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Summary

Background In the United States (U.S.), hantavirus pulmonary syndrome (HPS) and non-HPS hantavirus infection
are nationally notifiable diseases. Criteria for identifying human cases are based on clinical symptoms (HPS or
non-HPS) and acute diagnostic results (IgM+, rising IgG+ titers, RT-PCR+, or immunohistochemistry (IHC)+).
Here we provide an overview of diagnostic testing and summarize human Hantavirus disease occurrence and
genotype distribution in the U.S. from 2008 to 2020.

Methods Epidemiological data from the national hantavirus registry was merged with laboratory diagnostic testing
results performed at the CDC. Residual hantavirus-positive specimens were sequenced, and the available
epidemiological and genetic data sets were linked to conduct a genomic epidemiological study of hantavirus
disease in the U.S.

Findings From 1993 to 2020, 833 human hantavirus cases have been identified, and from 2008 to 2020, 335 human
cases have occurred. Among New World (NW) hantavirus cases detected at the CDC diagnostic laboratory (repre-
senting 29.2% of total cases), most (85.0%) were detected during acute disease, however, some convalescent cases
were detected in states not traditionally associated with hantavirus infections (Connecticut, Missouri, New Jersey,
Pennsylvania, Tennessee, and Vermont). From 1993 to 2020, 94.9% (745/785) of U.S. hantaviruses cases were
detected west of the Mississippi with 45.7% (359/785) in the Four Corners region of the U.S. From 2008 to 2020,
67.7% of NW hantavirus cases were detected between the months of March and August. Sequencing of RT-PCR-
positive cases demonstrates a geographic separation of Orthohantavirus sinnombreense species [Sin Nombre virus
(SNV), New York virus, and Monongahela virus]; however, there is a large gap in viral sequence data from the
Northwestern and Central U.S. Finally, these data indicate that commercial IgM assays are not concordant with
CDC-developed assays, and that “concordant positive” (i.e., commercial IgM+ and CDC IgM+ results) specimens
exhibit clinical characteristics of hantavirus disease.

Interpretation Hantaviral disease is broadly distributed in the contiguous U.S, viral variants are localised to specific
geographic regions, and hantaviral disease infrequently detected in most Southeastern states. Discordant results
between two diagnostic detection methods highlight the need for an improved standardised testing plan in the U.S.
Hantavirus surveillance and detection will continue to improve with clearly defined, systematic reporting methods, as
well as explicit guidelines for clinical characterization and diagnostic criteria.
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Research in context

Evidence before this study

Hantaviruses are rodent-borne viruses with worldwide
distribution that cause human disease following exposure to
rodent excreta (in homes, recreational or occupational
settings) or from rodent bites (less frequent); limited human-
to-human transmission has only been documented for Andes
virus in South America. Rodents are the natural reservoir for
hantaviruses in the U.S., but little is known about the
distribution of U.S. cases and the hantavirus strains that cause
human disease. We conducted a literature review in PubMed
for all studies examining previous human hantavirus cases
published between 1990 and 2023. We used the search terms
“hantavirus disease” and “hantavirus disease U.S.” Previous
publications have reviewed US human hantavirus cases from
1993 to 2008, 1993-2009, and 1993-2013, and reported the
epidemiological details associated with hantaviral disease, or
reported details about individual human cases, but no existing
studies summarise the epidemiologic and genetic data
associated with human hantavirus cases in the U.S.

Introduction

Hantaviruses are negative-sense multi-segmented vi-
ruses in the Bunyavirales order with worldwide distri-
bution that persistently infect rodents.' Infection in
rodents is predominantly asymptomatic,” while spillover
hantaviral infection in humans typically results in dis-
ease.”” Humans acquire disease following exposure to
rodent excreta (in homes, recreational or occupational
settings) or from rodent bites (less frequent)’; human-to-
human transmission has only been documented for a
single viral species (Orthohantavirus andesense).”® Hu-
man disease can be broadly categorised into hantavirus
haemorrhagic fever with renal syndrome (HFRS)—pri-
marily affecting the kidneys caused by Old World (OW)
hantaviruses predominantly located in Europe and Asia,
and hantavirus cardiopulmonary syndrome (HPS)—
primarily affecting the lungs and caused by New World
(NW) hantaviruses predominantly located in North and
South America.” However, human disease can range
from asymptomatic to mild or severe, and pulmonary
and renal involvement have been documented in both
HFRS and HPS cases, respectively.* "

