, and
North America) were humanely killed directly or
indirectly by infection with clade 2.3.4.4b H5 HPAI
viruses (4).

H5 HPALI viruses of several clades have spread
intercontinentally through global migration of wild
birds. In 2005, clade 2.2 H5N1 virus spread by wild
birds caused numerous outbreaks in wild birds and
domestic poultry in countries throughout Asia, the
Middle East, Europe, and West Africa (5,6). In 2009,
clade 2.3.2 H5N1 virus caused problems mainly in
Asia and eastern Europe (7,8). In 2014, both clade
2.3.4.4b H5NS and clade 2.3.2.1c H5N1 viruses spread
and circulated in Eurasia, the Middle East, and Africa
(9-11). At the beginning of 2014, a clade 2.3.4.4c H5N8
virus emerged in South Korea and then circulated in
Eurasia and Africa. In 2015, that same virus spread to
North America and reassorted with local low patho-
genicity avian influenza (LPAI) viruses to produce
subtype H5N2, which circulated in the United States
during 2015-2016 (12,13). At the beginning of 2020,
clade 2.3.4.4b H5NS8 virus caused disease outbreaks
and destroyed poultry across Europe, after which it
spread to many countries in Asia (14,15). The H5N8
virus reassorted with different viruses and formed
several other subtypes of H5 viruses (e.g., H5N1,
H5N2, H5N3, H5N4, H5N5, and H5N6) in different
countries and regions. Among them, H5N1 became
the globally predominant variant (16,17). In late 2021,
the virus was carried across the Atlantic Ocean to
North America (18). The viruses caused huge ongo-
ing outbreaks in Europe and North America and led
to massive destruction of poultry and wild bird popu-
lations (4,19,20).

1These authors contributed equally to this article.
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Clade 2.3.4.4b H5 viruses have crossed the bird-
mammal barrier to infect humans and other mam-
mals. Since the beginning of 2020, human infection
with influenza A(H5N1) clade 2.3.4.4b viruses has
been detected in Spain, the United Kingdom of Great
Britain and Northern Ireland, the United States, Chi-
na, and Vietnam and reported to the World Health
Organization (21). Seven human infections caused by
influenza A(H5NS8) virus were reported in the Rus-
sian Federation (22), and some infections caused by
H5NG6 virus were reported in China in those 3 years
(2020-2022) (23). In addition, fatal 2.3.4.4b H5N1 in-
fection of some carnivorous mammals (e.g., foxes, ot-
ters, red foxes, skunks, coyotes, bobcats) and marine
mammals (e.g., harbor seals, dolphins) has been re-
ported in Europe and North America (24).

Clade 2.3.4.4b H5N1 virus has become a new
threat to the global poultry industry and to public
health. To learn more about its spatial transmission
and biological properties, we performed extensive
phylogeographic and epidemiologic analyses of the
globally circulating H5N1 viruses detected during
2020-2022, evaluated the pathogenicity of H5N1 from
China in mammalian and waterfowl hosts, compared
H5N1 antigenicity with that of the updated vaccine
candidate, and assessed the protective efficacy of
the current H5-Rel4 vaccine against challenge with
H5NT1 isolates.

All studies with live viruses were conducted in
a Biosafety Level 3 laboratory approved for such
use by the Harbin Veterinary Research Institute of
the Chinese Academy of Agricultural Sciences. All
experiments using animals were conducted in strict
accordance with recommendations in the Guide
for the Care and Use of Laboratory Animals of the
Ministry of Science and Technology of the People’s
Republic of China. The protocol was approved by

the Committee on the Ethics of Animal Experi-
ments of the Harbin Veterinary Research Institute
of the Chinese Academy of Agricultural Sciences
(approval nos.: duck, 211015-01; mouse, 211231-02;
chicken, 211112-01).

Materials and Methods

Sample Collection and Virus Isolation

During 2020-2021, we collected 7,421 fresh fecal
samples, 507 swab samples, and 6 tissue samples
from wild birds in accordance with the regular sur-
veillance of wild birds in China (Table). The sam-
ples were amplified in specific-pathogen-free (SPF)
chicken embryos, and the HA subtype was identified
by using the hemagglutinin inhibition (HI) test with
a panel of H1-H16 reference serum. We verified the
neuraminidase (NA) subtype by using reverse tran-
scription PCR analysis with a panel of N1-N9 sub-
type primers (reference serum and primer sequences
available on request). We identified host species by
using DNA barcoding with the cytochrome C oxi-
dase I mitochondrial gene (25).

Genome Sequencing and Phylogenic and
Phylodynamic Analyses

We extracted total influenza A virus RNA from the
allantoic fluid of virus-infected chicken embryos by
using the QIAmp Viral RNA Mini Kit (QIAGEN,
https:/ /www.qgiagen.com). We performed reverse
transcription PCR by using a panel of gene-specific
primers and sequenced the products by using an Ap-
plied Biosystems DNA analyzer (primers available
on request). The genetic information collected from
January 1, 2020, to October 17, 2022, was downloaded
from GISAID (https://www.gisaid.org) on October
17, 2022 (Appendix 1, https:/ /wwwnc.cdc.gov/EID/

Table. Avian influenza viruses isolated from wild bird samples collected in China, January 2020—December 2021*

Sample Virus
Date Province Feces Swab Tissue No. strains Subtype Pathotypet
2020
Jan Shanxi 700 0 0 2 H5N3 Low
Jan Heilongjiang 980 394 2 0 NA NA
Nov Anhui 1,017 0 0 17 Multiplet Low
Nov Ningxia 600 0 4 1 H5N2 Low
2021
Mar Anhui 700 0 0 0 NA NA
Mar Liaoning 600 0 0 0 NA NA
Apr Ningxia 450 0 0 0 NA NA
Apr Heilongjiang 750 0 0 0 NA NA
Oct Heilongjiang 324 113 0 2 H5N1 High
Dec Shanxi 500 0 0 4 H5N1 High
Dec Henan 800 0 0 11 H5N1 High

*NA, not applicable.
tPathotype is determined by the cleavage motif of its hemagglutinin gene.

FThe 17 low pathogenicity viruses are 1 H2N3, 1 H3N8, 9 H4N6, 3 H5N8, 1 H6N2, 1 HE6NS8, and 1 H12N2 strains.
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article/29/7/22-1149-Appl.pdf). We aligned sequenc-
es by using MAFFT version 7.475 with default settings
(26) and ran neighbor-joining trees by using MEGA
version 11 for 1,000 ultrafast bootstraps (27). To cate-
gorize the groups of each segment in the phylogenetic
trees, we used a sequence identity cutoff of >95%. We
constructed a maximum-clade credibility time-scaled
phylogenetic tree of HA sequences from clade 2.3.4.4b
H5N1 viruses by using the SRD06 nucleotide substi-
tution model and an uncorrelated lognormal relaxed
clock model (28). To investigate the transmission pat-
terns of the clade 2.3.4.4b H5N1 viruses, we performed
a phylogeographic analysis by using an asymmetric
model with Bayesian stochastic search variable selec-
tion implemented in BEAST version 1.10.4 (28,29).
We grouped the sequences from 1,529 isolates into 11
distinct geographic categories (Appendix 2 Table 3,
https:/ /wwwnc.cdc.gov/EID/article/29/7/22-1149-
App2.pdf). To summarize the diffusion rates, we used
the Bayesian stochastic search variable selection, and
to estimate Bayes factors, we used SpreaD3 version
0.9.6 (https://rega.kuleuven.be/cev/ecv/software/
SpreaD3) (Appendix 2 Table 4).

Animal Studies

We selected 2 representative isolates, A/manda-
rin duck/Heilongjiang/HL-1/2021 (MD/HL]J/HL-
1/2021) and A/whooper swan/Henan/14/2021
(WS/HeN/14/2021), to test in mice and ducks.
The 50% lethal dose (LD,) for mice was test-
ed in groups of five 6-week-old female BALB/c
mice (Vital River, https://www.vitalriver.com).
The mice were intranasally inoculated with a
10" to 10%° 50% egg infectious dose (EID,) of
virus in a volume of 50 pL and then monitored daily
for weight loss and death for 14 days. LD, values for
mice were calculated according to the Reed-Muench
method (30). To evaluate virus replication, we tested
3 more mice in the 10°° EID,;, group and humanely
killed them on postinoculation day 3 to assess virus
titers in their nasal turbinates, lungs, brains, kidneys,
and spleens.

Among the ducks, we inoculated groups of
eight 3-week-old SPF ducks (Jinding duck, a local
breed; National Poultry Laboratory Animal Re-
source Center, Harbin, China) intranasally with
1000 EID,, of H5N1 virus in a volume of 0.1 mL; at 24
h after inoculation, 3 contact ducks were put in the
same cage. On postinoculation day 3, we random-
ly selected 3 of 8 infected ducks, humanely killed
them, and collected their organs (brain, spleen,
kidneys, pancreas, cecal tonsil, bursa of Fabricius,
thymus, lungs, and larynx) for virus titration. We
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observed the remaining 5 infected ducks and 3
contact ducks for 2 weeks and collected oropharyn-
geal and cloacal swab samples on postinoculation
days 3 and 5 to detect virus shedding.

Antigenic Analysis

We used HI to perform antigenic analysis (31). We
generated chicken antiserum of H5 vaccine seed vi-
ruses (H5-Rell, H5-Rel2, H5-Rel3, and H5-Rel4)
(Appendix 2 Table 7) by inoculating 5-week-old SPF
chickens with 0.3 mL of the oil-emulsified inactivat-
ed viruses (32).

Challenge Study of Clade 2.3.4.4b H5N1

Virus in Chickens

We vaccinated groups of ten 3-week-old white leg-
horn SPF chickens (National Poultry Laboratory Ani-
mal Resource Center) with a 0.3-mL intramuscular
injection of the trivalent H5/H7 vaccine previously
reported by Zeng et al. (32,33) (Harbin Weike Biotech-
nology Co., http:/ /www.hvriwk.com) or with phos-
phate-buffered saline as a control. Three weeks after
vaccination, we challenged the chickens intranasally
with 10° EID, of MD/HLJ/HL-1/2021 in a volume of
0.1 mL. We collected oropharyngeal and cloacal swab
samples on postchallenge days 3 and 5 to detect the
virus and observed birds for disease and death for 2
weeks after challenge.

Results

Clade 2.3.4.4b H5N1 Virus Detection

As part of regular surveillance of wild birds during
2020-2021, we collected 7,934 samples, from which
we detected 17 H5N1 HPAI viruses and 20 LPAI
viruses of multiple subtypes (Table). To determine
the evolution of the H5N1 viruses, we sequenced the
whole genomes of the 17 HPAI viruses, deposited
the sequences in the GISAID database (accession nos.
EPI2070071-0206), and performed phylogenic analy-
sis of these viruses together with global clade 2.3.4.4b
HPAI H5 viruses submitted to GISAID from January
1, 2020, to October 17, 2022.

The HA genes of the 17 H5N1 viruses shared
98.3%-100% identity at the nucleotide level, and the
NA genes shared 97.45%-100% identity (Appendix 2
Figure2, Figure 3, panel A). The HA genes of the clade
2.3.4.4b H5 strains formed 2 branches — East Asia and
Eurasia/ Africa—in the phylogenetic tree (Appendix
2 Figures 1, 2); 2 H5N1 viruses isolated in Heilongji-
ang Province in this study belonged to the East Asia
branch, whereas the other 15 viruses belonged to
the Eurasia/Africa branch. The NA genes of the 17
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Figure 1. Formation of 2
representatives of avian
influenza (H5N1) virus from
China. Viral particles are
represented by colored
ovals containing horizontal
bars representing the 8
gene segments (from top to
bottom: PB2, PB1, PA, HA,
NP, NA, M, and NS). Gene
segments of the reassortants
are colored according to
their corresponding source
virus. HA, hemagglutinin;
LPAIV, low pathogenicity
avian influenza virus; M,
matrix; NA, neuraminidase;
NP, nucleoprotein; NS,
nonstructural protein; PA,
polymerase acidic; PB,
polymerase basic.

viruses all belonged to the group Europe H5N1 2020
(Appendix 2 Figure 3, panel A). Identity at the nu-
cleotide level was 94.12%-100% for the polymerase
basic (PB) 2 genes, 92.96%-100% for the PB1 genes,
97.3%-100% for the polymerase acidic (PA) genes,
97.6%-100% for the nucleoprotein (NP) genes,
98.7%-100% for the matrix (M) genes, and 95.65%-
100% for the nonstructural protein (NS) genes of the
17 H5N1 viruses, and they formed multiple groups
in their phylogenetic trees (Appendix 2 Figure
3). Diversity of the internal genes of clade 2.3.4.4b
H5NT1 viruses was greater than that of the HA and
NA genes. Of note, the 8 genes of the MD/HLJ/
HL-1/2021 and MD/HL]J/HL-2/2021 viruses were
similar, and the 8 genes of the other 15 viruses were
similar, indicating that these 17 viruses formed 2 dif-
ferent genotypes.

Complex Reassortment of the H5N1 Wild Bird Viruses

To investigate the formation of the 17 H5N1 HPAI
viruses, we used MD/HLJ/HL-1/2021 and WS/
HeN/14/2021 as representatives of the 2 branches
and conducted BLAST analysis (https://platform.
epicov.org/epi3/frontend#27b74d) of the highest
homology viruses to the 8 segments of 2 reference vi-
ruses from GISAID. The data showed that both rep-
resentatives were reassortants (Figure 1, Appendix
2 Table 2). Seven genes of WS/HeN/14/2021 (PB1,
HA, NA, PA, NP, M, and NS) were closely related
to those of the H5N1 HPAI viruses in Europe dur-
ing 2020-2021; the PB2 gene of WS/HeN/14/2021
was provided by the H5N8 HPAI virus in Russia in
2020. MD/HLJ/HL-1/2021 had 5 genes (HA, NA,
PA, NP, and M) closely related to those of the H5N1
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HPALI viruses in Europe during 2020-2021; its PB1
gene was closely related to the HSN8 HPAI virus in
Russia during 2020, whereas its PB2 and NS genes
were from the LPAI viruses that circulated in Rus-
sia during 2020. Our analysis thus demonstrates that
clade 2.3.4.4b H5N1 viruses have undergone com-
plex reassortment with LPAI viruses in different
geographic sites since 2020.

Genotypic Analysis and Spread of Clade 2.3.4.4b

H5N1 Viruses

Cui et al. analyzed 233 strains of clade 2.3.4.4b H5N1
viruses that were detected globally from October
1, 2020, to April 1, 2022, and revealed 16 genotypes
(G01-16) (17). The 2 H5N1 viruses from Heilongjiang
in this study belonged to G07, whereas the other 15
H5NT1 viruses belonged to G10 (Appendix 2 Figure
1). Within 2 months of their detection in wild birds,
viruses of these 2 genotypes spread to and were de-
tected in domestic waterfowl in China (17).

Because the viruses are still spreading globally,
we sought to gain further insight into the large-scale
cross-continental transmission and reassortment
patterns of clade 2.3.4.4b H5N1 viruses. To that end,
we analyzed the sequences of 1,296 viruses that be-
came available from April to October 2022 and de-
tected an additional 19 genotypes (Appendix 1; Ap-
pendix 2 Table 3, Figure 4), including 5 in western
Europe (G21, G28, G33, G34, and G35), 2 in eastern
and central Europe (G19 and G20), 1 in Russia (G17),
1 in Africa (G18), and 10 in North America (G22,
G23, G24, G25, G26, G27, G29, G30, G31, and G32)
(Appendix 2 Table 3, Figure 5). We further grouped
the available isolates into 11 distinct geographic
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regions, performed a phylogeographic analysis
of their HA genes (Appendix 2 Table 3, Figure 5),
and identified 22 spread pathways of clade 2.3.4.4b
H5N1 viruses. Of note, 4 of those pathways were
decisively supported with Bayes factors >1,000: 2
pathways showed G01 spreading from eastern and
central Europe to Russia and from western Europe
to North America; 1 showed G04 spreading from
western Europe to southern Europe; and the fourth
showed GO07 spreading from eastern Asia to China
(Appendix 2 Table 4). Those data indicate that Eu-
rope was the epidemic source for the global spread
of clade 2.3.4.4b H5N1 viruses.

HPAI H5N1 Clade 2.3.4.4b in Wild Birds, China

Amino Acid Residues of Clade 2.3.4.4b H5N1 Viruses
All 17 H5N1 viruses had residues 137A and 1921
and did not have the glycosylation site at positions
158-160 in their HA (H3 numbering) (Appendix 2
Table 5), which have been reported to increase the
affinity of avian influenza viruses for human-type
receptors (34,35). The viruses also carried criti-
cal virulence-increasing residues, including 66S in
PB1-F2 in 15 viruses; 30D, 43M, and 215A in M1
and 42S, 103F, and 106M in NS1 of all 17 viruses
(36-41) (Appendix 2 Table 5). Therefore, clade
2.3.4.4b H5NT1 viruses may have the capacity to in-
fect and be virulent in humans.

Figure 2. Replication and virulence of representative highly pathogenic avian influenza virus (H5N1) viruses in mice and ducks. A) Virus
titers in organs of mice that were humanely killed on postinfection day 3 with 10° EID, of the test viruses. B, C) MLD, of the indicated
viruses. D) Virus titers in organs of ducks that were killed on day 3 post inoculation with 10° EID,; in 0.1 mL of the indicated viruses. E)
Virus shedding from ducks on the indicated days after inoculation. F) Death pattern of ducks in the infected and control groups. EID,,

50% egg infectious dose; MLD,,, 50% lethal dose for mice.
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Virulence of H5N1 Wild Bird Viruses in Mice

In several countries, clade 2.3.4.4 H5 viruses have
caused infections in humans and other mammals, in-
cluding terrestrial small carnivores and marine mam-
mals (Appendix 1). To evaluate the replication and
virulence of wild bird H5N1 viruses in mammals,
we tested 2 representative strains in BALB/c mice:
MD/HLJ/HL-1/2021 in G07 and WS/HeN/14/2021
in G10. We found that both viruses replicated sys-
temically and were detected in the nasal turbinates,
lungs, spleens, and kidneys of the mice; MD/HLJ/
HL-1/2021 was also detected in the brains of the mice
(Figure 2, panel A). The LD,, value of MD/HLJ/
HL-1/2021 in mice was 4.38 log,, EID, and of WS/
HeN/14/2021 was 5.17 log,, EID, (Figure 2, panels B,
C), indicating that H5N1 wild bird viruses are moder-
ately pathogenic in mice (1,5,7,9).

Lethality of H5N1 Wild Bird Viruses in Ducks

Many H5 viruses that are highly pathogenic to gal-
liformes (e.g., chickens, quail, and turkeys) may still
be of low pathogenicity to waterfowl (1,15). To inves-
tigate the replication and virulence of clade 2.3.4.4b
H5N1 virus in waterfowl, we tested MD/HLJ/
HL-1/2021 and WS/HeN/14/2021 in SPF ducks.
We found that the 2 viruses replicated efficiently in
ducks and were detected in all 9 investigated organs
of ducks that were humanely killed on postinocu-
lation day 3 (Figure 2, panel D). We detected virus
shedding in oropharyngeal and cloacal swab samples
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from the infected ducks and contact ducks on postin-
oculation days 3 and 5 (Figure 2, panel E). MD/HL]J/
HL-1/2021 led to the death of 4 of 5 inoculated and
3 contact ducks, whereas WS/HeN/14/2021 led to
the death of all 5 inoculated and 3 contact ducks (Fig-
ure 2, panel F). Those data indicate that the 2 clade
2.3.4.4b H5NT1 viruses we isolated from wild birds are
lethal to ducks.

Antigenic Matching of the H5 Vaccine Seed Virus
Re14 with the H5N1 Wild Bird Viruses
To evaluate the antigenic difference between the
emerged clade?2.3.4.4bof HSN1 virusesand the H5 vac-
cine strains, we generated antiserum in SPF chickens
against 4 H5 vaccine strains (H5-Rel1 [clade 2.3.4.4h],
H5-Rel2 [clade 2.3.2.1f], H5-Rel3 [clade 2.3.4.4h], and
Hb5-Rel4[clade?2.3.4.4b]) and tested their cross-reactive
HI antibody titers to 4 representative viruses detected
in this study: A/mandarin duck/Heilongjiang/HL-
1/2021, A/whooper swan/Shanxi/608/2021, A/
whooper swan/Henan/14/2021, and A/mandarin
duck/Henan/426/2021 (Appendix 2 Table 7). We
found that the 4 viruses reacted well with the antise-
rum of H5-Rel4, with titers ranging from 64 to 128,
less than 4-fold to the homologous titer, but reacted
poorly with the antiserum of the other 3 vaccine
strains (Figure 3, panel A; Appendix 2 Table 7).

We further evaluated the protective efficacy of
the H5/H?7 trivalent vaccine in chickens against chal-
lenge with a clade 2.3.4.4b H5N1 virus. Three weeks

Figure 3. Antigenic difference
of avian influenza (H5N1) virus
isolates with H5 vaccine strains
and protective efficacy of H5
vaccine against the challenge
of H5N1 virus. A) Antigenic
cartography of H5N1 viruses.
The map was generated by using
Antigenic Cartography software
(https://acmacs-web.antigenic-
cartography.org); 1 unit (grid)
represents a 2-fold change in
the HI assay results (Appendix
2 Table 7, https://wwwnc.cdc.
gov/ElD/article/29/7/22-1149-
App2.pdf). B) HI antibody titers
of vaccinated chickens against
the vaccine seed virus and

the challenge strain. C) Virus
shedding from chickens on
postchallenge days 3 and 5. D)
Survival patterns of chickens

in the vaccinated and control
groups after challenge with the
indicated H5N1 virus. EID,,,
50% egg infectious dose; HI,
hemagglutination inhibition.
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after vaccination, high titers of HI antibody to vaccine
strain H5-Rel4 and the H5N1 wild bird virus MD/
HLJ/HL-1/2021 developed in the chickens (Figure
3, panel B). The vaccinated chickens were completely
protected against MD/HL]J/HL-1/2021, with no vi-
rus shedding, and all chickens survived during the
14-day observation period (Figure 3, panels C, D);
however, all control chickens died within 4 days of
challenge, and the 7 chickens that were alive on post-
challenge day 3 shed high titers of virus (Figure 3,
panels C, D). Those data indicate that the vaccine cur-
rently used in China could provide solid protection
against the clade 2.3.4.4b H5N1 viruses.

Discussion

Clade 2.3.4.4b H5NS virus caused massive outbreaks
in poultry and wild birds in Europe, Africa, and Asia
from January 2020 to October 2021 (15,17). During
that time, the virus reassorted in countries or regions
with different viruses and generated H5N1, H5N2,
H5N3, H5N4, H5N5, and H5N6 viruses bearing the
clade 2.3.4.4b HA gene (4,14,16,17,23). Among those
new subtypes, only H5N1 viruses were widely spread
by the movement of migratory birds and have caused
thousands of outbreaks in Europe, Africa, Asia, and
North America since their generation in the Nether-
lands in October 2020 (4,14,17). Our study revealed
that the widely circulating H5N1 viruses have under-
gone complex reassortment with other LPAI viruses
and formed >35 genotypes. Of those novel genotypes
of H5N1 viruses, 10 were generated in North America
since December 2021, when clade 2.3.4.4b H5N1 vi-
rus was first introduced to that region from western
Europe (18). Given that the H5N1 reassortants found
in Europe and North America have infected multiple
wild mammals, their threat to public health should be
carefully monitored and assessed.

Many countries in Europe and North America
control HPAI by culling infected and suspected
domestic birds, whereas China controls HPAI by
using a massive vaccination strategy. The key to
the success of the vaccination strategy is timely
updates of vaccine strains (15,32,33). The currently
used H5/HY trivalent inactivated vaccine was up-
dated and has been applied since January 2022; it is
produced with 3 seed viruses: H5-Rel3, targeting
clade 2.3.4.4h H5 viruses; H5-Rel4, targeting clade
2.3.4.4b H5 viruses; and H7-Re4, targeting H7N9
viruses (33). The antigenic assay in our study dem-
onstrated that the H5-Rel4 seed virus antigenically
matches well with the recently emerged H5N1 wild
bird viruses in China. The vaccine protective effi-
cacy test also demonstrated that the novel H5/H7
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trivalent vaccine provides solid protection against
challenge with an emerging H5NT1 isolate. The suc-
cess of the mandatory vaccination policy for pre-
venting and controlling HPAI virus in China is an
example of a high-risk country using a vaccine to
protect the poultry industry and of how vaccinat-
ing poultry can prevent and eliminate human infec-
tions with avian influenza virus, as evidenced by
the successful control of H7N9 influenza (32,33,42).
Therefore, we strongly recommend the use of vac-
cines to protect poultry from globally circulating
2.3.4.4b H5N1 viruses.
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Systematic Review of
Hansen Disease Attributed
to Mycobacterium lepromatosis

Simon M. Collin, Amanda Lima, Stéfano Heringer, Vinicius Sanders, Hugo Aborghetti Pessotti, Patricia Deps

In 2008, bacilli from 2 Hansen disease (leprosy) cases
were identified as a new species, Mycobacterium lepro-
matosis. We conducted a systematic review of studies
investigating M. lepromatosis as a cause of HD. Twenty-
one case reports described 27 patients with PCR—con-
firmed M. lepromatosis infection (6 dual M. leprae/M.
lepromatosis): 10 case-patients in the United States (7
originally from Mexico), 6 in Mexico, 3 in the Domini-
can Republic, 2 each in Singapore and Myanmar, and
1 each in Indonesia, Paraguay, Cuba, and Canada.
Twelve specimen surveys reported 1,098 PCR—positive
findings from 1,428 specimens, including M. lepromato-
sis in 44.9% (133/296) from Mexico, 3.8% (5/133) in Co-
lombia, 12.5% (10/80) in Brazil, and 0.9% (2/224) from
the Asia-Pacific region. Biases toward investigating M.
lepromatosis as an agent in cases of diffuse leproma-
tous leprosy or from Mesoamerica precluded conclu-
sions about clinicopathologic manifestations and geo-
graphic distribution. Current multidrug treatments seem
effective for this infection.

ince the pioneering work of Gerhard Armauer

Hansen in the late 19th Century, Hansen disease
(HD; also known as leprosy) has been attributed to
Mycobacterium leprae. In 2008, bacilli from 2 cases
of HD manifesting as diffuse lepromatous leprosy
(DLL; also known as Lucio’s leprosy or diffuse lep-
rosy of Lucio and Latapi), with signs of Lucio’s phe-
nomenon (LP, erythema necroticans), were identi-
fied as a second causal agent of HD, M. lepromatosis
(1). The M. lepromatosis genome has been sequenced
and its evolution and genomic features in relation to
M. leprae described elsewhere (2-5). Analyses indi-
cated a most recent common ancestor ~13.9 million
years ago and a 9% overall difference in nucleotide
sequence identity (7% in protein-coding genes, 18%
in pseudogenes), differentiating M. lepromatosis as
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a separate species from M. leprae (3,4). Functional
similarities, such as conservation of genes encoding
for laminin binding and phenolic glycolipid 1 adhe-
sin systems involved in Schwann cell invasion, out-
weigh differences, such as the presence of the hemN
gene only in M. lepromatosis (3,4). Whether the 2 spe-
cies differ systematically in clinicopathologic mani-
festations in humans has not yet been established,
but validated real-time quantitative PCR assays
based on unique repetitive elements in M. lepromato-
sis and M. leprae are now available (6).

DLL is a severe form of HD at the lepromatous
pole of the spectrum characterized by an ineffec-
tive cellular immune response and high multibacil-
lary load (7). Patients with DLL manifest diffuse
nonnodular lesions and can develop LP, a severe
reactional state in which recurrent crops of large
and sharply demarcated ischemic or necrotic skin
develop; the lesions often becoming ulcerated or
even generalized, particularly on the legs, lead-
ing to secondary infection and, in some cases, fatal
sepsis (8). DLL represents a higher proportion of
HD cases in Mexico and the Caribbean than else-
where, and studies reporting M. lepromatosis have
tended to describe patients who originate from the
region with that form of HD (9). However, dual M.
leprae/ M. lepromatosis and M. lepromatosis-only in-
fections have also been reported beyond the Ameri-
cas, principally in Asia.

Worldwide occurrences and clinical character-
istics of HD attributed to M. lepromatosis infection
since the species was identified have not been sys-
tematically reviewed. There is a clinical and scien-
tific imperative to clarify the contribution of M. lep-
romatosis to a disease that greatly affects patient and
public health. We report the results of a systematic
review of reported HD cases with PCR-confirmed
M. lepromatosis infection and data from surveys of
archived PCR-tested specimens from persons af-
fected by HD.
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Methods

Review Protocol and Searches

The protocol for this systematic review was defined
in advance and registered with PROSPERO, an inter-
national prospective register of systematic reviews
(CRD42021239268). Database searches were performed
onOctober4,2022 (Appendix, https:/ /wwwnc.cdc.gov/
EID/article/29/7/23-0024-App1.xlsx). We imposed no
date, language, or publication type restrictions. We man-
ually searched bibliographies of all included studies.

Screening, Inclusion/Exclusion, and

Quality Assessment

We conducted initial screening by title and abstract.
We included references if a primary research study
or clinical case report reported human infection with
M. lepromatosis investigated using laboratory test-
ing of current or archived specimens, irrespective of
whether those specimens were positive for M. lepro-
matosis. We excluded animal studies and studies from
before 2008, predating identification of M. leproma-
tosis. We excluded reviews and opinion pieces after
manually checking bibliographies. Pairs of reviewers
in parallel performed qualitative assessments to rate
the methodologic quality of each included study as
good, fair, or poor (Appendix). Reviewers used the
Joanna Briggs Institute Critical Appraisal Tool for
Case Reports (https://jbi.global/critical-appraisal-
tools) and, for specimen surveys, a 9-item quality as-
sessment tool adapted from the National Institutes of
Health’s Quality Assessment Tool for Observational
Cohort and Cross-Sectional Studies (https://www.
nhlbi.nih.gov/health-topics/study-quality-assess-
ment-tools) (10).

Data Extraction and Analysis

Pairs of reviewers in parallel transferred extract-
ed data into predefined templates. Data extracted
from case reports were date and geographic loca-
tion of testing, patient demographics, medical his-
tory, diagnostic methods and findings, treatment,
and outcome. Data extracted from surveys were
case information, test methods, source and type
of specimens, and how many specimens provided
DNA and tested positive for M. lepromatosis, M. lep-
rae, or both.

Results

Database searches identified 495 references (Figure
1, Appendix). We identified no additional studies
through bibliographic screening, but for complete-
ness, we did include 2 case reports published after
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our database searches (9,11). After de-duplication and
screening by title and abstract, we retained 58 studies,
all published in peer-reviewed journals, for full text
review; we extracted data from 33 (21 case reports,
12 specimen surveys). We excluded 1 because it was
a retrospective review of 9 cases (12) that reported
only 1 M. lepromatosis case that was also described in
another source (13). Similarly, we excluded a review
of cases among refugees and migrants in Italy during
2009-2018 (14) that reported PCR testing of 24 cases,
16 positive for M. leprae and 1 for M. lepromatosis, be-
cause the M. lepromatosis case was described in more
detail in a case report (15).

Among the 21 case report studies, 14 studies
described just 1 case, 6 described 2, and 1 described
6, yielding 32 PCR-positive cases: 21 M. leproma-
tosis-only, 5 M. leprae-only, and 6 dual infections
(Table 1; Appendix 1). Of patients with M. lepro-
matosis, 10/27 resided in the United States (7 origi-
nally from Mexico), 6 in Mexico, 3 in the Dominican
Republic, 2 each in Singapore and Myanmar, and
1 each in Indonesia, Paraguay, Cuba, and Canada.
One study from Mexico reported 4 family cases, but
only 2 were PCR-confirmed to be M. lepromatosis
(9). Twenty-two cases occurred in the Americas
and 5 in Asia; Mexico was the country of origin or
residence for 13/27 case-patients. One source men-
tioned 2 case-patients from Costa Rica living in the
United States but provided no details (23). Medi-
an age of case-patients was 41 years (range 21-86
years) and 63.0% (17/27) were male.

We assessed 13/21 studies as good and 8/21 as
fair quality (Appendix). Eight studies did not provide
detailed PCR methods (11,15,22,24-26,28,29), but 7 of
these referred to laboratories (National Hansen’s Dis-
ease Programme; US Centers for Disease Control and
Prevention; Ecole Polytechnique Fédérale de Laus-
anne; Japan Leprosy Research Centre) or involved au-
thors with documented experience in M. lepromatosis
diagnostic methods (11,22,24-26,28,29).

The case-patient from the study in which M. lep-
romatosis was first identified (1) was a patient origi-
nally from Mexico residing in the United States who
had died from DLL with LP. PCR sequencing of the
~1,500 bp 16S rRNA gene in acid-fast bacilli from fro-
zen liver autopsy specimens showed that the strain,
designated F]J924, matched most closely with M. lep-
rae (BLAST analysis [https:/ /blast.ncbi.nlm.nih.gov/
Blast.cgi] of 165 rRNA gene, 1,475/1,506 bp, 97.9%
identity) and next most closely with M. haemophilum
(1,465/1,505 bp, 97.3%). The researchers obtained ar-
chived biopsy specimens from a second patient origi-
nally from Mexico, also with DLL and LP, who had
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Table 1. Case reports and case series investigating Mycobacterium lepromatosis as a cause of Hansen disease*

Ptresidence Pt age, Specimen PCR-confirmed
Ref. YOP (origin) y/sex  Case description  sourcet infection Remarks
(1) 2008 USA (Mexico) 53/M DLL +LP Autopsyt M. lepromatosis Fatal. M. lepromatosis strain FJ924.
USA (Mexico) 31/M DLL + LP Archive M. lepromatosis _Fatal. Archived lymph node tissue (2002).
(16) 2011 Mexico 86/F DLL + LP Archive M. lepromatosis Died at 3 mo. Strain Mx1-22 (100%
identical with FJ924).
(17) 2012 Singapore 61/M DLL Archive Dual Fatal. Archived skin biopsy tissue (1999).
Singapore 72IM DLL Archive Dual Fatal. Archived skin biopsy tissue (1999).
(18) 2012 Canada 72IM Leprosy-like§ Patient] M. lepromatosis Died (lung cancer) at 5 mo. Some travel to
Florida, no other risk factors.
(19) 2013 USA (Mexico) 32/M LL + ENL Archive M. lepromatosis Archived lymph node tissue (2005).
USA (Mexico) 50/F DLL +LP Archive M. lepromatosis Archived lymph node tissue (1963).
(20) 2015 Mexico 43/F DLL + ENL Patient M. lepromatosis Armadillo meat eaten in community but not
by patient.
(22) 2016 Colombia 37/F HIV+, LL + LP Archive M. leprae LP possible IRIS because of ART.
(23) 2016 USA (Mexico) 25/M  BL+T1R>ENL# Archive M. lepromatosis Patient reported handling/eating armadillo
in Mexico. Syphilis (borderline positive
ANA).
USA (Mexico) 41/F BL + ENL Patient M. lepromatosis Manifested 2012, sibling of 25 y M (2007
case), cohabited with brother for 12 mo
after arrival in USA (2003).
(24) 2016 Mexico 49/M  DLL + ENL >LP#  Patient M. lepromatosis None
(25) 2017 USA (Mexico) 31/M DLL + ENL Patient M. lepromatosis Patient reported hunting/eating armadillo in
Mexico.
(13) 2017 USA 59/M LL Patient*™* M. lepromatosis Rheumatoid arthritis for 2 y (prednisone +
methotrexate).
(26) 2018 Myanmar 68/M LL Patient M. lepromatosis  Patient had HD 20 y previously (treated
with dapsone).
Myanmar 24/M LL + ENL Patient M. lepromatosis Bl 5+ at 24 mo, resistance suspected but
no DRDR mutations.
(21) 2019 Indonesia 41/F DLL + LP Patient Dual HD 28 y previous (treatment not reported).
(27) 2020 Paraguay 21/F LL + ENL >LP# Patient Dual Vasculitis had been suspected related to
drug use.
(28) 2020  USA (Nepal) 43/F BB + T1IR >LP# Patient M. leprae None
(15) 2020 Italy (Cuba) 42/F DLL + LP Patienttt M. lepromatosis Necrotic cutaneous vasculitis 4 y previous,
partial resolution with corticosteroids.
(29) 2020 USA 58/M LL + ENL Patient M. lepromatosis Patient had 12 y history of poor wound
healing refractory to immunosuppressive
treatment, connective tissue disease
(scleroderma) and bilateral acro-osteolysis
with amputated digits.
(30) 2021 Mexico 32/F DLL + ENL Patient M. lepromatosis None
(31) 2022 DR 40/M LL Patient M. lepromatosis None
DR 35/M LL Patient Dual None
DR 26/F LL Patient Dual Contact of family case-patient. Pregnant at
diagnosis; MDT initiated after delivery.
DR 48/M BL Patient M. leprae Contact of family case-patient
DR (Haiti) 27/IM LL Patient M. leprae Contact of family case-patient
DR 39/F LL Patient M. leprae None
9) 2022 Mexico 27IM DLL + LP Patient¥ M. lepromatosis  ENL at 3 y treated with thalidomide. No
regrowth of eyelashes or eyebrows.
Alcoholism, drug, and solvent abuse.
Mexico 49/F DLL Patient M. lepromatosis Follow up to 2021; no regrowth of
eyelashes or eyebrows.
(11) 2022 USA 51/M DLL + LP Patient M. lepromatosis Acute kidney injury/glomerulonephritis

*ART, antiretroviral therapy; BB, midborderline (borderline borderline); Bl, bacillary index; BL, borderline lepromatous; DLL, diffuse lepromatous; DR,
Dominican Republic; ENL, erythema nodosum leprosum (type 2 reaction); IRIS, immune reconstitution inflammatory syndrome; LL, lepromatous; LP,
Lucio’s phenomenon (erythema necroticans); MDT, multidrug therapy; Pt, patient; ref., reference; T1R, type 1 reaction; YOP, year of publication.

TPatient indicates the case was identified in the study cited.
FFirst case identified as M. lepromatosis based on the 16S rRNA (strain FJ924) unique 19bp sequence TAATACTTAAACCTATTAA that compared poorly

with the corresponding unique M. leprae 16bp sequence AAAAAATC—TTTTTTAG.

§No bacilli detected in nerves.
fiBased on report by Han et al. (1), 16S rRNA sequencing was repeated from archived specimens and found to match 100% with M. lepromatosis

#Right-arrow (>) indicates clinical progression or later development of reactional states.

**One of 3 cases tested by PCR as described in a retrospective clinic review of 9 cases (the other 2 cases were M. leprae) (12).

T1One of 24 cases in Italy tested by PCR as described in a retrospective review of 55 cases (16 cases were M. leprae. 7 were PCR—negative) (23).
F*Index case believed infected by grandfather (LL in 1993, age 60 y, died 2004); infected mother (PCR-confirmed M. lepromatosis), and sibling (BL in
2014, age 25y, MDT 12 mo, cured and followed up to 2021).
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Figure 1. Flow diagram for studies included in
literature review of Hansen disease attributed to
Mycobacterium lepromatosis.

died 5 years earlier. Gene sequences from that earlier
case, including from the 16S rRNA gene, matched
100% with strain FJ924. On the basis of those findings,
the researchers proposed a new species, M. leproma-
tosis, as a second causal agent of DLL, while specu-
lating that it might also cause lepromatous (LL) and
borderline lepromatous (BL) forms of HD (I). The re-
searchers also obtained archived specimens from 2 fa-
tal cases of DLL in Singapore (both case-patients died
in 1999) with dual M. lepromatosis/ M. leprae infection
identified using a mix of species-specific and nonspe-
cific primers matched to GenBank sequences (17).

In another study from Mexico, a sample, Mx1-22,
taken from an 86-year-old patient with DLL and LP
had rrs, rpoB, sigA, and hsp65 gene sequences identi-
cal to FJ924 (16). Subsequent studies used a range of
species-specific primers and sequencing, 7 targeting
16S rRNA (13,18-21,23,30), 2 hemN (27,31), and 1 the
LPMREP repetitive element (9) to confirm M. lepro-
matosis infection (Table 1). The oldest archived speci-
men in which M. lepromatosis was identified was from
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a US-resident patient originally from Mexico, 50 years
of age, treated in Carville, Louisiana, USA, who was
diagnosed with DLL with LP in 1963 (19). That pa-
tient, who initially sought treatment for a soft tissue
sarcoma in the right lower leg, developed overt signs
of DLL and LP after radiotherapy and amputation of
the leg. Histopathologic review identified chronic HD
lesions in the skin, vessels, and nerves surrounding
the sarcoma, consistent with DLL. The patient sur-
vived to 85 years of age.

Of the 27 M. lepromatosis case-patients, 15 (55.6%)
had DLL, 9 of whom also had LP; 10 had LL, 1 had
LP, and 2 had BL (Figure 2). Among those cases, type
2 erythema nodosum leprosum (ENL) HD reactions
were reported in 3 cases each of DLL and LL and in
both BL cases. Male patients comprised 8/15 DLL
and 1/2 BL case-patients but a higher proportion
(8/10) of LL case-patients (Figure 3). Median time
of evolution from initial symptoms to HD diagnosis
was 2 years (range 8 months-12 years); 2 patients
had been diagnosed with HD 20 and 28 years earlier.

1379



RESEARCH

Two patients reported direct contact (hunting, han-
dling, or eating) with armadillos in Mexico (23,25); a
third came from a village in Mexico where armadillo
meat was consumed, but the patient had not eaten it
(20). Two patients in the United States had no known
risk factors or exposures other than travel, including
to Florida (18), worldwide travel including to Asia,
the Caribbean, and the Middle East, and 2 trips to the
Pacific coast of Mexico that were short but occurred
consistent with a 7-8 year incubation period for HD
manifestation (13).

Concomitant or differential diagnoses discussed
in the case reports included sarcoidosis (initially treat-
ed with steroids) (19), syphilis (borderline positive
antinuclear antibodies, treated initially with intra-
muscular penicillin) (23), rheumatoid arthritis (treat-
ed with prednisone and methotrexate 2 years earlier)
(13), cutaneous vasculitis (treated with azathioprine
and prednisone for >5 years) (30), vasculitis related
to drug abuse (27), and acute kidney injury (11). All
cases were otherwise consistent with the clinical and
histopathologic picture of DLL (32): insidious onset
with violaceous erythema developing on the face and
lower extremities (may or may not be anesthetic);
myxoedema-like aspect with smooth, tense, alopecic
skin, progressing to madarosis; earlobe infiltration;
rhinitis; nasal septal defects; hypohidrosis; xerotic
and scaly skin with ichthyosiform appearance on
lower limbs; areas of hypoesthesia and hyperesthesia
associated with hypopigmented, atrophic plaques;
and impaired sensation in the hands and feet becom-
ing more generalized because of progressive nerve
involvement. Histologically, dense histiocytic infiltra-
tion in skin and nerves was observed, advancing to
endothelial proliferation with thickening of vascular
walls, leading to occlusion of small arteries, and in-
vasion of internal organs, indicated by hepatomegaly
and splenomegaly.
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All multibacillary HD case-patients were treated
with multidrug therapy, typically with rifampicin,
clofazimine, and dapsone (sometimes substituted
with minocycline, clarithromycin, moxifloxacin, or
oxfloxacin) for 12 or 24 months, plus corticosteroids
(mainly prednisone), thalidomide, or both for ENL
and LP. Treatment outcomes were favorable for 10/27
patients at time of reporting, although that group in-
cluded 2 patients who had no regrowth of eyelashes
or eyebrows at 3-year follow-up, 1 of whom also ex-
perienced ENL at 3 years (9). One patient whose mild
neurologic deficits had resolved at 7 years was still
taking thalidomide and prednisone because of new,
although sparse, ENL lesions (23).

Eight patients were still receiving treatment or
had just completed treatment at time of reporting.
Most studies did not assess or report grade of dis-
ability. Six deaths were reported, of which 4 were
attributed to DLL or sepsis secondary to DLL (1,17).
One patient who died was a woman, 86 years of age,
who improved after 10 days of treatment and was
discharged after 2 weeks in stable condition but then
died of unknown causes at home 3 months later (16).
A man, 72 years of age, died from lung cancer after 5
months; he was described as having leprosy-like ill-
ness because, although 165 rRNA sequencing found
a 100% match to M. lepromatosis and the patient mani-
fested neurologic and dermatologic symptoms of LL
and rhinorrhea, histopathology did not confirm my-
cobacteria within peripheral nerves (18).

Five case-patients tested positive only for M.
leprae: One was a woman, 43 years of age, a United
States resident originally from Nepal, diagnosed with
midborderline HD with possible type 1 reaction and
possible LP because of an erythematous geographic
skin plaque which ulcerated, but was not biopsied
(28). Another was a woman, 37 years of age, from Co-
lombia, HIV-positive, diagnosed with LL and LP; the

Figure 2. Types of Hansen disease
and reactional states in reports
included in literature review of
PCR-confirmed cases attributed

to M. lepromatosis. BL, borderline
lepromatous leprosy; DLL, diffuse
lepromatous leprosy; ENL, erythema
nodosum leprosum (type 2 reaction);
LL, lepromatous leprosy; LP, Lucio’s
phenomenon (erythema necroticans,
type 3 reaction)
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Figure 3. Types of Hansen disease
by case-patient sex in reports
included in literature review of
PCR-confirmed cases attributed

to M. lepromatosis. BL, borderline
lepromatous leprosy; DLL,

diffuse lepromatous leprosy; LL,
lepromatous leprosy.

LP was potentially triggered as immune reconstitu-
tion inflammatory syndrome following initiation of
antiretroviral therapy (22). The remaining 3 patients,
from the Dominican Republic, 2 with LL and 1 with
BL, were from a series of 6 cases that also included 1
M. lepromatosis-only and 2 dual-infection cases (31).

Quality assessment rated 7/12 specimen sur-
vey studies as good and 5/12 as fair quality. All but
1 study (42) reported details of PCR methods. Nine
studies (34-42) used skin lesion or biopsy or tissue
samples, 2 used both skin and lesion biopsy and skin
slit smear specimens (6,33), and 1 did not explicitly
state the sources of specimens (Table 2; Appendix)
(3). Overall, surveys dated 1968-2020 reported 1,098
PCR-positive M. lepromatosis-only, M. leprae-only,
or dual-infection findings from 1,428 specimens. M.
lepromatosis was identified in 44.9% (133/296, 26 dual
infection) of PCR-positive specimens from patients
in Mexico or in the United States but originally from
Mexico, 3.8% (5/133, 5 dual infection) of patients
from Colombia, 12.5% (10/80, 3 dual infection) of pa-
tients from Brazil, and 0.9% (2/224) of patients from
the Pacific-Asia region; all 157 specimens from China,
50 from Africa (Mali, Uganda), and 77 from Venezu-
ela were positive only for M. leprae. For patients from
Mexico, excluding those resident in the United States,
M. lepromatosis was detected in 43.9% (116/264) of
PCR-positive specimens, including 25 dual infec-
tions. For patients resident in the United States from
any country of origin, M. lepromatosis was detected in
16.7% (20/120) of PCR-positive specimens, including
1 dual infection.