Currently in the United States, hantavirus infection
is a nationally notifiable disease, and state, tribal, local,
and territorial (STLT) health departments report case
surveillance data from acutely-infected hantavirus cases
via case report forms to the national hantavirus

Added value of this study

Here, an updated view of hantavirus surveillance in the U.S. is
presented. We report the spatial and temporal details of
human hantaviral disease and summarize the human
serological response. Most [94.9% (745/785)] U.S.
hantaviruses cases were detected west of the Mississippi
between the months of March-August. Only 45.7% (359/785)
of human cases were detected in the Southwest Four Corners
region of the U.S., an area traditionally associated with
hantaviral prevalence, and cases were infrequently detected in
Southeastern states. New World hantaviral species localised to
distinct geographic regions and serological evidence of Old
World hantavirus infections were detected in states with
major ports. We also highlight discordance between two
diagnostic detection methods.

Implications of all the available evidence

Our findings demonstrate the temporal and spatial
distribution of human hantaviral disease and hantaviral strain
prevalence in the continental U.S. The research demonstrates
the geographic gaps in hantaviral disease detection and the
need for an improved detection algorithm.

surveillance registry hosted at the U.S. Centers for
Disease Control and Prevention (CDC).'*" The criteria
to report positive cases are based on the national case
definition, which includes clinical symptoms (HPS or
non-HPS) and acute laboratory diagnostic results, such
as: 1) IgM positive; 2) IgG positive with rising titers; 3)
immunohistochemistry positive; or 4) PCR positive.*’
Specimens meeting this case definition should be re-
ported by STLT jurisdictions via the National Notifiable
Diseases Surveillance System (NNDSS) and a case
report form submitted to CDC. There is no standardised
hantavirus serological or RT-PCR test used in the U.S.
Hantavirus cases are identified diagnostically at the
CDC, state public health labs using CDC-developed as-
says, state public health labs using other diagnostic as-
says, or at commercial labs. While state health
departments report acute hantavirus-positive cases to
the hantavirus registry, this surveillance tool misses the
detection of convalescent (IgG-only positive, without
rising titers) hantavirus cases in the U.S., because STLT
jurisdictions are not asked to report convalescent case
results.

To present a more complete picture of hantavirus
surveillance in the U.S., three datasets were utilised: 1)
acute hantavirus cases reported by STLT health de-
partments to the hantavirus registry from 1993 to 2020
(n = 833), 2) acute hantavirus cases reported by STLT
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health departments to the hantavirus registry from 2008
to 2020 (n = 335), and 3) hantavirus acute and conva-
lescent diagnostic testing performed at the CDC/Viral
Special Pathogens Branch (VSPB) from 2008 to 2020,
representing 29.2% (98/335) of total acute hantavirus
cases (Fig. 1). Previous publications have reviewed U.S.
human hantavirus cases reported to the registry from
1993 to 2008, 1993-2009," and 1993-2013," but none
have reported any details about convalescent case
detection in the U.S., nor about the duration of antibody
responses. By combining the registry dataset with
detailed information from CDC diagnostic testing and
sequencing over the same time period, an updated view
of hantavirus surveillance in the U.S. is presented,
which includes the geographic distribution of human
exposures and Orthohantavirus genotypes causing hu-
man disease. Currently, no standardised hantavirus
serological or RT-PCR test is used in the US, and
reference testing performed at the CDC has demon-
strated that IgM false-positive results have been
observed from commercial diagnostic assays, suggest-
ing that a possible overestimation of acute hantavirus
cases may be reported from states that do not perform

CDC Hantavirus
Diagnostic Testing
2008-2020

n=1,019
received specimens
(799 unique individuals)

Positive

Objective 1: Summarize
CDCTesting data :
(Table 1and Figure 2). !

STLT-Reported Positive
Hantavirus Cases
2008-2020

confirmatory testing at a reference lab. A suggested
testing algorithm for hantavirus diagnostic testing is
provided for state public health departments to be
considered for adoption.

Methods

Human subject

The project was reviewed by the CDC Human Subject
advisors and determined to meet the requirements of a
public health surveillance activity that involved the use
of residual human specimens. Additionally, the use of
domestic surveillance data for this project was also
reviewed by the CDC Human Subject advisors and
determined to meet the requirements of public health
surveillance activities. Therefore, IRB approval was not
required for this work.