The distribution of HD types among 116 M. lep-
romatosis-only and 13 dual-infection patients was tu-
berculoid in 7 (5.4%); borderline tuberculoid, midbor-
derline, or borderline lepromatous in 20 (15.5%); LL
in 73 (56.6%); and DLL in 29 (22.5%). LP was reported
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in relation to 14/27 specimens from patients in Mexi-
co or in the United States but originally from Mexico.
One patient from Mexico with LL who provided a
specimen positive for M. lepromatosis had consumed
armadillo meat (40).

Discussion

Our systematic review identified 27 case reports of
HD attributed to PCR-confirmed M. lepromatosis in-
fections. In addition, surveys of specimens from cur-
rent patients and archived material uncovered 153
cases of M. lepromatosis HD. Most of those infections
(60% of case reports, 87% of surveyed specimens) oc-
curred in patients resident in Mexico or in the United
States but originally from Mexico. Most (70%) of the
case reports described patients with DLL, among
whom half manifested LP.

Our findings appear to substantiate the hypothe-
sis that M. lepromatosis is the predominant HD patho-
gen in Mesoamerica and the Caribbean, and particu-
larly in Mexico, and that it has a strong tendency to
cause the DLL form of HD and, indirectly, severe LP
reaction. However, there are some important cave-
ats. First, DLL and LP were identified in Mexico in
the late 19th Century by physicians Lucio Najera and
Ygnacio Alvarado and were further characterized by
Fernando Latapi in 1938 (43,44). Discovery of M. lep-
romatosis in fatal cases of DLL with LP in 2 patients in
the United States who were originally from Mexico
(1), combined with the high proportion of HD cases
in Mexico that were DLL, with or without LP, might
have resulted in disproportionate publication of case
reports and specimen surveys focused on this form of
HD in this region. Laboratory expertise and resources
for detecting M. lepromatosis are also more readily
available in Mexico and the United States. However,
Mexico is not an HD-endemic country, reporting an
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average of <200 newly detected cases per year during
2005-2021 (45), mostly in the states of Guerrero, Jalis-
co, Oaxaca, Sinaloa, and Michoacan (46). Although
this annual average represents a relatively small
number of cases, in the context of HD elimination, it is
a matter of public health concern. In addition, M. lep-
romatosis has a tendency to cause severe forms includ-
ing DLL, which with its nonnodular manifestation
is prone to diagnosis at later stages; therefore, there
remains an immense personal impact on persons af-
fected by the disease.

Current HD multidrug therapies appear to be
effective treatments, except in the most severe cases
in which patients are at risk of secondary infection.
However, evidence on the apparent effectiveness of
current multidrug therapy regimens in treating HD

caused by M. lepromatosis is constrained by the small
number of cases described, their clinical complexity
and severity, and lack of follow-up data to character-
ize long-term outcomes, including permanent dis-
abilities.

Our review showed that M. lepromatosis-caused
HD occurs in other countries in the Americas and,
sporadically, in Asia and the Pacific. Most notably,
1in 8 specimens from the south of Brazil were iden-
tified as M. lepromatosis. Brazil is an HD-endemic
country with ~20,000 newly detected cases per
year. Also, the survey data in our review showed
that, when type of HD was reported, a higher per-
centage of cases attributed to M. lepromatosis were
LL (57%) than DLL (23%). Even a small fraction of
HD cases in Brazil caused by M. lepromatosis would

Table 2. Specimen surveys investigating Mycobacterium lepromatosis as a cause of Hansen disease*

PCR results
Specimen date M. Dual M. HD types
Ref. Country (origin) range Specimens Neg Pos lepromatosis infection leprae (remarks)
3) Mexico Not reported 64 type not reported 0 64 6 0 58 DLL 2
Venezuela Not reported 77 type not reported 0 i 0 0 77
Brazil Not reported 33 type not reported 0 33 0 0 33
Mali Not reported 48 type not reported 0 48 0 0 48
Others Not reported 5 type not reported 0 5 0 0 5
(6) Mexico Not reported 47 skin lesion biopsy 11 36 15 2 19
United States 2017 218 type not reported 146 72 3 0 69
Philippines 180 sss 0 180 0 0 180
United States (all but 1968-1994 15 skin biopsy 0 10 5 1 4 LL 2, DLL 4 (all
1 born in Mexico) sections originally from
Mexico)
(33) Colombiat 2006-2016 67 skin lesion, 25 0 92 0 5 87
earlobe sss
(34) Colombia 2015-2020 41 skin biopsy 7 41 0 0 34
(Cartagena, Bolivar)
(35) Mexico 1988-2007 120 skin biopsy 33 87 55 14 18 B 12, LL 41,
DLL 16
(36)  Brazil (Curitiba and 2004-2010 52 skin biopsy 6 46 7 3 36 TT7,LL3
southern Brazil)
Myanmar 2007-2008 9 skin biopsy 3 6 2 0 4 LL 2
Malaysia (19), 2003-2011 31 skin biopsy 4 27 0 0 27
Indonesia (3), Nepal
(1), Myanmar (1)
Uganda 1979-1990 4 skin biopsy 2 2 0 0 2
(37) Mexico Current 19 skin biopsy 9 10 2 1 7 LL 2, not
determined 1
(38) United States 2011-2021 38 tissue 0 38 11 0 27 LL 11 (all
(various countries of originally from
origin)f Mexico)
(39) Mexico§ 1994-2014 41 skin biopsy 12 29 8 8 13 BL 6, LL 6, DLL
4
(40) Mexico Current patients 38 skin biopsy 0 38 5 0 33 BL 1, LL 1, DLL
3
(41) China Current patients 171 skin biopsy 86 85 0 0 85
(42) China (Shandong Not reported 85 skin biopsy 13 72 0 0 72
province)

*B, borderline (BT, BB or BL); BB, mid-borderline (borderline borderline); BL, borderline lepromatous; BT, borderline tuberculoid; DLL, diffuse lepromatous
leprosy; ENL, erythema nodosum leprosum (type 2 reaction); LL, lepromatous leprosy; LP, Lucio’s phenomenon (erythema necroticans); neg, negative;

pos, positive; ref, reference; sss, skin slit smear; TT, tuberculoid.

TProvinces of Atlantico, Antioquia, Bolivar, Chocé, Cesar, Cundinamarca, Magdalena, Santander, Norte de Santander, Sucre, and Tolima.
FMexico (22), Philippines (6), Vietnam (1), India (1), Myanmar (1), Marshall Islands (2), El Salvador (2), Brazil (1), United States (2).
§Yucatan (16), Guerrero (8), Michoacan (6), Guanajuato (3), Morelos (2), 1 each from Campeche, Ciudad de Mexico, Estado

de Mexico, Oaxaca, Puebla, and Quintana Roo.
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represent a large number of cases. The clear impli-
cation is that a national survey of current and new-
ly detected HD cases in Brazil is needed, ideally us-
ing the recently validated M. lepromatosis/M. leprae
diagnostic assay (6). Parallel studies in neighboring
countries where M. lepromatosis and DLL are per-
haps more prevalent, would yield sequence data
that could be used to investigate the distribution
of M. lepromatosis variants and lineages, including
drug-resistant strains, to achieve the same level of
understanding as for M. leprae (5,47). Whether M.
lepromatosis has a pathogenic tendency toward caus-
ing DLL and whether certain population groups
are more susceptible to developing this form of HD
can be investigated by pathogen and host genomic
testing across the HD spectrum and in different
populations. From a One Health perspective, we
know that zoonotic transmission of M. leprae pres-
ents a risk to human health (48), and M. lepromatosis
has been detected in red squirrels (Sciurus vulgaris)
from the British Isles, including Ireland (49). Given
that 4 case-patients with HD caused by M. lepro-
matosis in our review had direct or indirect contact
with wild armadillos, a survey of archived speci-
mens or specimens from freshly caught armadillos
in Mexico and Brazil is warranted (50).

The narrowly focused scope, sensitivity, and
specificity of lepromatosis as a search term and the
relatively few references included in our review give
us confidence that all relevant studies were identi-
fied. Quality of reporting was good in 61% of includ-
ed studies and fair in the remainder. The tendency
of studies to focus on DLL in Mesoamerica, possibly
resulting in observational and publication biases for
case reports and sampling bias for surveys, were the
main sources of bias in our review, although there
were several large studies from other regions with
null findings for M. lepromatosis. A key quality item
considered for this review was adequate description
of PCR methods, which most, but not all, studies pro-
vided. Specimen surveys more consistently described
PCR methods, including targets and primers, than
did case reports, some of which covered time periods
during which those methods were still being devel-
oped. M. lepromatosis does not manifest only as DLL,
but most specimen surveys did not provide clinical
data for the patients sampled. Even when HD type
was stated, misclassification was possible unless HD
specialists or reference centers were involved in di-
agnosis. Although we cannot entirely preclude the
possibility of double counting, we identified only a
few cases that were reported twice and contacted the
authors of 2 studies when geography and time span
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suggested that possibility to confirm that there was
no overlap (33,34).

It is perhaps remarkable that a new species caus-
ing an endemic disease of major public health impact
has not prompted larger-scale studies to determine
its true prevalence. Even if options for patient man-
agement are determined by clinical manifestations
of HD rather than its etiologic agents, understanding
disease attribution and distribution of a highly patho-
genic species are clearly important, and the availabil-
ity of validated PCR methods enables large-scale epi-
demiologic studies to be conducted.

In conclusion, clinicians need to be aware that
Hansen disease of various forms can be caused by ei-
ther M. leprae or M. lepromatosis. Current multidrug
therapy regimens appear to be effective regardless of
infecting species.
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Sensitivity to Neutralizing
Antibodies and Resistance to
Type I Interferons in SARS-CoV-2
R.1 Lineage Variants, Canada
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Isolating and characterizing emerging SARS-CoV-2 vari-
ants is key to understanding virus pathogenesis. In this
study, we isolated samples of the SARS-CoV-2 R.1 lin-
eage, categorized as a variant under monitoring by the
World Health Organization, and evaluated their sensitivity
to neutralizing antibodies and type | interferons. We used
convalescent serum samples from persons in Canada in-
fected either with ancestral virus (wave 1) orthe B.1.1.7 (Al-
pha) variant of concern (wave 3) for testing neutralization

ARS-CoV-2 continues to evolve and generate new

variants. Since the beginning of the COVID-19
pandemic, Canada has encountered 8 waves of infec-
tions. Although the first 2 waves were dominated by
ancestral viruses, each subsequent wave had a surge
in escape variants (1,2). Mutations in the SARS-CoV-2
genome and within the spike glycoprotein alter the
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sensitivity. The R.1 isolates were potently neutralized by
both the wave 1 and wave 3 convalescent serum samples,
unlike the B.1.351 (Beta) variant of concern. Of note, the
R.1 variant was significantly more resistant to type | inter-
ferons (IFN-a/B) than was the ancestral isolate. Our study
demonstrates that the R.1 variant retained sensitivity to
neutralizing antibodies but evolved resistance to type | in-
terferons. This critical driving force will influence the trajec-
tory of the pandemic.

transmission dynamics, severity of disease, and sensi-
tivity to neutralizing antibodies for each new variant
(3). Thus, continuously isolating and characterizing
emerging SARS-CoV-2 variants is critical for devel-
oping updated vaccines and drug regimens.

We isolated SARS-CoV-2 R.1 lineage variants
from an outbreak in persons facing housing insecu-
rity in Hamilton, Ontario, Canada. In Canada, the
circulation of R.1 lineage variants corresponded with
the third wave of the pandemic and was preceded
by previously circulating variants of concern (VoC),
B.1.1.7 (Alpha) and B.1.351 (Beta). Globally, the R.1
lineage began to increase in frequency in December
2020, peaked in April 2021, became rare by June 2021,
and was last reported in December 2021 (4). In April
2021, the World Health Organization positioned R.1
lineage variants under the variant under monitoring
(VuM) category to prioritize monitoring the variants
because of distinct mutations in their genome. Most
infections with R.1 variants have been reported in Ja-
pan and the United States (5,6). In Canada, 66 R.1 lin-
eage sequences were recorded, according to GISAID
(https:/ /www.gisaid.org), during December 2020-

1These authors contributed equally to this article.
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November 2021 (4). Of those, 63 originated from On-
tario, 1 each originated from Quebec and British Co-
lumbia, and 1 originated from an unknown province
or territory. However, data on the immune-evasive
properties of this lineage variant are limited.

The type I interferon (IFN) response constitutes the
first line of defense against many viruses (5,6), trigger-
ing activation of several IFN-stimulated genes (ISGs)
and establishing an antiviral state (5). SARS-CoV-2
proteins are involved in IFN evasion either by directly
suppressing production or by acting downstream of
the host response machinery (6,7). A recent study com-
pared multiple type I IFNs against diverse SARS-CoV-2
VoC, demonstrating increased IFN resistance (8). Fur-
thermore, SARS-CoV-2-infected persons with genetic
defects in IFN signaling are at higher risk for severe
COVID-19 (9). Taken together, characterizing IFN-resis-
tant SARS-CoV-2 variants is critical, given their poten-
tial to enhance transmission kinetics and result in viral
evolution. Therefore, we evaluated the sensitivity of
SARS-CoV-2 R.1 lineage isolates from patients in Cana-
da to neutralizing antibodies and type I interferons.

Methods

Cells and Viruses

Vero E6 cells and Calu-3 cells were cultured in com-
plete media (Appendix, https://wwwnc.cdc.gov/
EID/article/29/7/23-0198-Appl.pdf). We isolated
and purified study isolate SB3 as described previ-
ously (10) and isolated the R.1 lineage variant from
patient nasopharyngeal swab samples (Appendix).
We obtained the B.1.351 (Beta) VoC isolate from BEI
Resources (https:/ /www.beiresources.org).

Human Donors

We obtained informed consent for the collection of
convalescent serum samples from 39 patients with
quantitative reverse transcription PCR (qRT-PCR)-
confirmed SARS-CoV-2 infection (Appendix). This
study was approved by the institutional review
board for Sunnybrook Research Institute (approval
no. 2218) and Sinai Health System (approval nos. 02-
0118-U and 05-0016-C).

SARS-CoV-2 Sequencing and Phylogenetic Tree

We performed sequencing of SARS-CoV-2 genomes
from RNA extracts and subsequent bioinformatics
analysis following the steps detailed in Kotwa et al. (11)
(Appendix). We constructed a maximum-likelihood
phylogenetic tree using a dataset of study sequences
(R.1 645, R.1 646, and SB3), Los Alamos National Labo-
ratories full-length variant reference alignment from

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023
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GISAID (12), and randomly sampled Alpha, Beta, and
Gamma variant sequences (Appendix).

Detection of SARS-CoV-2-Specific Binding Antibodies
and Neutralization Assay

We determined the IgG targeting the receptor-bind-
ing domain (RBD) and spike S1 region by using
ELISA (BioLegend, https://www.biolegend.com)
(Appendix). We performed neutralization assays by
incubating serially diluted serum samples (heat inac-
tivated) with SARS-CoV-2 (15,000, 1,500, or 150 PFU/
well) at 37°C for 1 h before adding them to preplated
Vero E6 cells. Five days after infection, we quantified
luminescence with CellTiter-Glo 2.0 Reagent (Prome-
ga, https:/ /www.promega.com) by using a BioTek
Synergy H1 microplate reader (Appendix).

Molecular Detection of SARS-CoV-2 N Y Mutation

Diagnostic nasopharyngeal or midturbinate swab
specimens were collected from patients for SARS-CoV-2
testing and N, Y screening at Shared Hospital Labora-
tory (Toronto, Canada). We performed RNA extraction
and qRT-PCR to detect SARS-CoV-2 as previously de-

scribed (13) (Appendix).

Interferon Treatment and Quantitative PCR

Calu-3 cells were either mock-infected or SARS-CoV-2-
infected (1 h exposure, 50,000 PFU/well), washed
twice with sterile 1x phosphate-buffered serum, and
treated with 1 ng/mL or 10 ng/mL of recombinant
IFN-a (Sigma-Aldrich, https://www.sigmaaldrich.
com) or IFNp (PeproTech, https://www.peprotech.
com). We quantified SARS-CoV-2 RNA and ISGs 72 h
postinfection by using qRT-PCR (Appendix).

Viability Assay, Microscopy, and Statistical Analysis

We assessed cell viability of SARS-CoV-2-infected
Calu-3 cells by using CellTiter-Glo 2.0 Reagent (Pro-
mega) (Appendix) and imaged SARS-CoV-2-infect-
ed Calu-3 cells for cytopathic elects using an EVOS
M5000 microscope (ThermoFisher Scientific, https://
www.thermofisher.com) with the 10x objective. We
performed all statistical analyses by using GraphPad
Prism (https:/ /www.graphpad.com) (Appendix).

Results

R.1 Lineage Variant Virus Isolation and

Lineage Determination

We isolated 2 SARS-CoV-2 isolates belonging to
the R.1 lineage (R.1 645, R.1 646) from 2 patients
from Hamilton, Ontario, Canada, in March 2021,
corresponding to the third wave of the COVID-19
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Figure 1. Phylogenetic confirmation that SARS-CoV-2 isolates belong to R.1 lineage in study of sensitivity to neutralizing antibodies and
resistance to type | interferons in SARS-CoV-2 R.1 lineage variants, Canada. Tree constructed by using maximum-likelihood estimations
by executing 1,000 rapid bootstrap inferences and a thorough search with the general time reversible model of nucleotide substitution. Blue
indicates R1 isolates (R.1 645, R.1 646) and red SB3 isolate. Variants are highlighted in magenta (Alpha), green (Beta), brown (Delta),
mocha (Gamma), and orange (Omicron). The tree was visualized using FigTree version 1.4.2 (http://tree.bio.ed.ac.uk/softwaref/figtree).
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pandemic in Canada. The 2 R.1 isolates were purified
from nasopharyngeal samples from SARS-CoV-2-
specific qRT-PCR-positive persons by using Vero
clone E6 cells as described previously (10). We de-
termined the viral whole-genome sequences and
deposited them into GISAID (accession nos. EPI_
ISL_16641180 and EPI_ISL_16641181). We performed
phylogenetic analysis to confirm clustering with
the R.1 lineage. The R.1 isolates clustered on their
own distinctly from B.1.1.7 (Alpha), B.1.351 (Beta),
B.1.617.2 (Delta), P.1 (Gamma), and B.1.1.529 (Omi-
cron) variants (Figure 1). Sequencing of both R.1 iso-
lates revealed multiple mutations in spike (W L,

S,.F,E K D G,G, V), nonstructural protein (NSP)

2 (P, L, A, V), NSP3 (S A), NSP12 (P, L), NSP13
(GuR, P,,.L), NSP14 (P, H), ORF3a (R, H), mem-
brane (F,L), and the nucleocapsid (S, L, R, K, G, R,
Q,,;H) regions critical to immune evasion (14).

Wave 1 and Wave 3 Serum Samples

We next characterized the R.1 isolates to identify po-
tential effects on the epidemiology of COVID-19. We
assessed the susceptibility of R.1 isolates to neutraliz-
ing antibodies after SARS-CoV-2 infection in a cohort
of patients who had recovered from laboratory-con-
firmed COVID-19 by collecting convalescent serum
samples from 39 unvaccinated donors during the first
(n = 26) and third (n = 13) waves of the pandemic in
Canada. The cohort consisted of 20 men and 19 wom-
en with a median age of 58. Wave 1 consisted of 13
men and 13 women with a median age of 63. Wave 3
consisted of 7 men and 6 women with a median age of
53. Samples were collected a median of 42 days after
the first qRT-PCR-positive test. Most patients were
symptomatic and more than one third were hospital-
ized; a subset of hospitalized patients was admitted
to the intensive care unit (Table 1).

Wave 1 (March-June 2020) was dominated by in-
fection with the SARS-CoV-2 ancestral strain, whereas
wave 3 (March-May 2021) was dominated by infec-
tion with the B.1.1.7 (Alpha) VoC (2,15). A key amino
acid change in the RBD of the B.1.1.7 (Alpha) VoC was
the N, , Y substitution (16). We initially used qRT-PCR
screening to confirm the presence of the N, Y muta-
tion in the 13 clinical samples from wave 3 patients.
The N,,,Y substitution enhances the affinity of RBD to
the angiotensin-converting enzyme 2 receptor (17,18)
and is present in the B.1.1.7 (Alpha), B.1.351 (Beta),
P.1 (Gamma), and B.1.1.529 (Omicron) lineages but
not in the R.1 lineage variants (19-21). Whole-genome
sequencing confirmed that the wave 3 variant with
the N_ Y substitution belonged to the B.1.1.7 (Alpha)

501
VoC. For this investigation, we elicited antibodies from
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wave 1 serum samples (n = 26) by infection with virus-
es harboring the ancestral SARS-CoV-2 spike, whereas
we elicited antibodies from wave 3 serum samples (n =
13) by viruses harboring the B.1.1.7 (Alpha) VoC spike.

Determination of SARS-CoV-2 Spike- and

RBD-Binding Antibodies

Initially, we determined the binding ability of waves
1 and 3 serum samples to SARS-CoV-2 ancestral an-
tigens using ELISA. We detected binding antibodies
targeting the SARS-CoV-2 spike (S1 subunit) and RBD.
Plates coated with either the ancestral S1 or the ances-
tral RBD were used to detect binding IgG. Antibodies
from waves 1 and 3 serum samples bound the ances-
tral S1 and ancestral RBD (Figure 2, panels A, B). IgG
levels from wave 1 serum samples were comparable

Table 1. Clinical summary of patients from study of sensitivity to
neutralizing antibodies and resistance to type | interferons in
SARS-CoV-2 R.1 lineage variants, Canada*

Characteristic Value
Total no. samples 39
No. samples, wave 1 26
No. samples, wave 3 13
Median age, total (IQR) 58 (46-68)
Median age, wave 1 (IQR) 63 (55-71)
Median age, wave 3 (IQR) 53 (33-56)
Sex, total
M 20
F 19
Sex, wave 1
M 13
F 13
Sex, wave 3
M 7
F 6
Median no. days to sampling from first COVID-19 42 (25-71)
positive test (IQR)
Hospital admission 14 (36)
Median days from symptom onset to admission 6 (2-10)
(IQR)
Symptoms
Asymptomatic 1(2)
Fever 17 (43)
Cough 19 (54)
Shortness of breath 8 (20)
Comorbidities
Diabetes 9 (23)
Cardiac illnesses 4 (10)
Vascular illnesses 13 (33)
Pulmonary illnesses 3(8)
Renal ilinesses 2 (5)
Neuromuscular illnesses 0(0)
Liver illnesses 0(0)
Gastrointestinal illnesses 0 (0)
Cancer conditions 3(7)
Rheumatologic illnesses 1(2)
Mental health diagnosis 3(7)
Immunocompromised 0 (0)
ICU admission 4 (10)
Intubation 2 (5)

*Values are no. (%) except as indicated. ICU, intensive care unit; IQR,
interquartile range.
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Figure 2. Antibody detection in study of sensitivity to neutralizing antibodies and resistance to type | interferons in SARS-CoV-2 R.1
lineage variants, Canada. A, B) S1 (A) and RBD (b) binding IgG determined by using a sandwich ELISA format. Dashed line indicates
the limit of detection. C, D) Correlation between S1 and RBD binding IgG for wave 1 (C) and wave 3 (D). E-G) ID50 titers for SB3
(E), R.1 645 (F), and B.1.351 (Beta) VoC (E). Error bars in panels A, B and E-G indicate SD. Statistical significance was calculated
by using an unpaired t test for panels A and B and by using 1-way analysis of variance with Tukey multiple comparisons test for

panels E-G. ID

50°

50% inhibitory dilution; PFU, plague-forming units; RBD, receptor-binding domain; S1, spike.

to wave 3 serum samples for both the S1 (geometric
mean 9.51 vs. 8.42 ng/mL) and the RBD (geometric
mean 11.47 vs. 10.30 ng/mL) (Figure 2, panels A and
B). This observation indicates that binding antibodies
generated by the B.1.1.7 (Alpha) VoC in wave 3 were
cross-reactive with the ancestral S1 and ancestral RBD.

Next, we investigated the correlation between S1-
targeting IgG and the RBD-targeting IgG. The S1 and
the RBD targeting IgG correlated well; for both wave
1 (Spearman p = 0.9043; p<0.0001) and wave 3 serum
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samples (Spearman p = 0.9725; p<0.0001) (Figure 2,
panels C. D). This correlation indicates that for both
wave 1 and wave 3 serum samples, the ancestral S1
and RBD antigens were equally available for binding.

Neutralization of SB3, R.1 645, and B.1.351 (Beta) VoC
Next, we assessed the antibody function by using a
neutralization assay for the entire cohort. We com-

pared the neutralization sensitivity of the R.1 isolates
with SB3 and B.1.351 (Beta) VoC. Live SARS-CoV-2
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isolates were used for the neutralization assay. SB3
is an ancestral isolate purified from a SARS-CoV-2-
infected patient in early 2020 from Toronto, Canada
(10). B.1.351 is a highly neutralization-resistant isolate
that was first detected in late 2020 from Eastern Cape,
South Africa (22). B.1.351 has extensive mutations
in the spike region (L F, Dy A, D, .G, A K, N,

215 242-2447 417

E K, N, Y, DG, and A, V), conferring resistance
to antibodies from both convalescent and vaccinated
persons (22-26).

To establish a robust readout for neutralization,
we tested 3 different plaque-forming unit (PFU) lev-
els (15,000, 1,500, and 150) per well for all 3 isolates
(SB3, R.1 645, and B.1.351 [Beta] VoC). We generated
neutralization profiles for SB3 (Appendix Figure 1,
panels A-C), R.1 645 (Appendix Figure 1, panels
D-F), and B.1.351 (Appendix Figure 1, panels G-I)
and derived 50% inhibitory dilution (ID,,) values.
For SB3, we observed a significant difference in ID,
between the 3 different PFUs tested; 150 PFU/well
was the most neutralization sensitive and 15,000
PFU/well the most resistant (Figure 2, panel E). The
geometric means of ID,, titers were 24.9 for 15,000
PFU/well, 37.7 for 1,500 PFU/well, and 65.2 for
the 150 PFU/well (Figure 2, panel E). As for SB3,
the geometric mean of R.1 645 ID; titers increased
from 29.7 for 15,000 PFU/well to 69.6 for 1,500 PFU/
well and 156.9 for 150 PFU/well (Figure 2, panel
F). However, for B.1.351, we noticed no significant
difference among the 3 PFUs tested. The geometric
mean of ID, titers remained very low: 13.2 for 15,000
PFU/well, 14.0 for 1,500 PFU/well, and 16.9 for 150
PFU/well (Figure 2, panel G), corroborating previ-
ous data that B.1.351 is highly resistant to neutraliza-
tion (23-25). This neutralization profile shows that
the serum samples have diverse neutralizing abili-
ties; titers significantly increased as the number of
viral particles decreased for SB3 and R.1 645 but not
for the highly resistant B.1.351.

Sensitivity of R.1 645 and R.1 646 to

Neutralizing Antibodies

Next, we determined whether the 2 R.1 isolates (R.1
645, R.1 646) had similar sensitivity to neutralizing an-
tibodies by screening a subset of the serum samples (n
=19 from wave 1 and 3) on R.1 646 (Appendix Figure
2, panels A-C). The Spearman rank correlation coef-
ficient (p) values remained high for 15,000 (Spearman
p = 0.8333; p<0.0001), 1,500 (Spearman p = 0.9262;
p<0.0001), and 150 (Spearman p = 0.8677; p<0.0001)
PFU/well (Appendix Figure 2, panels D-F), indicat-
ing that the R.1 isolates were similarly neutralized by
the serum samples.
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Binding IgG as a Prediction of SARS-CoV-2
Neutralization

We next assessed whether binding antibodies are
predictive of SARS-CoV-2 neutralization. We used a
linear regression model to predict whether the RBD
and spike (S1) targeting IgG could neutralize SB3, R.1
645, and B.1.351 (Beta) VoC, using only the 150 PFU/
well condition because it had the highest neutraliza-
tion titers. RBD-binding IgG were a weak predictor of
SB3 (R? = 0.3819; p<0.0001) and R.1 645 (R* = 0.2225; p
= (0.0024) neutralization, but we noted no significance
for B.1.351 (Beta) VoC (R* = 0.05892; p>0.05) (Appen-
dix Figure 3, panel A). In contrast to RBD, the neu-
tralization prediction was moderately improved for
S1-binding IgG for SB3 (R? = 0.5148; p<0.0001) and
R.1 645 (R* = 0.6025; p<0.0001) but weak for B.1.351
(R?* = 0.1308; p<0.0001) (Appendix Figure 3, panel B).
Those data suggest that S1-targeting antibodies out-
side the RBD are markedly involved in neutralization.

Neutralization of R.1 Isolate by Wave 1 Serum Samples
Next, we determined whether the R.1 isolate (R.1645)
that emerged during wave 3 was sensitive to neutral-
izing antibodies elicited by the ancestral virus from
wave 1. To test this possibility, we compared the
neutralization susceptibility of R.1 645 with SB3 and
B.1.351 (Beta) VoC. We observed no significant dif-
ference in the ID, titers between SB3 and R.1 645 at
higher PFUs (15,000 and 1,500) (Figure 3, panels A,
B). However, R.1 645 was significantly more sensitive
than SB3 at 150 PFU /well; we noted a 1.6-fold increase
in the geometric mean of the ID titers (Figure 3, pan-
el C). Furthermore, R.1 645 was significantly more
sensitive than B.1.351 at all 3 PFUs tested (Figure 3,
panels A-C). A 2.2-fold, 4.5-fold, and 8.2-fold increase
in the geometric mean of 1D, titers was noted for R.1
645 in comparison to B.1.351 (Figure 3, panels A-C).
SB3 also remained significantly more sensitive than
B.1.351 at lower PFUs (3.3-fold increase in geometric
mean of ID,, titers at 1,500 PFU/well and 5-fold in-
crease at 150 PFU/well) (Figure 3, panels B, C). This
observation indicates that the R.1 isolate, despite hav-
ing spike mutations, remains sensitive to antibodies
from wave 1 serum samples (Table 2).

Neutralization of R.1 Isolate by Wave 3 Serum Samples
Subsequently, we analyzed whether the antibodies
elicited by the B.1.1.7 (Alpha) VoC during wave 3 of
the pandemic can neutralize the R.1 isolate. A signifi-
cant increase in the ID,; titers was notable between
SB3 and R.1 645 at all the PFUs tested (Figure 3, panels
D-F). We noted 1.6-fold, 3.5-fold, and 5.1-fold increas-
es in the geometric mean of the ID, titers for R.1 645 in
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Table 2. Summary of neutralization of SARS-CoV-2 isolates from study of sensitivity to neutralizing antibodies and resistance to type |

interferons in SARS-CoV-2 R.1 lineage variants, Canada

SARS-CoV-2 isolates

Sensitive isolate Adjusted p value

Wave 1: 15,000 PFU

SB3vs. R.1 645 NA NS

SB3vs. B.1.351 NA NS

R.1 645 vs. B.1.351 R.1645 0.0186
Wave 1: 1,500 PFU

SB3vs. R.1645 NA NS

SB3vs. B.1.351 SB3 0.0243

R.1 645 vs. B.1.351 R.1 645 0.0011
Wave 1: 150 PFU

SB3vs. R.1645 R.1 645 0.0141

SB3vs. B.1.351 SB3 0.0066

R.1 645 vs. B.1.351 R.1 645 0.0022
Wave 3: 15,000 PFU

SB3vs. R.1645 R.1 645 0.0391

SB3vs. B.1.351 NA NS

R.1 645 vs. B.1.351 R.1 645 0.0385
Wave 3: 1,500 PFU

SB3vs. R.1645 R.1 645 0.0079

SB3vs. B.1.351 NA NS

R.1 645 vs. B.1.351 R.1 645 0.0093
Wave 3: 150 PFU

SB3vs. R.1645 R.1 645 0.0038

SB3vs. B.1.351 NA NS

R.1 645 vs. B.1.351 R.1 645 0.0053

*NA, not applicable; NS, not significant; PFU, plague-forming units.

comparison to SB3. This observation indicates that the
antibodies triggered by the B.1.1.7 (Alpha) VoC could
neutralize R.1 645 better than SB3. Neutralization titers
of R.1 645 also remained high compared with B.1.351
(Beta) VoC, indicating that B.1.351 is significantly
resistant to wave 3 serum samples (Figure 3, panels
D-F). We noted 2.3-fold, 6.1-fold, and 11.9-fold in-
creases in the geometric mean of 1D, titers for R.1 645
in comparison to B.1.351 (Figure 3, panels D-F). How-
ever, unlike wave 1 serum samples, we noted no sig-
nificant difference in the ID,, titers between SB3 and
B.1.351 for wave 3 serum samples (Figure 3, panels
D-F). Those data indicate that the antibody repertoire
evolved over time resulting in a substantial loss of
neutralization breadth to the ancestral isolate. Of note,
the antibody repertoire that evolved in response to the
B.1.1.7 (Alpha) VoC during wave 3 could still neutral-
ize the R.1 645 isolate (Table 2).

Sensitivity of R.1 Isolates to Type | Interferons

Next, we investigated the sensitivity of R.1 isolates to
type I IFNs. We infected Calu-3 cells with SB3 or one
of the 2 R.1 isolates. One hour after absorption, we
treated cells with IFN-a or IFN-B (1 ng/mL or 10 ng/
mL) for 72 hours. We monitored SARS-CoV-2 RNA
levels by using qRT-PCR after isolating total RNA
from infected Calu-3 cells to determine the amounts of
virus produced 72 hours after infection. As expected,
we observed a drop in virus replication with recombi-
nant IFN-a and IFN-p treatment (at both 1 ng/mL and
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10 ng/mL concentration) (Figure 4, panels A, B). The
R.1 isolates were significantly more resistant to both
IFN-a and IFN-p than were SB3 (Figure 4, panels A, B).
We observed no significant difference in SARS-CoV-2
RNA levels in the untreated controls. This finding in-
dicates that R.1 isolate resistance to type I IFNs is not
caused by differences in the level of incoming virus or
inherent replication capacity.

We have previously shown that SARS-CoV-2 is
a poor inducer of type I IFN and ISGs (27), and oth-
ers have shown that SARS-CoV-2 can evade the type
I IFN machinery (28,29). Because our R.1 isolates were
significantly more resistant to type I IFNs, we exam-
ined differences in the expression of 2 ISGs: interferon-
induced protein with tetratricopeptide repeats (IFIT1)
and interferon regulatory factor 7 (IRF7). We com-
pared the ability of the R.1 isolates to block IFIT1 and
IRF7 production in response to IFN to that of SB3. We
noted a dose-responsive increase in the transcript lev-
els of IFIT1 and IRF7 for both IFN-a- and IFN-f-treat-
ed conditions in mock-infected cells (Figure 4, panels
C-F). In the presence of SARS-CoV-2, we noted signifi-
cant suppression of the IFN-a- and IFN-B-mediated
activation of IFIT1 and IRF7 (Figure 4, panels C-F).).
However, we did not observe a significant difference
in IFIT1 or IRF7 transcript levels between SB3 and the
2 R.1 isolates. We performed a viability assay to con-
firm that the difference in ISG signal is not caused by
SARS-CoV-2-induced cell death (Appendix Figure
4, panels A, B). The absence of SARS-CoV-2-induced
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cytopathic effect corroborates our viability data (Ap-
pendix Figure 5, panels A, B) and is consistent with
other studies (30,31). This observation implies that the
resistance of the R.1 isolates to type-I IFNs is not inher-
ently dependent on ISG modulation.

Discussion

We demonstrate that R.1 isolates are sensitive to neu-
tralizing antibodies induced after natural SARS-CoV-2
infection (Figure 3). These results are encouraging and
add to our understanding of the sensitivity of VuMs to
neutralizing antibodies. We further demonstrate that
the R.1 lineage isolates, in contrast to the B.1.351 (Beta)

SARS-CoV-2 R.1 Lineage Variants, Canada

VoG, retain neutralization sensitivity to antibodies gen-
erated early and later during the pandemic (Figure 3).
Using a pseudovirus-based neutralization assay, a re-
cent study demonstrated that mutations in R.1 lineage
drive resistance to neutralizing antibodies compared
with the wild type (32). Although a good correlation
was observed between pseudovirus and live virus assay
for antibody neutralization (33), a live virus assay more
accurately represents spike protein density, epitope
exposure, and replication kinetics of SARS-CoV-2. We
observed a significant evolution in the breadth of neu-
tralization with wave 3 antibodies, which resulted in a
higher neutralization of R.1 isolates compared with the

Figure 3. Sensitivity of SARS-CoV-2 lineage variants to neutralizing antibodies, Canada. A—C) Sensitivity of SB3, R.1 645, and B.1.351
(Beta) variants to neutralizing antibodies from patients infected with the ancestral virus (wave 1 samples). D-F) Sensitivity of SB3, R.1
645, and B.1.351 (Beta) VoC to neutralizing antibodies from patients infected with the B.1.1.7 (Alpha) VoC (wave 3 samples). For each
isolate, we tested 3 different PFU per well: 15,000 (A, D), 1,500 (B, E), and 150 (C, F). Statistical significance was calculated using
1-way analysis of variance with Tukey multiple comparisons test. ID_;, 50% inhibitory dilution; PFU, plaque-forming units.
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ancestral isolate (Figure 3, panels D-F). Of the 5 muta-
tions in the spike region of our R.1 isolates, 3 are unique
and not found in the B.1.351 (Beta) VoC. These include
W, and S,_F substitutions in the N terminal domain

152
of the S1 spike region and the G,V substitution in the

S2 domain. A report that investigated key SARS-CoV-2
spike substitutions demonstrated that W _,L alone does
not confer neutralization resistance (34).

We established that the continuum of antibody-
mediated neutralization is dependent on the virus

Figure 4. Resistance to type | interferons in SARS-CoV-2 R.1 lineage variants, Canada. A) Sensitivity of SB3, R.1 645, and R.1 646

to IFN-a. B) Sensitivity of SB3, R.1 645, and R.1 646 to IFN-B. C, D) Fold change in IFIT1 transcript levels in response to IFN-a (C) or
IFN-B (D) treatment. E, F) Fold change in IRF7 transcript levels in response to IFN-a (E) or IFN- treatment (F). ISG transcript levels
were normalized to GAPDH transcript levels. For testing, Calu-3 cells were either mock-infected or infected with SARS-CoV-2 (50,000
PFU/well) for 1 hour followed by treatment with recombinant IFN (1 or 10 ng/mL). Total RNA was extracted after 72 hours and
SARS-CoV-2 RNA levels were determined using quantitative reverse transcription PCR. 1/ACT values are represented after normalizing
to mock-infected cells. Statistical significance was calculated using 2-way analysis of variance with Tukey multiple comparisons test.
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IFIT1, interferon-induced protein with tetratricopeptide repeats; IFN, interferon;

IRF7, interferon regulatory factor 7; ISG, IFN-stimulated gene.

1394

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 29, No. 7, July 2023



inoculum (Figure 2, panels E, F) and that different
levels of virus inoculum are neutralized differentially
for SB3 and R.1 645. A significant drop in the ID,, ti-
ters was observed as we exponentially increased the
number of SARS-CoV-2 particles. Those data imply
that the threshold of neutralizing antibody titers
necessary for protection is dependent on the exposure
dose of virus particles. This finding indicates that a
potent humoral response is critical for SARS-CoV-2
protection in vaccinated or naturally infected persons.

Our data show resistance of SARS-CoV-2 variants
to type I IFNs, which in turn can influence viral evolu-
tion. An increased IFN resistance in SARS-CoV-2 was
reported recently (8). Our R.1 isolates were significant-
ly resistant to both IFNa and IFNp treatment within
lung epithelial cells (Figure 4, panels A, B). However,
whether mutations accumulated in ORFlab, ORF3, M,
and N regions are causing the observed IFN resistance
is unclear; this question will be vital in future studies.
IFN resistance of R.1 isolates can potentially lead to
higher viral loads, thereby accelerating virus shedding
and transmission. Although the World Health Orga-
nization recategorized R.1 lineage isolates as formerly
monitored variants in November 2021, data are limited
on the transmission potential and disease severity of
the formerly monitored variants. Our finding that R.1
lineage isolates are neutralization sensitive but concur-
rently IFN resistant indicates that IFN resistance will
be a strong driving force in the generation of new vari-
ants. Overall, data from this study further advance our
knowledge of how virus evolution can influence the
trajectory and characteristics of a pandemic.
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Influenza A viruses are a One Health threat because
they can spill over between host populations, including
among humans, swine, and birds. Surveillance of swine
influenza virus in Hanoi, Vietnam, during 2013-2019 re-
vealed gene pool enrichment from imported swine from
Asia and North America and showed long-term mainte-
nance, persistence, and reassortment of virus lineages.
Genome sequencing showed continuous enrichment of
H1 and H3 diversity through repeat introduction of hu-
man virus variants and swine influenza viruses endemic
in other countries. In particular, the North American
H1-81a strain, which has a triple-reassortant backbone
that potentially results in increased human adaptation,
emerged as a virus that could pose a zoonotic threat.
Co-circulation of H1-81a viruses with other swine influ-
enza virus genotypes raises concerns for both human
and animal health.

nfluenza A viruses (IAVs) pose a persistent One

Health threat because of their ability to spill over
into new host populations (1). Because pigs are sus-
ceptible to both avian and mammalian IAVs, they
play an important role as mixing vessels in the gen-
eration of reassortant viruses (2). The 2009 influenza
(HIN1) pandemic was caused by a reassortant HIN1
virus (pH1N1) containing gene segments from clas-
sical swine virus, Eurasian avian-like swine virus,
and human seasonal virus lineages (3). Three differ-
ent IAV subtypes (HIN1, H3N2, and HIN2) circulate
in swine worldwide (4), with regional variation in
antigenic characteristics. Contemporary swine influ-
enza virus (swlV) lineages include HIN1, HIN2, and
HB3N2 triple-reassortant (TR) viruses that originated
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through reassortment of classical swine, avian, and
human influenza viruses in the 1990s (1,5), European
avian-like HIN1 swlV introduced into pigs during
the 1970s, and several human HI1N1- and H3N2-
derived viruses, including pH1N1, pre-2009 H1N1,
and H3N2-variant viruses (4). The increasing genetic
diversity of IAVs in swine presents a pandemic con-
cern (4,6). Human infections of emerging swlV are
most frequently reported in the United States, where
all nonhuman influenza viruses are nationally noti-
fiable, with recurring outbreaks at agricultural fairs
(7,8); however, sporadic human cases due to swlVs
have been recently reported in Asia (9,10), Europe
(11), and Australia (12).

In 2013, swlV surveillance was established at a
collective slaughterhouse in Hanoi, Vietnam, that
sourced pigs from 23 local provinces (13) (Table 1).
During 2013 and 2014, cocirculation of multiple
swlVs was detected, including viruses originating
from pHIN1, HIN2 (with pre-2009 seasonal influen-
za-derived H1 hemagglutinin [HA]), H3N2 derived
from human seasonal influenza, and TR HIN2 and
HB3N?2 viruses (13). For this study, we extended viro-
logic surveillance to 2019 and serologic surveillance
from 2013 to 2019 in this slaughterhouse to character-
ize swlV evolution.

Materials and Methods

Surveillance and Virus Isolation

We examined 150 paired serum and nasal swab speci-
mens collected from monthly convenience sampling at
the Van Phuc slaughterhouse, the main collective swine
slaughterhouse in Hanoi, Vietnam. We recorded the
province of origin for each sampled pig. We report, in
this study, findings from serum samples collected May
7, 2013-August 28, 2019. Virus isolation and sequence

These senior authors contributed equally to this article.
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Table 1. Summary of swine influenza virus isolates, by province,
from samples collected at Van Phuc slaughterhouse in Vietham
during 2010-2019*

Province of origin No. samples No. (%) positive
Ha Noi 2,178 52 (2.39)t
Ha Nam 855 10 (1.17)
Hai Phong 61 7 (11.48)
Bac Ninh 51 4 (7.84)
Thai Nguyen 199 3(1.51)
Ninh Binh 22 1 (4.55)
Nghe An 51 1(1.96)
Hung Yen 96 1(1.04)
Vinh Phuc 215 1(0.47)
Hoa Binh 465 2(0.43)
Phu Tho 301 1(0.33)
Bac Giang 200 0
Yen Bai 150 0
Thanh Hoa 45 0
Thua Thien Hue 31 0
Nam Dinh 29 0
Dien Bien 2 0
Thai Binh 135 0
Tuyen Quang 27 0
Dong Nai, SV 195 11 (5.64)
Binh Duong, SV 16 0
Binh Dinh, SV 10 0
Kieu Ninh, SV 7 0
Location not specified 509 20 (3.93)
Total 5,850 114 (1.95)t

*SV, southern Vietnam.
TIncludes 1 mixed infection of HLN2 and H3N2.

data from swab samples collected May 7, 2013-May
19, 2016, were reported previously (13); virus isolation
and sequence data from swab samples collected June
30, 2016-August 28, 2019, are reported in this study. We
cultured samples for virus isolation in MDCK cells at
the National Institute of Veterinary Research Labora-
tory in Hanoi using described methods (13).

Whole-Genome Sequencing and Assembly

We amplified the influenza genome from RNA ex-
tracted from virus isolates using a multisegment
reverse transcription PCR (RT-PCR) with univer-
sal primers (14,15) and sequenced by using Nex-
tera DNA library preparation and MiSeq (PE300)
sequencer (Illumina, https://www.illumina.com),
as previously described (13). We removed adapt-
ers and low-quality reads by using Trimmomatic
version 0.36 (USADEL LAB, http://www.usadel-
lab.org), and we performed de novo assembly by
using IVA version 0.8.1 (16). We mapped the as-
sembled contiguous sequences to the reference
sequence using Geneious Prime version 2019.2.1
(Geneious, https:/ /www.geneious.com) and gener-
ated consensus sequences by merging overlapping
contigs. We submitted to GISAID (https://www.
gisaid.org) the Vietnam swlV genome sequences and
associated metadata (Appendix 1, https:/ /wwwnc.
cdc.gov/EID/article/29/7/23-0165-Appl.xlsx). We
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used BLAST (https://blast.ncbi.nlm.nih.gov/Blast.
cgi) to analyze sequences generated in this study
with other closely related influenza viruses from
the GenBank and GISAID databases, including vac-
cine strains of human seasonal influenza HIN1. We
classified H1 clades according to a phylogeny-based
global nomenclature system (17).