Study design

This project was a retrospective analysis of multiple
datasets (Fig. 1). 1) All acute hantavirus cases reported
by STLT health departments to the NNDSS and hanta-
virus registry from 1993 to 2020 (n = 833), 2) acute

All Positive
Hantavirus Cases

1993-2020
n=833

2008-2020
n=335

Objective 2: Summarize
i genetic, geographic,
and temporal data
(Figure 3 + 4).

Objective 3: Highlight
discrepant IgM
diagnostic assays.
(Tables 2, 3, 4).

Fig. 1: Overview of datasets used to evaluate human Orthohantavirus disease prevalence and genotype distribution in the U.S. Overall 11,019
unique specimens were received at VSPB from 2008 to 2020 for diagnostic testing and 115 unique individuals were identified as hantavirus
positive. Seventeen individuals tested by CDC were not reported as hantavirus-positive cases by STLT (n = 98). From 2008 to 2020, 335 unique
people were reported as hantavirus-positive cases by STLT and of those VSPB performed diagnostic testing for 98 unique people. Altogether,
833 unique individuals were reported as Hantavirus-positive cases by STLT health departments. The relationships between these datasets,

objectives, and figures/tables are highlighted.
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hantavirus cases reported by STLT health departments
to the NNDSS and hantavirus registry from 2008 to
2020 (n = 335), and 3) hantavirus acute and convalescent
diagnostic testing performed at the CDC/Viral Special
Pathogens Branch (VSPB) from 2008 to 2020, repre-
senting 29.2% (98/335) of total acute hantavirus cases

(Fig. 1).

Data agglomeration and distribution analysis

The summary of hantavirus laboratory testing performed
at VSPB from 2008 to 2020 was generated by parsing the
reports sent by VSPB to submitters (state public health
labs and requesting doctors) using a pdf parser (https://
github.com/evk3/hantavirus_US_distribution). =~ Health
departments review the laboratory and clinical data
associated with suspect hantavirus cases and submit
confirmed positive cases to the NNDSS. A summary of
HPS- and non-HPS symptoms can be found in
Supplemental Table S1. A summary of confirmed
hantavirus cases from the NNDSS is provided to VSPB
epidemiologists, who request additional case data from
STLT jurisdictions using a hantavirus disease report
form.*"* These data are reconciled annually with the case
surveillance data reported in the NNDSS to ensure all
reported cases were included in the registry. Location
information captured by the case report form included
city, county, state, and zip code of residence and city,
county, and state of potential rodent exposures within the
6 weeks prior to illness. As a caveat, the exposure location
captured on the case report form may be the best esti-
mate and/or may not represent the true exposure location
— which could be unknown. Sex (but not gender) and
ethnicity data are collected on hantavirus case report
forms and have been summarised by St. Maurice et al.*
Additionally, patient information for suspected hanta-
virus cases tested at a commercial laboratory prior to
testing at the CDC was utilised to investigate the
concordance of diagnostic results. For patients whose
samples were tested at the CDC but did not have a cor-
responding case report form available (i.e., tested nega-
tive), information on signs and symptoms, exposure, and
general clinical course were abstracted from clinical
consultation summaries when available. Data from the
national hantavirus registry, and from hantavirus testing
performed at CDC was compared, summarised, and
manipulated using Python3 (version 3.7). Serological and
PCR results versus time of symptom onset were visual-
ised using Python3 with pandas plotkde (bw_me-
thod = 0.3). Geographic and temporal distributions were
visualised using QGIS (3.22.3) and R (version 4).

Laboratory testing of suspect hantaviral specimens
Whole blood (WB) or serum specimens submitted to
CDC for hantavirus diagnostics were tested for the
presence of New World (NW) Orthohantavirus reactive
immunoglobulin G (IgG) (using recombinant SNV
nucleocapsid protein as antigens) and immunoglobulin

M (IgM) antibodies (using native SNV antigens),” as
well as for the presence of Old World (OW) Ortho-
hantavirus-reactive IgG and IgM (using native SEO an-
tigens)." Hantavirus RNA positive specimens were
assessed using the hantavirus conventional PCR
assay from Woods et al.”” Acute specimens were defined
by the presence of Orthohantaviral reactive IgM,
IgM/IgG or PCR positivity and presence of clinical
(HPS and non-HPS symptoms) and epidemiological
factors (rodent exposure). Convalescent specimens
were defined by the presence of only Orthohantaviral
reactive IgG.