Phylogenetic Analysis and Genotypic Diversity

We aligned gene segments individually by using
MAFFT version 7.490 (18) and constructed maximum-
likelihood phylogenetic trees by using IQ-TREE ver-
sion 2.1.4 on the basis of the best-fit nucleotide substi-
tution model determined by ModelFinder (IQ-TREE,
http:/ /www.iqtree.org), estimating branch supports
by using an approximate likelihood ratio (SH-like)
test (19). We determined genotypes of swlVs by as-
signing each segment to specific lineages on the basis
of maximume-likelihood phylogenies and characteriz-
ing the genotype based on the clade distribution of
its internal segments (20). We inferred time-scaled
phylogenies calibrated by sample collection dates by
using the maximum-likelihood method in IQ-TREE
version 2.1.4, implementing a least-square dating al-
gorithm (21). We visualized trees in FigTree version
1.4.4. (http:/ /tree.bio.ed.ac.uk/software/figtree).

Serologic Assays

We randomly selected 10 pig serum samples from
each monthly sampling visit to the same slaughter-
house (13). In total, we tested 760 pig serum samples
collected during May 2013-August 2019 by using
the hemagglutination inhibition (HI) assay against
3 swine H1 subtype influenza virus strains and 1
swine H3-subtype influenza virus strain isolated in
this study, as well as pHIN1 virus. Those viruses
were A/California/04/2009 (pHIN1), A/swine/
Hanoi/7-305/2016 (H1-TR, HIN2), A/swine/Ha-
noi/11-260/2019 (H1-like, HIN2), A/swine/Ha-
noi/12-276/2019 (H1-61a, HIN2) and A/swine/
Hanoi/10-984/2018 (2004/05 human H3N2-origin).
We grew the viruses in MDCK cells and used them
as antigens. The HI tests were carried out according
to the World Health Organization’s standard proto-
col for animal influenza diagnosis (22), with details as
previously described (13).

Results

Incidence of swlVs and Subtype Diversity

No clear pattern of seasonality was detected from
the 150 paired swab and serum specimens collected
during June 2016-August 2019, nor from previous

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 29, No. 7, July 2023



studies conducted during 2010-2016 (Figure 1, pan-
els A, B). The abattoir sourced swine from 23 prov-
inces in Vietnam (Figure 1, panel C); most samples
(87%) originated from provinces in northern Viet-
nam, 4% of samples originated from southern prov-
inces, and location data were missing for the re-
maining samples (9%). Most swlV-positive samples
originated from Hanoi (46%), Ha Nam (9%), and
Hai Phong (6%) in northern Vietnam and Dong Nai
(10%) in southern Vietnam (Table 1; Figure 1, panel
C). There were 114 influenza-positive nasal swab
samples with 1 mixed-subtype infection among the
5,850 swabs tested, yielding 115 viruses for study,
for an isolation rate of 1.95%.

Subtyping of the 115 swlV isolates showed the cir-
culation of 3 virus subtypes, HIN1 (n = 16), HIN2 (n
=46), and H3N2 (n = 53); 1 HIN2 and H3N2 co-infec-
tion was detected. Our previous study in the same ab-
attoir during 2013-2014 yielded the same 3 virus sub-
types, HIN1 (n = 16), HIN2 (n = 35), and H3N2 (n =
26) (13). Of note, we observed a high genetic similarity

Evolution of Swine Influenza Viruses, Vietham

of viruses collected during each sampling at the Van
Phuc slaughterhouse, suggesting that viruses were
not maintained in the abattoir but were repeatedly
introduced from sourced populations.

Phylogenetic Relationships of the HA Genes

We conducted a maximum-likelihood phylogenetic
analysis of the HA genes of 145 swlVs collected during
2016-2019 in Vietnam, together with virus sequences
from previous studies from the same abattoir during
2013-2019 and 390 swlVs collected in Vietnam by oth-
er studies (Figure 2, panel A). HA sequence data re-
vealed the circulation of 4 distinct H1 lineages and 2
distinct H3 lineages over various time points (Figure 2,
panel B; Appendix 2 Figure 1). The H1 subtype viruses
included human-derived pHIN1 (n = 122), classical
swine-derived H1-TR (n = 84), and pre-2009 seasonal
HIN1 (n = 69), which we further classified into H1-6-
like (n = 60) and H1-81a (n = 9). In addition, 2 viruses
of the HIN2 subtype collected in December 2016 by
Takemae et al. (23) belong to the Eurasian avian-like

Figure 1. Swine influenza virus detection in Vietnam during 2010-2019. A) Number of swine Influenza viruses isolated from Van
Phuc slaughterhouse in Hanoi during 2013-2014 (13,26) and 2016-2019, alongside other surveillance studies in Vietnam (23,27,28).
B) Percentages of swine influenza virus subtypes detected. C) Provincial origins (gray shading) of pigs sampled at Van Phuc

slaughterhouse during 2016—-2019.

Emerging Infectious Diseases ¢ www.cdc.gov/eid « Vol. 29, No. 7, July 2023
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Figure 2. Genomic epidemiology of swine influenza viruses in Vietnam. A, B) Maximum-likelihood phylogeny of the H1 (A) and H3
(B) hemagglutinin genes of swine influenza viruses. Branch tips are colored by lineage origin and branches by host. C) Persistence of
independent hemagglutinin lineages of swine influenza viruses detected in Vietnam. EA, Eurasian avian; HPD, highest posterior density;

tMRCA, time to most recent common ancestor; TR, triple reassortant.

swine H1 HA lineage. The H3-HA phylogeny indicates
swlVs in Vietnam belong to either the swine-origin
North American TR lineage or the 2003/04 human
H3N2-origin swlV first detected in Vietnam in 2010
(Figure 2, panel B; Appendix 2 Figure 1).

HA phylogenies identified the circulation of 21 in-
dependent transmission lineages in swine in Vietnam
since 2010, including 4 singletons (Figure 2, panel B).
Those lineages were all identified elsewhere in the
world and were likely introduced by imported swine
or by humans through reverse zoonosis. Of the 21

1400

transmission lineages, 17 independent transmission
lineages of pHIN1 virus were detected at various
time points. Most introductions were limited to 1-14
samples collected during 1-3 contiguous sampling
months and were most closely related to spillover of
contemporary human pHIN1 viruses. Two closely
related pH1NT1 reassortants detected in January and
June 2017, A/swine/Hanoi/7_619/2017 and A/
swine/Hanoi/8_463/2017, derived HA and neur-
aminidase (NA) genes from humans around 2013
and polymerase basic (PB) 2, PB1, or nonstructural

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 29, No. 7, July 2023



genes from TR swlVs from China. Long branches in
the HA and NA phylogenetic trees suggest circula-
tion in swine for >3 years.

In addition to recurrent detections of pHIN1 dur-
ing 2014-2017 (n = 53), a single lineage of H1 TR virus
(n = 84), closely related to swlV in Guangxi Province,
China, during 2010-2011, was maintained during 2010-
2019, and an H1-5-like lineage (n = 60) was derived in-
dependently from pre-2009 human seasonal HIN1 vi-
ruses that circulated in 2004-2006. Nine virus sequences
collected on the last sampling occasion (in August 2019)
belonged to the H1-61a lineage and were most closely
related to HIN2 swlVs circulating in the United States
during 2015-2016 (Appendix 2 Figure 3). The H1-51a
originated from human seasonal HIN1 viruses circu-
lating in humans during 2002 and 2003 (24,25) and was
previously found only in swine in the United States (17).

Two major H3-HA lineages originated from
North America. One belongs to the TR lineage that
circulated during 2012-2015 in northern Vietnam (n =
132) (13,26,27), and the other belongs to the 2004/05
human H3N2-origin swlV (n = 133) that circulated
during 2010-2018 (Figure 2, panel B). The 2004/05
human H3N2-origin lineage clustered with viruses
circulating in southern China and Cambodia during
2011-2012 and a zoonotic case reported in Vietnam
(A/Ho Chi Minh/459-6/2010 [H3N2]). The 2004/05
human H3N2-origin viruses have been further clas-
sified into 2 divergent lineages, NV and SV, based
on detection in north and south Vietnam. SV viruses
have not been detected since 2015, and NV viruses
were detected up to 2018. Taken together, our results
indicate a recent bottleneck in overall HA diversity;
H1 and H3 TR lineages have not been detected since
2016, and detections of new human pHIN1 viruses
have been declining. However, H1-8 viruses became
predominant by 2018 and 2019.

Temporal phylogenies of the H1 and H3 HA
genes of Vietnam swlVs (Figure 2, panel B; Figure 3,
panel A) show long branches of unsampled diversity
leading up to the H1-5-like virus and the 2004 /05 hu-
man H3N2-origin swlV, which was before initiation of
swine surveillance in Vietnam. The pH1N1 virus lin-
eage we described circulated for ~4 years before detec-
tion, and within the swlV clades from Vietnam, long
branches of unsampled diversity span 4 to 5 years. A
sublineage of the 2004/05 human H3N2-origin virus
that diverged before 2010 was only detected in 2016-
2019. Similarly, recent viruses belonging to 2 H1-5 sub-
lineages appear to have been sampled after 4 years.

Genotypes of swlV in Vietnam during 2010-2019
Phylogenetic analysis of each gene segment from
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2010-2019 showed that the swIV gene pool in
Vietnam includes genes from pH1N1 virus, pre-2009
human-derived H1 viruses (further subdivided into
H1-8-like and H1-81a), Eurasian avian-like H1 virus,
and TR viruses of H1 and H3 subtype (Figure 3). Of
the combined 537 swlVs, 111 HIN1 swIVs derived en-
tirely from pHINI (genotype 1), 2 HIN1 (genotypes
2-3),161 HIN2 (genotypes 4-20), and 263 H3N2 (gen-
otypes 21-28) viruses were reassortants (Figure 3).
Among the 426 reassortant HIN2 and H3N2 swlVs,
we detected several preferred genetic constellations
(Figure 3, panel B). We identified 28 swlV gene con-
stellations, designated as genotypes, whereas 1-28,
from the 2010 to 2019 time frame, of which 17 were
previously reported (13,26-28). Of those, only geno-
types 1, 4, and 25 continued to be detected during
2016-2019. Genotypes 1 and 4 were detected in both
northern and southern Vietnam; the others were
found in either northern or southern Vietnam (Figure
3; Appendix 2 Figure 1).

In each year, we observed the cocirculation
of multiple genotypes; few genotypes were main-
tained across multiple years (Figure 3, panel C).
Most of the swlVs detected in Vietnam were geno-
type 1, which had all 8 gene segments originating
from human pHIN1 viruses (n = 111) (Figure 3;
Appendix 2 Figure 1). Genotype 1 was dominant
in Vietnam during 2010-2015 and 2017-2018, fol-
lowed by genotypes 23, 7, 24, and 10, found dur-
ing 2010-2019 (Figure 3, panel C). We found that
pHI1N1 viruses with PB2, PB1, nucleoprotein (NP),
and nonstructural genes from TR viruses and N2-
NA genes from human H3N2-derived swIV (geno-
types 2, 3, and 13) were detected sporadically (Fig-
ure 3). The NA and internal genes of swine pH1IN1
viruses were not monophyletic but interspersed
between human-origin virus sequences. All poten-
tial spillover events were closely related to human
viruses, not limited to human viruses in Vietnam.

In contrast to the predominance of a single
pHIN1 virus genotype, the HIN2 TR viruses re-
peatedly acquired internal genes from pHIN1 vi-
ruses (genotypes 5, 6, 8, 9, and 14); the most recent
HIN2 TR viruses contained all internal genes of
pHINT1 viruses. Two HIN2 swlV sequences (geno-
type 16) contain Eurasian avian-like surface proteins
and pHINT1 internal genes. Similarly, the genotype
8 HIN2 viruses, with H1-6 HAs and all other seg-
ments from TR viruses, repeatedly gained pH1N1
genes to form genotypes 7, 12, 15, and 20. The most
recent HIN2 TR viruses collected in 2019 contain
TR N2 and pH1N1 internal segments (genotype 7).
However, H1-8 genotype 4 viruses with no pH1IN1
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genes continued to be detected until 2019. Further- from pHIN1. Those viruses have not been seen any-
more, H1-81a viruses (genotype 10) isolated in Au- where other than the United States and now Viet-
gust 2019 contained North American TR internal nam, suggesting that those swlVs likely spread to
and NA genes with only the matrix protein (M) gene = Vietnam directly from the United States.

Figure 3. H1 and H3 swine influenza virus genotypes in Vietnam, 2010-2019. A) Temporal phylogeny of HA genes. Branches are
colored by lineage of origin. Heatmap illustrates gene segment origins. B) Genotypes identified in Vietnam during 2010-2019. Box
shading denotes lineage of origin by color grouping, as shown in panel A. C) Annual percentages of genotypes identified. Colors are as
shown in panel B. C-TR, Chinese triple reassortant; EA, Eurasian avian; H1-8, pre-2009-human H1-3; H1-31a, pre-2009 human H1-81A;
HA, hemagglutinin; M, matrix; NA, neuraminidase; NA-TR, North American triple reassortant; NP, nucleoprotein; NS, nonstructural;
NV-TR, northern Vietnam triple reassortant; PA, polymerase acidic; PB, polymerase basic; SV-TR, southern Vietnam triple reassortant.
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We detected 8 distinct H3N2 swlV constellations
(genotypes 21-28). The H3 TR viruses that circulated
in northern Vietnam during 2012-2015 were initially
detected with all genes of TR lineage (genotype 28)
or with polymerase acidic, NP, and M genes derived
from pHI1NT1 viruses (genotype 24). However, H3 TR
viruses detected during 2014-2015 contained only NP
and M genes from pH1NT1 (genotype 21). The 2004/05
human H3N2-derived viruses, initially identified in
2010 with all internal genes from TR lineages (geno-
type 27), gained pHIN1 gene segments with or with-
out maintaining TR PB1 (genotype 22) or NP (geno-
type 25) genes. However, the most recent viruses of
this H3 lineage (detected in 2017-2018) contained the
TR N2 and pH1N1 internal genes (genotype 23). Tak-
en together, our findings show that swlV lineages of
all subtypes collected in recent years in Vietnam have
acquired the pHINI internal genes, except 2 diver-
gent H1-0 viruses (genotype 4 and 10) that appear to
have become predominant in Vietnam in recent years.

Seroprevalence of swlV in Northern Vietnam

Of swine serum samples tested by HI assay, 41%
(309/760) showed antibody titers 240 against at least
1 of 5 representative virus antigens tested (Table 2).
Seroprevalence of 2004 /05 human H3N2-origin virus
in 2016-2019 (15.3%) was broadly comparable to that
for 2013-2014 (15.9%), whereas H1 lineage seropreva-
lence varied over time. Seroprevalence of pH1N1 and
H1-TR virus decreased, and H1-5-like virus serop-
revalence increased from 13% in 2013-2014 to 20% in
2016-2019. H1-81a antibodies were only detected in
2016-2019; the first seropositive samples were collect-
ed in March 2016 (Appendix 2 Table 1) and showed
limited cross-reactivity to other H1 swlV lineages (Ap-
pendix 2 Table 2) (29,30). Despite continuous detec-
tion of an H1-TR lineage during 2013-2017 (Figure 2,
panel B), overall seropositivity against the H1-TR ref-
erence strain, A/swine/Hanoi/7_305/2016(H1N2),
remained low at 2.4% (Table 2). H1-TR seropositive
samples displayed elevated HI titers against pH1N1
(2- to 3-fold increase; Appendix 2 Table 3). This result
suggests H1-TR reactive antibodies are likely the re-
sult of cross-reactivity with pHIN1.

Discussion

Our study, conducted during 2016-2019, provides in-
sights into the evolution and epidemiology of swIV
in Vietnam, a major pork-producing country in Asia.
Through longitudinal surveillance at a central slaugh-
terhouse in Hanoi, which sourced pigs from across
the country, we found HIN1, HIN2, and H3N2
swlVs co-circulating. This finding is consistent with
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surveillance conducted in 2013-2014 (13,26) and with
other studies in Vietnam (23,27,28), indicating that
the swlV subtypes circulating in Vietnam are similar
to those found across Asia and globally (31-34).

We found that the genetic diversity of swlV in
Vietnam since 2010 is attributable to the persistence
of several swine-origin HIN2 and H3N2 viruses,
first reported in other countries in Asia and North
America and likely imported via swine trade. We also
identified repeat introductions of human pHIN1 vi-
ruses through reverse zoonosis. We found extensive
reassortment of major swlV lineages, including H1IN2
and H3N2 frequently acquiring pH1N1 internal genes
and only rare acquisition of other swlV internal genes
by pHIN1 lineage viruses. As a result, most recent
swlVs from Vietnam contain pH1N1 internal genes.
However, 2 divergent H1-5 virus lineages (originally
derived from pre-2009 seasonal HIN1 viruses), de-
tected in our most recent sample from 2019, main-
tained the TR lineage NA and internal genes (geno-
types 10, 12, and 20) (Figure 3, panel B).

Although repeated introductions of pH1IN1 into
swine is consistent with previous swine surveillance
from Vietnam (13) and southern China (35,36), the
frequency of detections of new human pHIN1 virus
lineages in swine in Vietnam has tapered off since
2015. Although onward transmission of pHIN1 was
not sustained for most introductions, 1 lineage, first
detected in northern Vietnam during 2013-2014 (13),
persisted in swine for >4 years and reassorted with
other prevailing swlV lineages. When introduced as
components of reassortants, pH1N1-origin gene seg-
ments tend to be maintained in pigs (27), whereas
viruses whose genomes are entirely derived from
pHINT1 tend not to be sustained in the pig population.
This phenomenon has been observed globally and in
southern China and Hong Kong surveillance studies,
which showed that viruses from purely pH1N1 failed
to sustain the pig population after each introduc-
tion (36). Similar evidence of pHIN1 being sustained
within swine populations has been reported from the
United States (37) and Australia (38).

Pre-2009 seasonal HIN1 influenza-derived swine
viruses (classified under H1-8) are potentially gaining
predominance in swine in Vietnam. Of note, an HIN2
H1-61a virus lineage with limited cross-reactivity to
other H1 swlV lineages was detected in 2019, and se-
rosurveillance showed evidence of circulation since
March 2016. The increasing prevalence of H1-5-like
lineages increases the risk for zoonotic transmission.
Previous studies demonstrated significant antigenic
distance between pH1N1-like viruses and H1-5 clus-
ter viruses (H1-6-like and H1-61a) (29,30), and current
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Table 2. Seroprevalence against representative swine influenza A viruses isolated from Van Phuc slaughterhouse in Vietnam,

2010-2019*
No. (%) seropositivet

2013-2015, 2016-2019, Overall,
HA lineage Reference antigen n =320 n =440 n =760
2009 pandemic HIN1 AlCalifornia/04/2009 (H1N1) 57 (17.8) 61(13.9) 118 (15.5)1
Pre-2009 human seasonal H1-5-like A/swine/Hanoi/11-260/2019 (H1N2) 43 (13.4) 89 (20.2) 132 (17.4)t
Pre-2009 human seasonal H1-51a Alswine/Hanoi/12-276/2019 (H1N2) 0 36 (8.2) 36 (4.7)
H1-TR Alswine/Hanoi/7-305/2016 (H1N2) 10 (3.1) 8(1.8) 18 (2.4)
2004/05 human H3N2-origin Alswine/Hanoi/10-984/2018 (H3N2) 49 (15.3) 70 (15.9) 119 (15.7)
Total positive 126 (39.4) 183 (41.6) 309 (40.7)

*Seropositivity defined as hemagglutination inhibition assay titer 240. HA, hemagglutinin; TR, triple reassortant.
TA total of 30 serum samples were positive for both A/California/04/2009 (H1N1) and A/swine/Hanoi/11-260/2019 (H1N2). Because cross reactivity

between these viruses is low, this result likely indicates sequential infections.

seasonal influenza vaccines do not elicit protection
against H1-5 swlVs (39-41). It is therefore important to
ascertain whether current diagnostics can distinguish
pre-2009 H1 viruses from currently circulating human
seasonal H1 strains.

H1-61a viruses likely entered Vietnam via import-
ed swine, demonstrating the role of trade in the global
dissemination of swlVs (42). East and Southeast Asia
countries, including China, Thailand, and Vietnam,
which produce >50% of pork globally, are hotspots
for emerging infectious diseases from swine (43,44).
Vietnam ranks second in Asia for pork production,
producing 19.62 million heads in 2019 (45). In addi-
tion, pork consumption in Vietnam has risen rapidly,
from 12.8 kg/head/year in 2001 to 31.4 kg/head/year
in 2018 (46), mostly in the form of fresh pork. Vietnam
has also been importing breeding hogs from the United
States since 1996. On average, 553 breeding hogs were
imported each year from the United States during the
2010s, with a peak in 2014-2015 (Appendix 2 Figure 2)
(47). The H1-61a lineage may have been introduced to
Vietnam by imported breeding hogs in early 2016, as
was seen in mainland China in the early 1990s (48).

In each of the swlV lineages detected in Vietnam,
we discovered evidence of localized circulation, as
evidenced by periods of unsampled diversity and
long phylogenetic branches, likely at the provincial
level. Despite the limited mixing of swine popula-
tions in Vietnam before slaughter (44), the infrequent
detection of persistent lineages in the central slaugh-
terhouse suggests that the genetic diversity of swlV in
Vietnam may be high. This diversity is likely driven
by factors such as livestock density and turnover. In
comparison, swine in the United States are exposed
to a greater degree of mixing during their lifespan be-
cause they are transported across long distances for
feeding and fattening, which results in replacement
by advantageous swlV lineages (37).

Our findings indicate that the swIV gene pool
in Vietnam is continually enriched by importations
from North America and from other countries in
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Asia. Those viruses include a novel cluster of H1-61a
(genotype 10) viruses, which may pose a zoonotic
threat (49). As the H1-81a virus was found only dur-
ing the last sample collection, its persistence is uncer-
tain. Recurrent transmission of pHIN1 viruses from
humans to swine and reassortment with other swlV
lineages have increased genetic diversity. Hence, to
limit further introductions and diversification of the
swlV gene pool in Vietnam, it is important to actively
monitor both local swine herds and imported swine.
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Lumpy SKin Disease Virus
Infection in Free-Ranging Indian
Gazelles (Gazella bennettii),
Rajasthan, India

Shashi Bhushan Sudhakar, Niranjan Mishra, Semmannan Kalaiyarasu, Khusboo Ahirwar,
Suchismita Chatterji, Omprakash Parihar, Vijendra Pal Singh, Aniket Sanyal

Near a zoo in Bikaner, India, 2 free-ranging Indian ga-
zelles (Gazella bennettii) displayed nodular skin lesions.
Molecular testing revealed lumpy skin disease virus
(LSDV) infection. Subsequent genome analyses re-
vealed LSDV wild-type strain of Middle Eastern lineage.
Evidence of natural LSDV infection in wild gazelles in this
area indicates a broadening host range.

umpy skin disease (LSD), caused by lumpy skin

disease virus (LSDV) of the genus Capripoxvirus,
is a notifiable transboundary disease of domestic
cattle and has recently spread from eastern Europe
and Russia to South, East, and Southeast Asia (1). Al-
though cattle are the principal hosts, natural LSDV
infection has been reported sporadically in wildlife in
Africa and Asia (2-5).

The Indian gazelle (Gazella bennettii), a free-
ranging ungulate (family Bovidae, subfamily An-
tilopinae), is native to the arid regions of India,
Pakistan, Iran, and Afghanistan; most live in the
Rajasthan state of India (6). Recently, lethal LSDV
infection was reported in a captive giraffe (Giraffa
camelopardalis) in Vietnam (5), and clinical disease
was reported in wildlife in Thailand (7). Howev-
er, the epidemiologic role of wildlife has not been
elucidated, and LSDV infection previously has not
been detected in Indian gazelles. In addition, in-
formation on clinical disease and genetic profile of
LSDV from wildlife is scarce. We report detection
and genetic characterization of LSDV from wild In-
dian gazelles in Rajasthan, India.
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DOI: https://doi.org/10.3201/eid2907.230043
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The Study

In August 2022, two free-ranging female Indian ga-
zelles with skin lesions resembling LSD were res-
cued and quarantined for veterinary care at a zoo
in Bikaner, Rajasthan, India. The animals had high
fever, vesicles in the mouth, nasal discharge, ocular
and oral discharge, and generalized skin nodules all
over the body, including the neck and face (Figure
1). Skin and whole blood samples from the affected
animals were investigated by PCR and real-time
PCR. Both the animals died under veterinary care
after 3 days but could not be necropsied for histol-
ogy and further analysis.

We performed various real-time PCRs and PCRs
using DNA extracted from skin lesions and blood
by using a capripoxvirus-screening real-time PCR
(8). Results for skin samples were LSDV-positive but
for blood samples were LSDV-negative (Appendix
Figure 1, panel A, https://wwwnc.cdc.gov/EID/
article/29/7/23-0043-Appl.pdf). We performed
real-time PCR specific for LSDV wild-type strain
(9), which showed positive results for skin samples,
confirming natural LSDV infection (Appendix Fig-
ure 1, panel B). PCR of skin and blood samples were
negative for bovine herpes virus type 2, buffalopox
virus, cowpox virus, pseudo-cowpox virus, and bo-
vine papular stomatitis virus (10). Although the exact
cause of death of the 2 Indian gazelles could not be
ascertained, LSDV-associated death is likely because
the animals tested negative for other related cattle vi-
ral pathogens.

To determine the genetic profile of the LSDV
strains, we conducted PCR amplification for 3 com-
plete LSDV genes, the LSDV011 G-protein-cou-
pled-chemokine-like receptor (GPCR), LSDV036
RNA polymerase 30-kDa polypeptide (RPO30), and
LSDV126 extracellular enveloped virus (EEV), as
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Figure 1. Clinical observations of lumpy skin disease virus
infection in free-ranging Indian gazelles (Gazella bennettii),
Rajasthan, India. Photograph shows a female Indian gazelle with
multiple circumscribed skin nodules of varying sizes over the entire
body, including the face and neck region.

described in our previous study (11). We also ana-
lyzed skin tissues of 2 LSDV-positive domestic cattle
from the nearby area in Rajasthan for comparison.
We determined the GPCR, RPO30, and EEV full gene
sequences by Sanger sequencing and deposited the
sequences in GenBank (accession nos. OP893954-65).
We performed phylogenetic analysis by using MEGA
version 7.0 (12). We found that LSDV sequences from
both the gazelles and 2 domestic cattle were identical
and subjected 1 sequence from each animal to further
genetic analysis.

The GPCR nucleotide sequence alignment
showed that the LSDV strains from the Indian ga-
zelles and local cattle had a 12-nt deletion, as pre-
viously seen in LSDV wild-type strains of the SG-1
lineage from the Middle East, Europe, and the Bal-
kans (Table). In contrast, all LSDVs reported in In-
dia since 2019 had a 12-nt insertion, as observed in
ancestral wild-type strains of SG-2 lineage from Ke-
nya. Those results suggest the emergence of LSDV
SG-1 lineage in India. In addition, the phylogenetic
tree analysis of GPCR showed that LSDV from the
Indian gazelles clustered with the LSDV wild-type
strains (Appendix Figure 2).

Table. Results of GPCR nucleotide sequence alignment of lumpy skin disease virus infection in free-ranging Indian gazelles (Gazella

bennettii), Rajasthan, India*

Sample no. Virus strain GenBank accession no.  12-nt deletion of in GPCR (96—107)
1 Indian Gazelle/IND/LSDV/BKN-6/2022 OP893960 Y
Cattle/IND/LSDV/BKN-2 0OP893958 Y
3 Cattle/IND/LSDV/L06/2022 SRX17592135 N
4 Cattle/IND/LSDV/L09/2022 SRX17592137 N
5 Cattle/LSDV/IND/ODI/5RK_LT/2019 MW452639 N
6 Cattle/LSDV/IND/ODI/77BP-LT/2019 MW452646 N
7 Cattle/LSDV/IND/WB/JS9_LT/2019 MW452649 N
8 Cattle/LSDV/Bangladesh/Dhaka/2019 MT448698 N
9 Cattle/LSDV/Kenya/KSGP-0240/Kenyavac KJ818281 N
10 Cattle/LSDV/Turkey/Pendik/2014 MN995838 Y
11 Cattle/LSDV/Serbia/Bujanovac/2016 KY702007 Y
12 Cattle/LSDV/Kazakhstan/Kubash/2016 MN642592 Y
13 Cattle/LSDV/Greece/Evros/2015 KY829023 Y
14 Cattle/ South Africa/OBP vaccine KX764645 N
15 Cattle/South Africa/Herbivac vaccine KX764644 N
16 Cattle/LSDV/South Africa/SIS-Lumpyvax Vaccine KX764643 N
17 Cattle/LSDV/Russia/Saratov/2017 MH646674 N
18 Cattle/LSDV/Russia/Udmurthiya/2019 MT134042 N
19 Cattle/LSDV/ Kenya/1958 MNO72619 N
20 Cattle/LSDV/Russia/Dagestan/2015 MH893760 Y
21 Springbok/LSDV/South Africa/RSA/06/2011 FJ869374 Y
22 Cattle/LSDV/Kenya/Neethling Warmaths LW AF409137 Y
23 Cattle/LSDV/Egypt/AHRI21/2019 MN271744 Y
24 Cattle/LSDV/Kenya/Neethling/2490 AF325528 N
25 Cattle/LSDV/China/Xinjiang/2019 MN598006 N
26 Cattle/LSDV/Kenya/KS-1 KJ818283 N
27 Giraffe/LSDV/Vietnam/2021 MZ966326 N
28 SPPVaccine/India/Ranipet vaccine KF495236 N
29 SPPV/Turkey/Vaccine MNO072631 N
30 GTPV/India/ Uttarkashi/Vaccine KF495242 N
31 GTPV/Iran/Gorgan/Vaccine KX576657 N

*Samples 1 and 2 were those from this study. Multiple sequence alignment was conducted by using MEGA version 7.0 (12). GTPV, goatpox virus; GPCR,
G-protein-coupled-chemokine-like receptor (LSDV011); SPPV, sheeppox virus.
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Figure 2. Phylogenetic tree of LSDV from infected free-ranging Indian gazelles (Gazella bennettii), Rajasthan, India, compared with
reference strains from GenBank. LSDV tree is based on complete LSDV036 RNA polymerase 30-kDa polypeptide (RPO30) gene
sequences using maximum-likelihood analysis combined with 1,000 bootstrap replicates. LSDV from Indian gazelle clustered with
LSDV wild-type strains from Africa, the Middle East, and Europe. Triangles indicate sequences obtained from this study; stars indicate
sequences of LSDV recombinant strains from GenBank. Scale bar indicates nucleotide substitutions per site. GenBank accession
numbers are provided. GTPV, goatpox virus; LSDV, lumpy skin disease virus; SPPV, sheeppox virus.

Further phylogenetic analysis of the complete
RPO30 gene, commonly used for LSDV genetic tree
calculations, showed that LSDV from the gazelles and
local cattle in a 2022 LSD outbreak clustered with the
LSDV wild-type strains of SG-1 lineage, but they di-
verged from the main branch in a separate cluster (Fig-
ure 2). Those data confirmed emergence of LSDV vari-
ants of SG-1 lineage in India, indicating a change in the
genetic makeup of recent LSDV wild-type strains. This
finding also was supported by our results of EEV nu-
cleotide sequence alignment, which showed that LS-
DVs from the gazelles had 1 unique mutation (G253A)
and 2 mutations (G178A and A459G) that are similar
to other wild-type strains of LSDV SG-1 lineage (Ap-
pendix Figure 3). In addition, the EEV phylogenetic
analysis showed that LSDV from the gazelles clustered
with LSDV SG-1 lineage (Appendix Figure 4).

Conclusions
We detected LSDV in 2 diseased free-ranging Indian
gazelles in Rajasthan, India. The 2 gazelles eventually

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 29, No. 7, July 2023

died. The clinical manifestations of their disease were
akin to those for LSD in domestic cattle. The findings
demonstrated emergence of LSD in wildlife in India
and susceptibility of the wild G. bennetti species to
natural LSDV infection. To our knowledge, LSDV-as-
sociated death has not been reported in free-ranging
wildlife, and most LSDV infections in wildlife are as-
ymptomatic, despite sporadic reports of clinical dis-
ease (5-7) and a single report of death in a captive gi-
raffe (5). However, further investigations are needed
to assess effects of LSDV infection in the Indian ga-
zelle population and other susceptible wildlife.
Genetic and phylogenetic analysis of LSDV
GPCR, RPO30, and EEV sequences revealed that the
LSDV from the Indian gazelles clustered with the
LSDV wild-type strains of SG-1 lineage commonly
circulating in the Middle East, the Balkans, and Eu-
rope (13). In contrast, since its emergence in India
in 2019, all the LSDV strains circulating in domestic
cattle have belonged to the ancestral LSDV wild-type
strains of SG-2 lineage from Kenya (10,11). Hence, our
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findings suggest a new introduction of LSDV of ex-
otic origin into India.

In conclusion, we found LSDVs in Indian gazelles
and local domestic cattle that were phylogenetically
similar, reinforcing the hypothesis that susceptible
wildlife can become infected with LSDV circulating
in cattle in the region, as reported in previous stud-
ies (5,14,15). Our findings demonstrate that the host
range of LSDV is expanding and free-ranging wildlife
in Asia is susceptible to LSDV. Minimizing contacts
between wildlife and cattle during LSD outbreaks
might help limit cross-species transmission. Con-
tinued monitoring is needed to assess the impact of
LSDV on gazelles and other wild and domestic rumi-
nants in India.
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Sexually Transmitted Trichophyton
mentagrophytes Genotype VII
Infection among Men
Who Have Sex with Men
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Transmission of dermatophytes, especially Trichophyton
mentagrophytes genotype VII, during sexual intercourse
has been recently reported. We report 13 such cases in
France. All patients were male; 12 were men who have
sex with men. Our findings suggest sexual transmission
of this pathogen within a specific population, men who
have sex with men.

Dermatophytes are keratinophilic fungi respon-
sible for frequent skin infections. They are
transmitted either by direct contact from an infected
host (human or animal) to a receptive host or from
the environment. In 2002, two surveys reported
cases of tinea cruris infection in sex workers, rais-
ing the hypothesis of sexual transmission of derma-
tophytes (1,2). In 2009, transmission of Trichophy-
ton mentagrophytes, responsible for tinea genitalis,
between a heterosexual couple was reported (3).
Subsequently, a specific internal transcribed spacer
(ITS) genotype of T. mentagrophytes, genotype VII
(TMVII), was reported for cases of suspected sexual
transmission, most frequently tinea genitalis (4-7).
In some cases, a temporal association was dem-
onstrated between the appearance of lesions and
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sexual intercourse between occasional partners, es-
pecially sex workers in Southeast Asia (4,8). More-
over, similar lesions were repeatedly documented
in sex partners of infected patients (4,6). Unlike
other T. mentagrophytes genotypes, TMVII has not
been reported in association with dermatophytosis
in children in contact with animals (9). We report
13 cases of TMVII infections, highly suspected of
being sexually transmitted, diagnosed in 3 large
tertiary care hospitals in Paris, France, in men who
have sex with men.

The Study

During January 2021-September 2022, for all strains
that could correspond to T. mentagrophytes or T. in-
dotineae that were isolated at La Pitié-Salpétriere and
Saint-Antoine Hospitals in Paris, we sequenced the
ITS1-5.85-ITS2 region for species identification and
genotype determination (10). At Saint-Louis Hos-
pital in Paris, sequencing was limited to the isolates
responsible for widespread dermatophytosis. For all
cases of confirmed TMVII infection, we retrieved the
medical records.

Of the 13 cases of TMVII infection, the first was
detected in March 2021, and 9 were diagnosed during
June-September 2022. All patients were male; median
age was 39 (22-59) years (Table 1). Five patients had
a single skin lesion, and others had multiple lesions.
One patient had inguinal papules and nodules sug-
gestive of Majocchi granulomas, 2 had highly inflam-
matory folliculitis of the beard (kerion), and the oth-
ers had typical erythemato-squamous lesions with an
active border (Figure).

Of the 13 patients, 11 reported having sexual re-
lations exclusively with men and 1 reported having
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Table 1. Main epidemiologic and clinical features of 13 cases of Trichophyton mentagrophytes genotype VIl infections diagnosed in

Paris, France, 2021-2022*

Age, STI Tinea Tinea Tinea Tinea Prior T. mentagrophytes
Pt no. y HIV+  PrEP history Travel genitalis glutealis corporis faciei/barbae  treatment treatment
1t 45 No Yes  Ng, Ct, Mg No No Yes Yes Yes No TRB 1 mo
2 34 No Yes Ng EE No Yes Yes Yes ECZ, TS TRB 5d, then ITR
200 mg 1 mo, then
ITR 100 mg 1 mo
3 28 No No ND ND Yes No Yes No No TRB 4 mo + BFZ 1
mo
4 59 Yes NA  Ng, Ct, Mg, No Yes Yes Yes Yes No TRB 2 mo + ECZ
Tp, HCV
5% 39 Yes NA Tp ND Yes Yes Yes Yes No TRB + CPX 3 wk
6% 41 Yes NA Tp ND No Yes Yes Yes No TRB + CPX 3 wk
7 40 No Yes Ng, Ct, Tp No No No No Yes PRI + MPC TRB 6 wk
8 48 Yes NA Ng, Ct, Tp, No No No Yes No No CPX 4 wk
Ss
9% 26 Yes NA Ng, Ct, Tp ND Yes Yes Yes No No ECZ 6 wk
101§ 35 No Yes Tp ND No No Yes No No ECZ 6 wk
11§ 22 No Yes Ng, Ct, Tp DE No Yes Yes Yes AMX then TRB 4 wk
FLC
12 35 Yes NA Ng,Tp IN No No Yes No TS then CPX BFZ 4 wk
13 46 Yes NA Ng, Ct, ES No No No Yes FCD + TS ITR 100 mg 2 d,
Tp, Ss then FCD  then IV VRC 10 d,
alone then then TRB
PRI then
AMX/CLAV

*AMX, amoxicillin; BFZ, bifonazole; CLAV, clavulanic acid; CPX, ciclopirox olamine; Ct, Chlamydia trachomatis; DE, German; ECZ, econazole; EE,
Estonia; ES, Spain; FCD, fucidin; FLC, fluconazole; HCV, hepatitis C virus; IN, India; ITR, itraconazole; Mg, Mycoplama genitalium; MPC, mupirocin; NA,
not applicable; ND, no data; Ng; Neisseria gonorrheae; PrEP, pre-exposure prophylaxis; PRI, pristinamycin; Pt, patient; Ss, Sarcoptes scabiei; Tp,
Treponema pallidum; TRB, oral terbinafine (250 mg 1x/d); TS, topical steroids; VRC, voriconazole.

TPatient 1 strain was included in a previous survey (11).
fPatients 5 and 6 and patients 9 and 10 were partners.
§Patients 10 and 11 were co-infected with monkeypox virus.

sexual intercourse with men and women. At least 9
had multiple sex partners in the month before lesion
onset. Seven patients were HIV positive, and 5 were
taking HIV preexposure prophylaxis. Apart from 1
patient who had recently discontinued treatment, all
HIV-positive patients were receiving long-term effec-
tive antiretroviral treatment. Twelve patients had pre-
viously experienced sexually transmitted infections
(STIs) other than HIV. STI testing was performed
for 8 patients, leading to detection of Chlamydia tra-
chomatis DNA in an anal sample for 1 patient and a
syphilis diagnosis for 1 patient. Two patients were co-
infected with monkeypox virus, and mpox developed
in another patient 1 month after the dermatophytosis

diagnosis. For 1 patient, TMVII infection and mpox
lesions appeared concurrently in the peri-anal region,
suggesting transmission of both agents at the same
time (Figure).

Fourpatientsdenied any travel outside of France,
1 patient was infected in Germany (Munich) where
he lived, and for 3 others, lesions developed after
they had returned from travel (to Slovenia, Spain,
and India). Only 3 patients reported having had
contact with animals (cats or dogs). For 2 patients,
both sex partners had documented TMVII infection;
for 2 others, contamination from sex partners who
had similar skin lesions was suspected. Likewise, 2
patients reported secondary appearance of lesions

Figure. Clinical appearance of Trichohpyton mentagrophytes genotype VIl infections in men in France, 2022. A, B) Swollen lesions of
the mustache (A) and beard (kerions) (B). C) Papular and nodular inguinal lesions. D) Peri-anal mpox lesions with associated papules
and pustules with central umbilication and a large lesion with a central necrotic crust, surrounded by extensive erythemato-squamous

circinate lesions caused by TMVII infection.
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Table 2. Cases of Trichophyton mentagrophytes genotype VIl infections in Europe, 2014-2019*

Tinea Tinea
No. Tinea corporis/ faciei/ Tinea
Reference Year Location Age, y/sex cases  genitalis  inguinalis  barbae glutealis Comments
(4) 2014 Zurich, 27/F NA Yes Yes No No Sexual intercourse
2014 Switzerland 24/M NA Yes Yes No No 1-2 wk before
2014 31/M NA Yes No No No symptom onset,
Southeast Asia;
similar lesions in 1
sex partner
(13) 2014 St. Petersburg, ND NA No Yes No No None
Russia
(5) ND Germany ND/F NA Yes Yes No No Lesions appeared
after return from
travel in Egypt;
indirect
transmission was
suspected
(8) ND Germany ND/M NA No No Yes No Sexual intercourse
with female sex
workers in Thailand;
secondary case in
wife’s patient
(tinea faciei)
(6) 2016—  Berlin, Germany 20-40/ 37 Most frequent presentation 4/18 persons
2017 mostly was tinea genitalis traveled in
young Southeast Asia
men 5/18 persons had
sex partner with
similar lesions
9) 2016 Zurich, 21/M NA Yes Yes Yes No None
2016 Switzerland 33/F NA Yes Yes No No
2018 65/M NA No No Yes No
2018 50/M NA No No Yes No
(7) 2010- Athens, ND 4 Yes No No No None
2019 Greece

*NA, not applicable; ND, no data.

on the skin of sex partners. However, infection was
not medically confirmed.

The median time between lesion appearance
and hospital consultation was 28 (range 7-102)
days. Five patients had previously received an-
tibiotic, antifungal, or topical steroid treatments.
Nine patients received systemic antifungal treat-
ment (terbinafine, itraconazole, or voriconazole)
for 3 weeks to 4 months; the others received only
topical treatment. One patient with beard kerion
and bacterial superinfection (Klebsiella aerogenes)
was hospitalized. Among the 13 patients, 10 re-
covered while receiving antifungal therapy, 1 was
still receiving treatment at most recent follow-up,
and the 2 others were not available for further
follow-up. At least 3 patients experienced postin-
flammatory pigmentation; 2 others had scars or
beard hair loss.

During the study period, of 70 strains se-
quenced, the predominant identified agent was
T. indotineae (n = 53), followed by TMVII (n = 13)
(GenBank accession no. OK632215, ON740661,
OP876812-22). The remaining strains corresponded
to T. mentagrophytes genotype 1I*.

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 29, No. 7, July 2023

Conclusions

For most patients in this series, sexually transmit-
ted dermatophytosis was likely. This hypothesis
is supported by the sites of the infection (external
genitalia, buttocks, face), the high-risk STI profile
of the patients, and consistent identification of TM-
VII. Lack of animal contact for most patients also
suggests human-to-human transmission. More-
over, although T. mentagrophytes is considered to
be a zoophilic species, no animal-to-human trans-
mission has been documented for TMVII and only
1 strain has been isolated from an animal (cat) (6).
All 13 patients were male, 12 of whom were men
who have sex with men. Even if we cannot exclude
recruitment bias, the study suggests active circula-
tion of the pathogen within this population. Previ-
ous studies reported TMVII infections in men and
women whose sexual practices were either hetero-
sexual or not mentioned. Our series demonstrates
that TMVII infected the same population of pa-
tients as did the monkeypox virus during the 2022
outbreak (12). Contrary to previous reports (4-6),
intimate shaving was not associated with TMVII
infection in our case series.
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Patients might have acquired TMVII infections in
France or internationally, supporting the hypothesis
of active circulation of TMVII in Europe, in line with
the 51 cases reported since 2014 (Table 2). Southeast
Asia might have been the starting point of pathogen
spread, as suggested by the first reported cases in Eu-
rope being associated with travel to that region (4-
6,8). Of 37 cases of TMVII infection reported in Berlin,
Germany, over 18 months (January 2016-July 2017),
only a small proportion of documented cases was
associated with travel outside Germany, suggesting
that TMVII was already circulating in Europe (6).

Our case series is characterized by a substantial
delay in diagnosis. Patients with the most inflamma-
tory lesions were initially mistakenly believed to have
had bacterial infections (4,8). Moreover, prolonged
systemic antifungal treatments and patient hospital-
izations highlight how severe TMVII infections can be
(4-6,8). Therefore, healthcare professionals should be
aware of the various features of TMVII infection and
perform targeted mycological samplings. In contrast
to findings for T. indotineae (14), no terbinafine resis-
tance has been reported for TMVIIL Of note, during
the study period, T. indotineae, which was recently
described as an emerging species of dermatophyte in
Paris, responsible for difficult-to-treat tinea (14), was
the main agent of skin dermatophytosis caused by T.
mentagrophytes complex species.

Transmission of dermatophytes during sexual
intercourse is an example of direct human-to-human
transmission, as previously described for combat
sports (tinea gladiatorum) (15). Sexual transmission
should be suspected for patients with STI risk factors
and tinea corporis, tinea genitalis, tinea glutealis, or
tinea faciei. Diagnosis of sexually transmitted derma-
tophytosis should lead to exhaustive STI screening of
patients and their sex partners.
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Pulmonary Nontuberculous
Mycobacteria, Ontario, Canada, 2020

Theodore K. Marras, Paul Nelson, Adriana Peci, Melissa Richard-Greenblatt,
Sarah Brode, Ashleigh Sullivan, Frances B. Jamieson, Julianne V. Kus

We measured annual prevalence of microbiologically de-
fined nontuberculous mycobacterial lung disease in On-
tario, Canada. Mycobacterium avium prevalence was 13
cases/100,000 persons in 2020, a 2.5-fold increase from
2010, indicating a large increase in true M. avium lung
disease. During the same period, M. xenopi decreased
nearly 50%, to 0.84 cases/100,000 persons.

ontuberculous mycobacterial (NTM) pulmonary

disease (NTM-PD) is increasingly common and
difficult to manage (1). Thus, understanding its epi-
demiology is essential but challenging because the
diagnosis requires microbiological, radiological, and
clinical information (1). Because NTM-PD is not re-
portable in most jurisdictions, data required to study
its epidemiology are generally unavailable. Many
investigators have thus solely used microbiologi-
cal criteria as a surrogate disease definition (2). We
previously observed large increases in Mycobacterium
avium complex (MAC) isolation in Ontario, Canada,
during 1998-2010 (3). We report more recent preva-
lence of NTM-PD in Ontario.