Next generation sequencing

Residual whole blood (WB) or serum specimens sub-
mitted for diagnostic testing at CDC were inactivated
with Tripure (Roche, USA) or 5x Magmax 96 Viral
Isolation kit (Applied Biosystems Inc., USA). RNA was
extracted from Tripure-inactivated WB or serum by
phase-separation  using  1-bromo-3-chloropropane
(Sigma—Aldrich, St. Louis, MO) and applied to Clean
and Concentrate-25 columns (Zymo Research, Irvine,
CA) for further purification and concentration. RNA
was extracted from residual FFPE tissue specimens by
cutting one 16 pm scroll and extracting RNA according
to Bhatnagar et al.” To evaluate the level of fragmen-
tation and presence of PCR inhibitors, RNA extracted
from FFPE tissue specimens was also tested by
housekeeping gene 18S rRNA RT-PCR using Quan-
tumRNA Classic 18S Internal Standard (Life Technol-
ogies, Carlsbad, CA, U.S.) following the manufacturer’s
instructions. To perform next-generation sequencing
(NGS), extracted RNA was treated with RNase-free
DNase (Roche, Basel, Switzerland) and prepared for
unbiased NGS using a TruSeq RNA Access Library
preparation kit (Illumina, San Diego, CA) with pan-
hantavirus-specific enrichment oligos. Specimens
were enriched using single-plex enrichment with
0.625 pmol probes per enrichment and reducing the
reaction volumes by a quarter. The pan-hantavirus
probe set was designed by downloading all available
hantavirus genomes from Genbank, removing dupli-
cate virus entries and designing 80bp 5  biotinylated
probes offset every 200bp (https://github.com/evk3/
Nipah_phylogenetics), resulting in 5325 hantavirus-
specific probes (Twist Biosciences). Libraries were
sequenced using either an Illumina MiSeq or MiniSeq
(High Output 2 x 150 cycles).

Bioinformatics and phylogenetics

Genomes were constructed using a guided de novo as-
sembly approach and scripts are available on https://
github.com/evk3/hantavirus_US_distribution. First,
reads were trimmed for quality (prinseq-lite -min_-
qual_mean 25 -trim_qual_right 20 -min_len 50) and de
novo assembled to make contigs (spades.py -k auto).
Contigs were blasted to identify the closest reference

www.thelancet.com Vol 37 September, 2024


https://github.com/evk3/hantavirus_US_distribution
https://github.com/evk3/hantavirus_US_distribution
https://github.com/evk3/Nipah_phylogenetics
https://github.com/evk3/Nipah_phylogenetics
https://github.com/evk3/hantavirus_US_distribution
https://github.com/evk3/hantavirus_US_distribution
http://www.thelancet.com

Articles

sequence on GenBank. Genomes were iteratively
assembled by mapping reads and contigs to the closest
refseq sequence (SNV, Monongahela, New York or
Seoul viruses). Consensus genomes were called from
bam files using iVar (v1.3, -m X -n N), and threshold
setting (-m) was set above the level of reference-
mapping reads observed in the negative extraction
control or sequencing control (lowest threshold was 10-
fold, or 10-fold if no negative extraction control was
available). For 4/66  genomes  (200605818_L,
200605818_L, 2020030197_M, 201802465_L), mapping
of reads and contigs introduced indels or frameshifts, in
these cases, consensus genomes were re-built using
Geneious (0% majority, assign quality total). Patient
metadata and a summary of genetic coverage and
accession numbers can be found in Supplemental
Table S3.

To build phylogenetic trees, sequences generated in
this study were analysed with all available full-length
SNV, Monongahela, New York, Black Creek Canal,
and Choclo segments downloaded from GenBank and
aligned using MAFFT (v7.471). Trees were constructed
with RAXML (v7.3.0, -m GTRGAMMA -p $SRANDOM -f
a -x $SRANDOM -N 1000); and visualised with ggtree
(v1.11.3). Genomes were submitted to GenBank,
accession numbers 0Q999105-0Q999170.