The Study

This retrospective cross-sectional study of persons in
Ontario who had pulmonary NTM isolates during
2020 used Public Health Ontario’s laboratory records,
which capture #95% of NTM in Ontario. We prepared
cultures by using BACTEC MGIT 960 (Becton Dick-
inson, https:/ /www.bd.com) and Lowenstein-Jensen
slants. We used matrix-assisted laser desorption/
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ionization time-of-flight mass spectrometry, line-
probe assays (GenoType; Hain Lifescience, https://
www hain-lifescience.de), a laboratory-developed
MAC real-time PCR, or 165 rDNA sequencing to
identify NTM to species/subspecies levels.

Lacking clinical information, we defined surro-
gate NTM-PD criteria microbiologically, in 3 catego-
ries: uncertain (single sputum), standard (guidelines’
microbiological definition [1]), and strict (additional
culture required) (Figure 1). Although standard mi-
crobiological criteria demonstrated a 70%-100%
positive predictive value (3), we created the strict
category (subset of standard) because it is unknown
whether the diagnostic test characteristics might vary
by potentially changing levels of environmental NTM
exposure, possibly affecting frequencies of specimen
contamination or colonization. Patients who had
NTM isolated in 2020 had previous 24-month sample
histories reviewed to determine if they reached dis-
ease thresholds. W used Statistics Canada population
data for calculating prevalence and age- and sex-
standardization (https://www150.statcan.gc.ca/t1/
tbll/en/tv.action?pid = 1710000501). We performed
analysis by using SAS Enterprise Guide 9.4 (SAS In-
stitute, https://www.sas.com). The Public Health
Ontario Ethics Review Board approved this study.

During 2020, the population of Ontario was
14,726,022, and of 41,471 pulmonary samples tested
for mycobacteriology, 8,412 (20.3%) grew NTM. All-
species prevalence (cases/100,000 population) by
NTM-PD definition was as follows: uncertain, 12.9
(n = 1,899); standard, 19.2 (n = 2,824); and strict,
10.9 (n = 1,602), (Table 1, by species). Overall cases
of standard (69.2%) and strict (73.1%) microbiologi-
cal disease were caused mostly by M. avium (69.2%
and 73.1%), followed by M. intracellulare (6.4% and
6.3%), M .abscessus (5.8% and 7.1%), and M. xenopi
(4.4% and 3.9%).

More female than male patients were classified
with standard disease (1,507 [53.4%] vs. 1,285 [45.5%])
and strict disease (892 [55.7%] vs. 696 [43.4%]) (Table
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Figure 1. Categories of
nontuberculous mycobacteria
pulmonary disease, Ontario,
Canada, 2020. A) Uncertain state:

1 sputum culture. B) Standard
microbiological criteria: >2 sputum
cultures with the same species, or 1
bronchoscopic or lung biopsy culture.
C) Strict microbiological criteria
(subset of standard): >3 sputum
cultures with the same species, or
>2 bronchoscopic cultures with the
same species, or 1 bronchoscopic
plus 1 sputum culture with the same
species, or 1 lung biopsy culture.
Some images were obtained from
Flaticon (https://www.flaticon.com).

2). Substantial discrepancies in sex ratio from par-
ity were seen for M. avium, M. intracellulare, and M.
abscessus, favoring female patients, and M. gordonae,
favoring male patients. Adjusting for population sex
distribution did not greatly alter those observations.

Depending on species, patients who were 260
years of age comprised 63%-85% (74.2% overall) of
those with standard disease and 61%-85% (76.9%
overall) of those with strict disease (Appendix Table 1,
https:/ /wwwnc.cdc.gov/EID/article/29/7/23-0216-

Table 1. Characteristics of pulmonary nontuberculous mycobacterial disease, by microbiological definition, among patients in Ontario,

Canada, 2020*

Standard definitiont

Strict definitiont

NTM species/subspecies No. (%) patients  Prevalence§ No. (%) patients  Prevalence§
Common MAC species
M. avium 1,954 (69.2) 13.27 1,171 (73.1) 7.95
M. intracellulare 182 (6.4) 1.24 101 (6.3) 0.69
M. chimaera 39 (1.4) 0.26 18 (1.1) 0.12
M. abscessus and its subspecies
M. abscessus (total) 164 (5.8) 1.1 114 (7.1) 0.77
subspecies abscessus 95 (3.4) 0.65 66 (4.1) 0.45
subspecies bolletii 1(0.04) 0.01 1(0.06) 0.01
subspecies massiliense 52 (1.8) 0.35 38 (2.4) 0.26
subspecies unassigned 16 (0.6) 0.11 9 (0.6) 0.06
Other species
M. xenopi 123 (4.4) 0.84 63 (3.9) 0.43
M. fortuitum 98 (3.5) 0.67 53 (3.3) 0.36
M. gordonae 117 (4.1) 0.79 26 (1.6) 0.18
Other NTM species 147 (5.2) 1.00 56 (3.5) 0.38
Total 2,824 (100) 19.0 1,602 (100) 10.9

*Counts within each disease definition represent unique patients; some patients fulfilled criteria for >1 species. MAC, Mycobacterium avium complex;

NTM, nontuberculous myobacteria.

tStandard microbiological criteria: >2 sputum cultures with the same species, or 1 bronchoscopic or lung biopsy culture.
FStrict microbiological criteria (subset of standard): >3 sputum cultures with the same species, or >2 bronchoscopic cultures with the same species, or 1
bronchoscopic plus 1 sputum culture with the same species, or 1 lung biopsy culture.

§Cases per 100,000 population.
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Table 2. Patients with pulmonary NTM, by microbiological definition, Mycobacterium species, and patient sex, Ontario, Canada, 2020*

Standard definition, no. (%) patientst

Strict definition, no. (%) patientst

NTM species Female Male Unknown Female Male Unknown
M. avium 1,051 (53.8) 881 (45.1) 22 (1.1) 653 (55.8) 506 (43.2) 12 (1.0)
M. intracellulare 114 (62.6) 65 (35.7) 3(1.6) 71 (70.3) 28 (27.7) 2 (2.0)
M. chimaera 17 (43.6) 22 (56.4) 0 10 (55.6) 8 (44.4) 0

M. abscessus 102 (62.1) 62 (37.8) 0 68 (59.6) 46 (40.4) 0

M. xenopi 63 (51.2) 57 (46.3) 3(2.4) 29 (46.0) 34 (54.0) 0

M. fortuitum 47 (48.0) 50 (51.0) 1(1.0) 26 (49.1) 27 (50.9) 0

M. gordonae 46 (39.3) 70 (59.8) 1(0.9) 10 (38.5) 16 (61.5) 0
Other NTM 67 (45.6) 78 (53.1) 2(1.4) 25 (44.6) 31 (55.4) 0
Total 1,507 (53.4) 1,285 (45.5) 32 (1.1) 892 (55.7) 696 (43.4) 14 (0.9)

*Counts within each disease definition represent unique patients; some patients fulfilled criteria for >1 species. NTM, nontuberculous mycobacteria.
tStandard microbiological criteria: >2 sputum cultures with the same species, or 1 bronchoscopic or lung biopsy culture

FStrict microbiological criteria (subset of standard): >3 sputum cultures with the same species, or >2 bronchoscopic cultures with the same species, or 1
bronchoscopic plus 1 sputum culture with the same species, or 1 lung biopsy culture.

Appl.pdf). Younger patients generally represented
small minorities. Age-standardized prevalence ratio
for all species combined increased from 0.05 in the
youngest age group to 4.46 in the oldest age group
among patients meeting standard criteria and from
0.07 to 4.56 among patients meeting strict criteria.

We found striking regional heterogeneity in the
frequency of NTM-PD (Figure 2; Appendix Table 2).
Prevalence of all-species NTM-PD, by standard and
strict definitions was lowest in the North West region
(3.8 vs. 2.9 cases/100,000 persons) and highest in To-
ronto (49.8 vs. 28.8 cases/100,000 persons). We com-
piled selected comparisons between nonoverlapping
groups (exclusively standard versus strict definition
patients) (Appendix Tables 3, 4).

Conclusions
In this population-based study of NTM-PD in Ontar-
io, we observed high levels by using standard (19.0

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 29, No. 7, July 2023

cases/ 100,000 persons) and strict (10.9 cases/100,000
persons) microbiological criteria. M. avium comprised
most of cases, followed distantly by M. intracellulare
and M. abscessus and less commonly M. xenopi. The
total NTM-PD prevalence (standard definition) of
19.0 cases/100,000 persons was nearly double the
previously reported 9.8 cases/100,000 persons in 2010
(3). During the same period, M. xenopi prevalence de-
creased by nearly half, from 1.54 to 0.84 cases/ 100,000
persons, and M. abscessus increased 3.7-fold, from
0.30 to 1.11 cases/ 100,000 persons (3). In our previous
study, M. avium was not separated from other MAC
species, but *85% of contemporary Ontario MAC iso-
lates were M. avium (4). The prevalence of M. avium
pulmonary disease in Ontario, by standard microbio-
logical definition, increased 2.5-fold, from 5.34 cas-
es/100,000 persons in 2010 (3) to 13.27 cases/100,000
persons in 2020, explaining virtually all of the
NTM-PD increase.

Figure 2. Prevalence of
nontuberculous mycobacterial
pulmonary disease (standard
definition) by Ontario health
region, Ontario, Canada, 2020.
Numbers below region names
indicate number of cases per
100,000 population.
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Historically, most population-based studies (2)
and a recent large managed care study in the United
States (5) have shown increases in NTM-PD. Trends
in NTM species frequencies were reviewed in 8 re-
cent population-based studies that had species-level
data (6-13). In Denmark (1997-2008) (6) and Ma-
drid, Spain (2013-2017) (7), there were no convinc-
ing trends. In Croatia (2006-2010), M. fortuitum in-
creased (8). The remaining 5 studies demonstrated
large increases in MAC (Barcelona/Catalonia in
1994-2014 [9]; Queensland, Australia, in 1999-2005
[10]; and the United Kingdom in 2007-2012 [11]) or
specifically M. avium (the Netherlands in 2000-2006
[12] and Belgium in 2007-2016 [13]), without major
changes in other species. The Ontario experience is
similar, with the exception of the reduction in M.
xenopi. Most other regions had increases in other
species in addition to M. avium or MAC. The marked
reduction in M. xenopi in this study is unexplained
but might be related to the increase in M. avium. M.
avium might be outcompeting M. xenopi in a com-
mon environmental niche or overgrowing the slow-
growing M. xenopi in culture.

The main limitation of our study is the lack
of clinical and radiological information. Defining
NTM-PD solely on microbiological criteria over-
estimates prevalence by misclassifying persons who
fulfil microbiological criteria but not clinical/radio-
logical criteria. Although microbiological criteria
have good positive predictive values, the diagnostic
test characteristics might be unstable (e.g., if there
is a major change in NTM exposure). As suggested
by hospital NTM pseudo-outbreaks (14), increased
environmental NTM exposure might increase colo-
nization or contamination of oropharyngeal and air-
way mucosal secretions and thereby specimens sub-
mitted for mycobacterial testing, thus reducing the
positive predictive value of microbiological criteria
for NTM-PD.

Given our uncertainties, we chose standard and
strict for disease definitions, rather than previously
used terms such as definite. Regardless, we believe
that an increase in environmental NTM exposure,
probably contributing to our large increase in M.
avium isolation, would eventually cause increased
disease. There were no changes in laboratory meth-
ods explaining the observed M. avium increase, and
there was no consistent increase in contemporary
specimen submission (increased testing bias). Given
the absence of laboratory changes, we believe that
the increase is related to increased environmental
exposures, resulting in increased colonization and
disease, or better patient identification for testing by
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clinicians. Concerning better patient identification for
testing, the proportion of culture-positive pulmonary
specimens increased from =10% in 2010 to 20.3% in
2020 (18.0% in 2018 and 19.3% in 2019). There was a
near-linear increase in chest computed tomography
(CT) scanning in Ontario during 2007-2016 (15), pos-
sibly increasing detection because CT scans identify
characteristic findings of NTM, accurately driving
clinical suspicion. Increased CT use probably contrib-
utes to greater detection of true disease, although it
could not explain the reduction in M. xenopi.

In summary, this study identified a large increase
in the prevalence of microbiologically defined M. avi-
um lung disease in this region, undoubtedly indicat-
ing a large increase in the prevalence of true lung dis-
ease caused by M. avium. Clinicians should be aware
of the causes of this increase and investigators should
determine to what extent the increase in microbiolog-
ically defined disease reflects true disease.
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etymologia revisited

Norovirus
[nor’-o-vi‘ras]

Genus of viruses that cause viral gastroenteritis. Noro-
viruses are named after the original strain, “Norwalk
virus,” which caused an outbreak of acute gastroenteri-
tis among children at an elementary school in Norwalk,
Ohio, in 1968. Numerous outbreaks of disease with simi-
lar symptoms have been reported since, and the etiolog-
ic agents were called “Norwalk-like viruses” or “small
round-structured viruses.” Noroviruses are transmitted
primarily through the fecal-oral route and are highly con-
tagious; as few as 10 viral particles may infect a person.

Source:
1. Mahy BW]J. A dictionary of virology. London: Academic Press; 2001;
Origina"y publi shed www.cde.gov/ncidod/dvrd/revb/ gastro/norovirus-qa.htm; www.
in March 2007 medicinenet.com/norovirus_infection/article.htm

https://wwwnc.cdc.gov/eid/article/13/3/e1-1303_article
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Evolutionary Formation
and Distribution of Puumala
Virus Genome Variants, Russia

Ekaterina Blinova, Andrei Deviatkin, Marat Makenov, Yulia Popova, Tamara Dzagurova

We analyzed Puumala virus (PUUV) sequences col-
lected from bank voles from different regions of Rus-
sia. Phylogenetic analysis revealed PUUV reassort-
ments in areas with the highest hemorrhagic fever with
renal syndrome incidence, indicating reassortment
might contribute to pathogenic properties of PUUV.
Continued surveillance is needed to assess PUUV
pathogenicity in Russia.

n Eurasia, hantaviruses cause hemorrhagic fever

with renal syndrome (HFRS), which is the most
common zoonosis in Russia (1). During 2000-2017, a
total of 131,590 HFRS cases were reported in Russia
(2); most (=98%) HFRS cases are caused by Puumala
virus (PUUV) (2).

PUUYV virions are enveloped particles contain-
ing 3 negative-sense single-strand RNA segments (3).
Those segments vary in length; the large (L) segment
is 6,550 nt long, the medium (M) segment is ~3,650
nt, and the small (S) segment is 1,828 nt (4).

PUUV comprises 8 lineages: Central European,
Alpe-Adrian, Danish, South-Scandinavian, North-
Scandinavian, Finnish (FIN), Russian (RUS), and Lat-
vian (LAT) (4-6). Modern PUUV diversity arose from
multiple migrations of the viral host, the bank vole
(Clethrionomys glareolus), during the postglacial peri-
od (7,8); that species also comprises several lineages:
Ural, Eastern, Spanish, Italian, Balkan, Western, Car-
pathian, Basque, and Calabrian (9). The LAT, FIN,
and RUS PUUV lineages likely had a common an-
cestor and originated from Eastern refugia (6). Those
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sublineages are carried by C. glareolus from Western,
Eastern, and Carpathian lineages (10,11).

The RUS and FIN PUUYV lineages are known to exist
in Russia (4,8). Although PUUV-related HERS has been
reported from 54 regions of Russia (2), complete pro-
tein-coding sequences of the S segment in GenBank are
only available from 8 regions: Kursk, Saratov, Samara,
Tatarstan, Udmurtia, Bashkortostan, Omsk, and Karelia
(Figure 1). Those sequences are mainly from viruses col-
lected in the most epidemiologically active HFRS PUUV
hotspots in the Volga region (2). PUUV genome variants
in 46 other regions of Russia are still unknown. We in-
vestigated the distribution of different PUUV genome
variants in Russia by obtaining PUUV sequences from
bank voles captured in different regions.

The Study

We obtained lung tissue samples from bank voles
collected by the territorial Centers of Hygiene and
Epidemiology in the Arkhangelsk, Ivanovo, Moscow,
Penza, Saratov, Tyumen, Ulyanovsk, and Udmur-
tia regions (Figure 1). We stored samples, analyzed
hantavirus antibodies by immunofluorescence assay
(Table 1), extracted RNA, determined samples with
high viral RNA content by real-time reverse tran-
scription PCR (Table 1), and sequenced them as de-
scribed in previous research (12).

To determine bank vole sublineages, we obtained
sequences of the cytochrome b gene by using a pre-
viously described protocol (13). In all, we obtained
PUUYV genomic sequences and cytochrome b sequenc-
es from 17 bank voles (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/29/7/22-1731-App1.
pdf). All voles belonged to the Eastern lineage of C.
glareolus (Appendix Figure 1).

We mapped locations of the newly obtained
PUUV sequences and all representative LAT, FIN,
and RUS lineage sequences available in GenBank that
had complete S segment coding sequences (Figure 1).
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Figure 1. Locations of virus isolation in a study of the evolutionary formation and distribution of Puumala virus genome variants, Russia. The

map includes all genome variants belonging to LAT, FIN (West-FIN and East-FIN sublineages), and RUS (W-RUS, Volga-RUS, and Balt-RUS)
lineages that had complete coding sequences of the small (S) genome segment available in GenBank as of September 16, 2022. The map was
created by using QGIS software (QGIS Development Team, http://qgis.osgeo.org). Color marking for sequences in the map correspond to those
in phylogenetic trees (Figure 2). Black frames indicate isolation sites of novel sequences revealed in this study. Because other lineages were

not the focus of this study, only a few Puumala virus sequences belonging to other lineages were included. An additional interactive map was
generated in R (The R Foundation for Statistical Computing, https://www.r-project.org) by using the leaflet, html widgets, and webshot libraries
and is available at https://rpubs.com/andreideviatkin/PUUV_RUS-FIN-LAT _lineages. Balt-RUS, sublineage from the Baltic coast region; East-FIN,
sublineage from Siberia and northern Russia; FIN, Finnish lineage; LAT, Latvian lineage; RUS, Russian lineage; Volga-RUS, sublineage from the
Volga River Valley; W-RUS, sublineage from western Russia; West-FIN, sublineage from western Finland and Russian Karelia.

We also included representative sequences of other
PUUV lineages on the map.

For phylogenetic analysis, we added sequences
from this study to GenBank representatives of the LAT,
FIN, and RUS lineages. We included representatives of
the other PUUV lineages as outgroup (6) (Figure 2).
According to S-segment phylogeny, we propose divid-
ing the RUS lineage into 3 phylogenetically based sub-
lineages: W-RUS (from western Russia) (12), Balt-RUS
(from the Baltic coast region), and Volga-RUS (from
the Volga River Valley). The percentages of identical
nucleotides and amino acids within and between the
sublineages did not enable us to establish clear criteria
for the delimitation of the sublineages according to the
quantitative differences (Table 2).
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The topology of our S-segment tree does not match
those from previous studies (12). The sequences we ob-
tained provide additional information for better reso-
lution of PUUV. L and S segments of PUUV are com-

Table 1. Virus test results for Clethrionomys glareolus bank voles
captured and tested in study of evolutionary formation and
distribution of Puumala virus genome variants, Russia*

Region No. trapped No. IFA-positive No. PCR-positive
Arkhangelsk 43 10 8
lvanovo 2 2 2
Moscow 61 12 10
Penza 54 28 27
Saratov 44 14 14
Tyumen 110 10 9
Ulyanovsk 98 7 7
Udmurtia 32 9 9

*IFA, immunofluorescence assay.
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Figure 2. Phylogenetic trees of small (S), medium (M), and large (L) segments in a study of evolutionary formation and distribution of Puumala
virus genome variants, Russia. A) S segment based on complete open reading frame (ORF) of 1,302 nt; B) M segment based on partial ORF
2,923 nt (525-3,447 nt of ORF of GenBank accession no. OL343565); C) L segment based on partial ORF 6,405 nt (5-6,409 nt of ORF of
GenBank accession no. OL343543). The RUS lineage is divided into 3 large, color-coded subclades: Volga-RUS (red), W-RUS (orange),
Balt-RUS (yellow). The FIN lineage is divided into 2 large, color-coded subclades: East-FIN (blue) and West-FIN (purple). Green indicates LAT
lineage; black indicates other lineages. Boxes indicated sequences obtained in this study. GenBank accession numbers are provided for all
sequences. All alignments and phylogenetic relationships of the sequences were conducted by the MUSCLE algorithm (https://www.ebi.ac.uk/
Tools/msa/muscle) and maximum-likelihood method with the general time-reversible model and 1,000 bootstrap by using MEGA version X
(https://www.megasoftware.net). The full S segment tree with complete dataset of all available representatives of LAT, FIN, and RUS lineages
are available from https://github.com/AndreiDeviatkin/repo/blob/main/S_PUUV.png. Balt-RUS, sublineage from the Baltic coast region; East-
FIN, sublineage from Siberia and northern Russia; FIN, Finnish lineage; LAT, Latvian lineage; RUS, Russian lineage; Volga-RUS, sublineage
from the Volga River Valley; W-RUS, sublineage from western Russia; West-FIN, sublineage from Finland and Russian Karelia.
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Table 2. Percentage identity between sublineages in study of evolutionary formation and distribution of Puumala virus genome

variants, Russia*

Sublineage, no.

sequences Volga-RUS, n=37 W-RUS,n=8 Balt-RUS,n=7 East-FIN,n=11 West-FIN,n=15 LAT,n=7

Volga-RUS 97.47-100, 96.77-98.85 95.39-98.16 95.39-97.47 94.01-97.7 95.16-97.24
W-RUS 8%255;::10010 7 98.62—100, 97.24-98.39 96.77-97.7 94.93-97.93 96.77-97.93
Balt-RUS 85.88-88.86 89515177—23130;5)8 97.93-100, 96.31-97.7 94.70-97.93 96.31-97.93
East-FIN 84.57-86.86 85.17-87.42 8%73?12—517059 98.85-100, 96.08-99.08 97.00-97.93
West-FIN 84.27-86.87 85.03-86.77 83.86-86.73 8974022‘:3;025 96.54—100, 95.39-97.93
LAT 84.38-87.19 85.19-87.27 84.49-86.94 85.93-87.57 8?117(;1—;5:3033 %%?;17_11 %%

*Amino acid and nucleotide identity are shown according to small (S) segment coding sequences. Gray shading indicates nucleocapsid (N) protein
calculated by blastp (https://blast.ncbi.nlm.nih.gov), and S complete coding by blastn. Upper triangular matrix indicates identity values based on the
complete N protein calculated using the blastp algorithm; lower triangular matrix indicates values based on the S complete coding sequence calculated
using the blastn algorithm. Balt-RUS, sublineage from the Baltic coast region; East-FIN, sublineage from Siberia and Russian North; LAT, Latvian lineage;
Volga-RUS, sublineage from the Volga River Valley; W-RUS, sublineage from western Russia; West-FIN, sublineage from Finland and Russian Karelia.

parably conservative (Appendix Figure 2), and their
phylogenetic trees mostly repeat each other. The M-
segment tree was the most distinct (Figure 2, panel B),
a finding that corresponds with previous data (5). That
finding confirms that the M segment is the most variable
and most often involved in reassortment events (14).

In the M-segment tree, the W-RUS sublineage
stood within the Volga-RUS sublineage, but the
branch from Bashkiria formed an outgroup (Figure
2, panel B). Almost the entire Volga-RUS sublineage,
except for the Bashkir branch, appears to be a product
of the exchange of the M segment between ancestors
of the W-RUS and the Bashkir branch. The S and L
segments are related to the Bashkir branch, and the
M segment was obtained from the ancestors of the W-
RUS sublineage. Those findings confirm and extend
previous results (12). Thus, strains from the most
epidemiologically active areas have arisen through
reassortment. However, whether reassortment has
altered the pathogenic properties of those strains re-
mains unclear.

The genome variant from Penza belongs to the
group that obtained the M segment by reassort-
ment, as we have described (Figure 2, panel B). On
the S-segment tree, Penza/Cg8730 is located on the
Volga-RUS sublineage (Figure 2, panel A). However,
on the L-segment tree, Penza/Cg8730 belongs to the
W-RUS sublineage (Figure 2, panel C). Thus, Penza/
Cg8730 likely emerged from a 2-stage reassortment.
Although L segment exchange is not a unique event,
it occurs much less frequently than exchange among
other segments (14). Geographically, the Penza re-
gion lies west of locations where viruses belonging to
the Volga-RUS sublineage were isolated but far from
representatives of the W-RUS sublineage. Thus, Pen-
za could be a meeting point of those 2 lineages.
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On the S-segment tree, the FIN branch was repre-
sented by 2 sublineages: West-FIN from Finland and
Karelia and East-FIN from western Siberia (Figure 2).
However, on the M-segment tree, West-FIN and East-
FIN did not form a common branch (Figure 2, panel
B). The current hypothesis generally accepts that the
FIN branch split into 2 parts when the territories were
recolonized by bank voles after the glacier melted (8).

The sequences we obtained from the Arkhan-
gelsk region clustered with sequences of viruses col-
lected in Omsk and Tyumen regions, despite their
geographic distance (Figure 1; Appendix Figure 3).
According to the phylogenetic trees, the Tyumen
and Omsk clades divided after the Arkhangelsk
clade split from their common ancestor (Figure 2).
Such branching suggests 2 possible paths for spread
of the East-FIN subclade: from northwest Russia to
the southeast, across the Ural Mountains to western
Siberia; or spreading from the Pre-Ural region in 2
directions, to western Siberia and to the Arkhan-
gelsk region. The second possibility supposes a sec-
ond vole migration wave to the north, after PUUV
split off from the East-FIN and West-FIN groups
during postglacial period (8). PUUV sequences from
the area between Arkhangelsk and western Siberia
might shed more light on spread of the FIN lineage.

Conclusions
The newly identified viruses from the Tyumen and
Arkhangelsk regions of Russia and viruses from
Omsk form a common East-FIN branch. This finding
raises additional questions about the dispersal routes
of the FIN lineage.

Here we considered the RUS lineage as 3 sep-
arate sublineages: Volga-RUS, W-RUS, and Balt-
RUS. The PUUV genome variants from Tatarstan,
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Udmurtia, Samara, and Saratov probably emerged
through reassortment because they contained S and
L segments related to the Bashkir branch and an M
segment derived from ancestors of the W-RUS sub-
lineage. The Penza/Cg8730 genome variant might
have arisen from a 2-stage reassortment. Continued
surveillance is needed to assess PUUV pathogenic-
ity in Russia, but we found PUUV reassortments in
areas with the highest HRFS incidence, indicating
reassortment might contribute to pathogenic prop-
erties of PUUV.
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Candida vulturna belongs to the Candida haemulonii
species complex and is phylogenetically related to
C. auris. We report a C. wulturna outbreak among
persons in Shanxi Province, China, during 2019-2022.
Isolates were resistant to multiple antifungal drugs
and exhibited enhanced adhesion and biofilm forma-
tion properties.

Candida vulturna, a fungal pathogen that is phylo-
genetically related to C. haemulonii and C. auris,
was isolated from flowers in a taxonomic study of
yeasts in 2016 (1,2). Since then, C. vulturna has been
sporadically isolated in different countries from clini-
cal specimens such as blood, wounds, and peripheral-
ly inserted central catheters (PICCs) (1-4). C. vulturna,
C. haemulonii, and C. auris belong to the Metschnikow-
ia/ Candida clade (1,5). Antifungal drug resistance, es-
pecially to the azoles, is a common feature of species
within this clade. During 2009-2022, fungal infections
caused by the reportedly rare species C. haemulonii
and C. auris have become more prevalent in clinical
settings (1,6-10). The increased occurrence of those
infections could be the result of the widespread use of
antifungal agents in clinical and agricultural settings,
as well as the environmental changes caused by hu-
man activities (10-12).

In China, reports of infections caused by the su-
perbug fungus C. auris have been relatively infre-
quent; however, the prevalence of C. haemulonii and
associated species in the C. haemulonii complex has
been steadily increasing in recent years (8,13). For
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our study, we analyzed deidentified health records
of patients infected with C. vulturna, as approved by
the ethics committee of a general hospital in Shanxi
Province, China.

The Study

We selected a total of 19 patients, 17 male and 2 fe-
male, who had been infected with C. vulturna during
January 1, 2019-October 26, 2022 (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/29/7/23-
0254-Appl.pdf). We isolated 16 C. vulturna strains
directly from the blood through venipuncture and
7 strains from a PICC line tip of the 19 patients (Ap-
pendix Table). We initially identified the strains as
C. haemulonii complex species by growth on CHRO-
Magar Candida medium (CHROMagar, https://
www.chromagar.com) and confirmed by sequenc-
ing of the ribosomal internal transcribed spacer (ITS)
region. Most cases were identified in 2019; C. vul-
turna infections were identified in 2 patients during
January 1, 2020-January 1, 2022. Enhanced hygiene
measures taken at that time may have dampened the
spread of C. vulturna in the hospital.

On the basis of results of the ITS and multilo-
cus sequence typing for 8 conserved genes, we then
performed phylogenetic analyses on the isolates.
All strains isolated in this study (CVDHO01-19)
were closely related by phylogenetic analyses and
clustered together in 1 clade (Figure 1, Appendix
Figure 2).

The hospital has 1 intensive care unit (ICU). Of
the 19 patients we identified as infected with C. vul-
turna, 11 were from the ICU, 4 were from the neu-
roscience ward, and 4 were from other departments
within the hospital. The age range of patients was
13-83 years (median 63 years). Because all patients

"These first authors contributed equally to this article.
2These senior authors contributed equally to this article.
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had PICC lines for delivery of medications and C.
vulturna strains were isolated from the PICC line tips
of 7 patients, the use of PICC lines could be a major
risk factor for C. vulturna infection. Other risk factors
could include traumatic injuries, hypertension, can-
cer, and blood and pulmonary infections (Appendix
Table). We also conducted environmental screening
assays but were unable to detect or isolate C. vul-
turna from hospital surfaces, including walls, floors,
bedside tables, bed sheets, bed frames, blood pres-
sure cuffs, and chairs.

We used 1 representative C. vulturna strain
from each patient for subsequent antifungal drug

CVDH12
CVDHO05
CVDH11
CVDHO08
CVDH10
CVDHO02
CVDHO04
CVDHO03
CVDHO07
CVDH15
CVDH16
CVDH17
CVDH14
CVDH18
CVDH19
CVDHO09
CVDHO1
CBS14366
SRR11092032
SRR11091967
SRR11091966
SRR11091965

CVDHO06
CVDH13

SRR22996287
SRR11092036

3x10°
100

Figure 1. Maximum-likelihood phylogeny analysis of Candida
vulturna strains from 19 infected patients in Shanxi Province,
China, January 1, 2019-October 26, 2022, based on multilocus
sequence typing (MLST). Eight genes (AAT1, ACC1, ADP1,
ALA1, ERG11, RPB1, RPB2, and ZWF1) were concatenated
and used for phylogenetic analyses. The tree was generated
using the program RAXML (https://cme.h-its.org/exelixis/web/
software/raxml). The general time reversible model, gamma
distribution, 1,000 bootstraps, and midpoint root were adopted.
Bold text indicates strains isolated in this study; reference
strain data from whole-genome sequencing is from the National
Center for Biotechnology Information gene database (accession
nos. SRR11091965-67, SRR11092032, SRR11092036,
SRR22996287). Sequences for strain CBS14366 were
retrieved from its genomic assembly (GenBank accession no.
GCA_026585945.1). Strains CVDH01-CVDH19 were isolated
from patients of C. vulturna infection (cases C1-C19; Table;
Appendix Figure 1, https://wwwnc.cdc.gov/ElID/article/29/7/23-
0254-App1.pdf). Scale bar indicates substitutions per site.
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susceptibility testing and phenotypic analyses
(Appendix Table). Using the breakpoints established
for C. albicans, we determined that all 19 of the C.
vulturna strains tested were resistant to azole drugs
(Table). All isolates were resistant to amphotericin B
(MIC 4 mg/L) but were susceptible to echinocandins
(MICs <0.125 for caspofungin, <0.125 for anidulafun-
gin, <0.5 for micafungin), and flucytosine (MIC 0.06).

When grown in liquid media, we observed that
the cells from the C. vulturna (CVDH) strains iso-
lated in this study formed large aggregates and ex-
hibited enhanced adhesion and biofilm formation
abilities. This feature was similar to that of C. auris
strain SJ01, which formed enhanced biofilms under
both in vitro and in vivo conditions (14). (Figure 2;
Appendix Figure 3).

Conclusion

A serious threat to human health is the emergence
of new multidrug-resistant fungal species. Both the
widespread use of antifungal agents and the reduced
susceptibility of these emerging species to antifungal
drugs could contribute to the epidemiologic shifts to-
ward multidrug-resistant fungal pathogens that we
are increasingly observing in clinical settings. In this
study, we report an outbreak of C. vulturna, which is
phylogenetically closely related to C. haemulonii and
C. auris, in a general hospital in Shanxi Province, Chi-
na. We observed that the implementation of general
enhanced hygiene measures remarkably decreased
overall infection rates during the COVID-19 pandem-
ic period (January 1, 2020-January 1, 2022) in this hos-
pital; our findings suggest that the transmission of C.
vulturna may be preventable through enhanced dis-
infection methods. Most of the C. vulturna isolates we
obtained were from patients with bloodstream infec-
tions, defined as a single isolation of C. vulturna from
blood obtained through venipuncture. Phylogenetic
analyses indicated that the outbreak strains were
closely related (Figure 1; Appendix Figure 2), imply-
ing that those strains could have originated from the
same ancestor.

Striking characteristics of the C. vulturna strains
isolated in this study were their enhanced adhesion
and biofilm formation abilities. It is conceivable that
those characteristics may be key contributors in pro-
moting the spread of C. vulturna strains between pa-
tients during this outbreak. Consistent with this hy-
pothesis, we observed that the use of PICC lines was
a critical risk factor for C. vulturna infections. Another
notable characteristic of the C. vulturna strains isolat-
ed in this study was their reduced susceptibilities to
azole drugs and amphotericin B (Table), which has
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Table. Susceptibility profiles of Candida vulturna isolates from 19 infected patients to 9 antifungal drugs, Shanxi Province, China,

January 1, 2019—October 26, 2022*

Patient no. Strain ID FLC VOC ITC POC CAS MFG AFG 5-FC AMB
C1 CVDHO1 32 32 64 64 0.125 0.5 0.125 0.06 4
C2 CVDHO02 128 32 32 16 0.06 0.5 0.125 0.06 4
C3 CVDHO3 64 32 32 32 0.06 0.25 0.125 0.06 4
C4 CVDHO04 128 32 16 16 0.125 0.5 0.06 0.06 4
C5 CVDHO05 128 32 32 32 0.125 0.5 0.06 0.06 4
Cé6 CVDHO06 128 32 32 32 0.125 0.5 0.125 0.06 4
C7 CVDHO7 256 64 64 64 0.06 0.25 0.125 0.06 4
C8 CVDHO08 128 32 32 32 0.25 0.5 0.125 0.06 4
C9 CVDHO09 128 32 32 64 0.06 0.25 0.25 0.06 4
C10 CVDH10 128 32 16 16 0.125 0.5 0.125 0.06 4
C1 CVDH11 256 64 64 64 0.125 0.5 0.125 0.06 4
C12 CVDH12 128 32 64 64 0.06 0.25 0.125 0.06 4
C13 CVDH13 64 32 32 32 0.06 0.25 0.125 0.06 4
C14 CVDH14 64 16 32 32 0.03 0.5 0.03 0.06 4
C15 CVDH15 128 64 32 16 0.06 0.25 0.125 0.06 4
C16 CVDH16 128 32 64 32 0.125 0.5 0.125 0.06 4
Cc17 CVDH17 64 32 32 32 0.06 0.5 0.06 0.06 4
C18 CVDH18 64 8 32 32 0.06 0.5 0.06 0.06 4
C19 CVDH19 64 32 32 32 0.06 0.5 0.06 0.06 4

*MIC assays were performed according to Clinical and Laboratory Standards Institute microdilution guidelines. Bold text indicates antifungal resistance
(based on the breakpoints for C. albicans). AFG, anidulafungin; AMB, amphotericin B; CAS, caspofungin; FLC, fluconazole; ITC, itraconazole; MFG,

micafungin; POC, posaconazole; VOC, voriconazole; 5-FC, flucytosine.

also been observed in other species of the C. haemulo-
nii complex (6,7,13).

The occurrence of infections caused by fungal
species of the Metschnikowia clade has become more
and more frequent in clinical settings, especially
during 2009-2022 (1,6,8,13). The widespread use of
antifungal drugs in clinical settings and fungicides

A

C. vulturna

in agricultural settings could be contributors to the
increased emergence of these multidrug resistant
fungal pathogens. Given the transmissible, adhe-
sive, and antifungal drug-resistant characteristics
of emerging C. vulturna clinical isolates, C. vulturna
could be a serious upcoming threat to hospital infec-
tions worldwide.

CVDHO2

CVDHO6

CVDH18

C. auris C. haemulonis
(CBS12766) (H1)
K ;, c.

Figure 2. Morphologies of 3 representative C. vulturna isolates from 19 infected patients in Shanxi Province, China, January 1,
2019-October 26, 2022. C. auris (CBS12766) and C. haemulonii (H1) served as reference strains. A) Adhesion phenotypes of C.
vulturna isolates grown in liquid Lee’s glucose medium at 30°C for 24 h. Strains CVDHO02, CVDHO06, and CVDH18 exhibited strong
adhesiveness, whereas the C. auris and C. haemulonii reference strains grew as separate single cells under the same culture
conditions. B) Biofilm formation of C. vulturna isolates. C. auris (CBS12766) and C. haemulonii (G7) served as reference strains.
Biofilms were developed on silicone squares at 30°C for 48 h. Lee’s glucose medium was used for biofilm growth. Scale bar indicates
10 pm. Morphologies for the other 16 C. vulturna isolates and 2 C. auris strains are shown in Appendix Figure 3 (https://wwwnc.cdc.gov/

EID/article/29/7/23-0254-App1.pdf).
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Estimates of Serial Interval
and Reproduction Number of
Sudan Virus, Uganda,
August—November 2022

Valentina Marziano, Giorgio Guzzetta, Ira Longini, Stefano Merler

We estimated the mean serial interval for Sudan virus
in Uganda to be 11.7 days (95 Cl% 8.2-15.8 days).
Estimates for the 2022 outbreak indicate a mean basic
reproduction number of 2.4-2.7 (95% CI 1.7-3.5). Esti-
mated net reproduction numbers across districts suggest
a marked spatial heterogeneity.

n September 20, 2022, Uganda’s Ministry of

Health declared an Ebola disease outbreak after
a case caused by Sudan virus (SUDV) was confirmed
in a village in Mubende District (1). Suspicious deaths
in the same district had occurred earlier in the month.
Investigations conducted by the National Rapid Re-
sponse Team allowed the identification of probable
SUDV cases dating back to mid-August 2022 (2,3).
As of November 2, 2022, a total of 149 cases (131
PCR-confirmed and 18 probable) were reported in
the country; most cases occurred in the districts of
Mubende (63 confirmed, 17 probable), Kassanda (42
confirmed, 1 probable), and Kampala (18 confirmed)
(2) (Figure 1, panels A-C). On January 11, 2023, the
outbreak was declared over with a total of 164 cases
(142 confirmed, 22 probable) (4).

The Study

We provide 2 estimates of the serial interval distri-
bution (the time elapsed between the symptom on-
set in an index case-patient and in their secondary
case-patients) by using observed serial intervals in
infector-infectee pairs as identified during contact-
tracing operations conducted in 2 SUDV outbreaks

Author affiliations: Bruno Kessler Foundation, Center for Health
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in Uganda, during 2000-2001 (24 pairs) (5) and the
2022 outbreak (12 pairs) (6). We fitted 3 families of
distributions (Weibull, Gamma, and log-normal) with
a possible offset (5,6). We obtained the best fit for the
serial interval distribution for both datasets with a
Weibull distribution. We estimated the mean serial
interval to be 12.0 days (95% CI 10.0-14.2 days) by us-
ing the 2000-2001 outbreak data and 11.7 days (95%
CI 8.2-15.8 days) by using the 2022 outbreak data.

We then used estimates of the serial interval as
a proxy of the generation time to compute the basic
(R,) and net (R) reproduction numbers. We defined
R, as the average number of secondary infections gen-
erated by an infectious person in a fully susceptible
population. If R <1, transmission is expected to fade
out, whereas if R >1, the epidemic has the potential
to continue; the larger R, the more difficult it is to
control the epidemic. We defined R, as the average
number of secondary cases per infectious person at
time t; R, is key to monitor the effectiveness of inter-
ventions throughout the epidemic. In the main analy-
sis, we computed R and R by using a method based
on the renewal equation in the formulation by Cori et
al. (7). In additional analyses, we used the assumption
of exponential (§) or subexponential (9) growth of the
cumulative case incidence curve to compute R. We
also provided an alternative estimate of R obtained
by applying a recently proposed approach (10) that
has been suggested to perform better with low case
counts (Appendix, https://wwwnc.cdc.gov/EID/
article/29/7/22-1718-Appl.pdf).

R, of the 2022 outbreak, as estimated from the
epidemic curve of Mubende District, was 2.7 (95%
CI 1.9-3.5) based on the serial interval distribution
from the 2000-2001 outbreak. R, was 2.4 (95% CI 1.7-
3.3) based on the serial interval distribution from the
2022 outbreak.
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Figure 1. Epidemic curves and reproduction numbers for SUDV outbreaks in Mubende, Kassanda, and Kampala districts, Uganda,
August—November 2022. A—C) Number of confirmed and probable cases by date of symptom onset in the 3 considered districts
(comprising 95% of cases reported in the whole country, as of November 2, 2022) (2): Mubende (A), Kassanda (B), and Kampala (C).
D-F). Estimates of the net reproduction number over time in the 3 districts: Mubende (D), Kassanda (E), and Kampala (F). Estimates
from the corresponding epidemic curves by date of symptom onset were computed using the serial interval distributions from the 2000—
2001 outbreak (5) (red) and the 2022 outbreak (6) (blue). Shaded areas represent 95% Cls of estimates. We assumed that the first case
of the epidemic curve in each district was imported and that all the others were locally transmitted. SUDV, Sudan virus.

We estimated R in the 3 districts and according to
the 2 estimated serial interval distributions (Figure 1,
panels D-F). For convenience and given their similar
values, numbers reported hereafter refer to the 2000-
2001 serial interval;, corresponding numbers for the
2022 serial interval are reported separately (Appendix).
In Mubende District, R reached a peak during Septem-
ber 21-23, 2022, with an estimated value for R that was
close to R, (mean 2.4 [95% CI 1.5-3.5]). R fell rapidly
below the epidemic threshold during September 28-
October 15 (mean 0.71 [95% CI 0.50-0.91]), possibly

because of control interventions and population be-
havior changes after awareness of the outbreak had
increased. In the second half of October, R, increased
again, reaching a peak of 1.34 (95% CI 0.78-2.13) in the
week October 18-24. In the districts of Kassanda and
Kampala, R, increased rapidly in the second half of Oc-
tober. In Kassanda, R, reached a peak of 3.5 (95% CI
2.5-4.9) during October 20-24. In Kampala, the peak R
value was 2.0 (95% CI 1.3-3.2) during October 18-22.
Estimates of R, at the national level (Figure 2) are
characterized by 2 peaks in September, which were

t

Figure 2. Epidemic curves and
reproduction number for SUDV
outbreaks, Uganda, August—
November 2022. A) Number of
confirmed and probable cases,
by date of symptom onset,

in Uganda as obtained from
district-level epidemic curves
reported previously (2). B) Net
reproduction number over time
in Uganda, as estimated from
the epidemic curve, by date of
symptom onset, using the serial
interval distributions from the

2000-2001 outbreak (5) (red) and from the 2022 outbreak (6) (blue). Shaded areas represent 95% Cls of estimates. We assumed that
the first case of the epidemic curve was imported and that all the others are locally transmitted. SUDV, Sudan virus.
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driven by SUDV transmission in Mubende. A third
marked peak that occurred in the second half of Octo-
ber was sustained mainly by increasing transmission
in the districts of Kassanda and Kampala, as well as
by a resurgence in Mubende.

Conclusions

We estimated the distribution of the serial intervals
for SUDV by using 2 different datasets from the
2000-2001 outbreak and from the ongoing outbreak
in Uganda, finding similar distributions and an aver-
age serial interval of ~12 days. On the basis of those
estimates and publicly available data on the epidemic
curve made available by the Ugandan Ministry of
Health (2), we found the R in Mubende District, the
district first and most affected by the current out-
break, was ~2.4-2.7, although with broad uncertainty
(95% C11.7-3.5). Those estimates are in line with pre-
vious estimates for SUDV, which ranged from 1.3 to
4.1 (11), and with estimates obtained using alternative
methods (8,9) (Appendix). After a temporary contain-
ment of the outbreak from the end of September until
mid-October 2022, with R, hovering around 0.7, the
third week of October marked a resurgence of trans-
missibility in Mubende (R, ~1.3) and the emergence of
new outbreaks in the Kassanda (R, #3.5) and Kampala
(R, #2.0) districts. The R associated with the national
aggregation shows the same temporal features but
suggests even higher numbers for the R in the fourth
week of October (mean R ~4), demonstrating the im-
portant role played by spatial heterogeneity of trans-
mission in the 2022 outbreak.

Our estimates should be interpreted with cau-
tion, considering the following limitations. Estimates
of the serial interval distributions are based on small
numbers of infector-infectee pairs. Reproduction
numbers have a broad uncertainty because of limited
case numbers and may be substantially affected by
superspreading events, biasing estimate upward with
respect to the average transmissibility in the general
population. However, the proposed estimates are in
line with those obtained using an alternative method
that was suggested to be more robust for low case
counts (10) (Appendix). Moreover, a potential in-
crease in reporting rates of confirmed cases after the
discovery of the first cases in each district may inflate
the estimate of the reproduction numbers.

Given the geographic expansion of the outbreak,
which included urban settings, and the absence of
therapeutics and licensed vaccines to treat and pre-
vent SUDV, by the end of October 2022, the World
Health Organization assessed the risk for infection at
the national level to be very high (12). However, the
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rapid deployment of interventions (including contact
tracing, isolation of case-patients, and informational
activities to promote community engagement) was
sufficient to contain the outbreak, which was declared
over on January 11, 2023. Our analysis provides quan-
titative information on the evolution of SUDV trans-
missibility in the different districts of Uganda during
the 2022 outbreak. Estimates provided for the serial
interval may be instrumental in planning control in-
terventions in possible future outbreaks of SUDV.
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