Statistical analysis, endpoints and outcomes

In Table 1 and Fig. 2 (“Objective 1: Summarize CDC
Testing data”) the summary of hantaviral diagnostics
performed in the Viral Special Pathogens Branch at
CDC (2008-2020) was calculated using an iPython
notebook (Python 3.9). Mean and Mode were calculated
using the pandas and numpy libraries. Geographic and
temporal distributions in Fig. 2 were calculated from the
same data set. In Figs. 2 and 3 (“Objective 2: Summarize
genetic, geographic, and temporal data”), we summarize
the genetic, geographic and temporal characteristics of

human hantaviral cases reported to the NNDSS by STLT
health departments between 1993-2020 and 2008-2020.
In Tables 2 and 3 (“Objective 4: Highlight discrepant
IgM diagnostic assays”) we compare the results between
different diagnostic assays tested on the same sample
sets. Statistical calculations for agreement between
datasets were generated using 2 x 2 contingency tables
to calculate percent agreement [also known as “diag-
nostic accuracy” ((TP + TN)/(TP + TN + FP + FN)) |, and
Cohen’s Kappa (Tables 2 and 3) using [k = [(Po—Pe)/(1-
Pe)]]. Clinical symptoms (eg, fever, thrombocytopenia,
elevated hematocrit, etc) and diagnostic results (eg, CDC
IgG+) of persons with Commerical IgM+ results were
compared between those with CDC IgM+ or CDC IgM-
results using Barnard’s exact test. All analyses were
performed using Python (3.9) and p-values <0.05 were
considered statistically significant. Spearman’r p and
Pearson’s r in Supplemental Figure S2 were calculated
using the *.corr function from pandas.

Role of the funding source

The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Summary of VSPB Orthohantavirus diagnostic
testing, 2008-2020

Between 1993 and 2020, 833 human hantavirus cases
have been identified, and from 2008 to 2020, 335 hu-
man cases have occurred (Fig. 1). These results were
reported by STLT health departments as a result of
diagnostic testing performed at CDC, state public health
labs using CDC-developed assays, state public health
labs using other diagnostic assays, or at commercial
labs. There is no standardised hantavirus serological or
RT-PCR test used in the U.S. From 2008 to 2020, 1019

New world Orthohantavirus Old world Orthohantavirus Pan-hanta
IgM+ (Acute) IgM+ and 1gG+ IgG+ IgM+ (Acute)  IgM+ and IgG+ IgG+ RT-PCR+
(Acute/Recovery) (Recovery) (Acute/Recovery) (Recovery) (L segment)

5.9% (61/1019)
5.8% (47/799)

Total specimens percent positive
Total unique individuals percent positive

onset dates

performed on serologically-negative individuals; all were PCR negative.

5.9% (61/1019)
6.6% (53/799)

1.9% (19/1019) 1.6% (17/1019) 1.0% (11/1019)
2.2% (18/799) 1.0% (8/799)  0.6% (5/799)

Pan-Hanta RT-PCR+ Individuals® % (positive/total) 50.0% (7/14) 55.5% (10/18) 0% (0/0) 0% (0/4) 0% (0/2) 0% (0/0)
Median time frame from symptom onset to 5 [1, 159] 7 [0, 32] N/A 16 [11, 21] 8 [6, 10] N/A
specimen collection [range in Days]

Modal time frame from symptom onset to 4 5 N/A 16 8 N/A
specimen collection (Days)

Number of specimens with symptom onset dates 51 59 0 2 4 0
Percent of positive specimens with symptom 83.6% (51/61) 96.7% (59/61) N/A 11.7% (2/17) 36.3% (4/11) N/A

0.3% (4/1019)
0.2% (2/799)

9.0% (21/231)
10.3% (21/202)
(0/164)°

5.0 [1, 48]

4

19
90.4% (19/21)

4 additional individuals were PCR positive: 1 serologically negative; 1 serologically indeterminate, IHC+; 2 individuals with tissues received and serology was not performed, IHC+. 164 PCR tests were

Table 1: Summary of hantavirus diagnostics performed in the viral special pathogens branch, US CDC, 2008-2020.
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Fig. 2: Initial detection of acute or convalescent human hantavirus cases by VSPB-CDC presented by state and time, 2008-2020. a and b) Map
of initial detection of acute or convalescent NW (a) or OW (b) human hantavirus cases. Pie charts indicate ratio of initial acute or convalescent
cases detected per state. State color indicates number of unique specimens received per state for hantavirus diagnostic testing. A single
specimen was received from Alaska, Puerto Rico, and the U.S. Virgin Islands, and two specimens from Hawaii, but all were hantavirus negative.
No other specimens were received from other U.S. territories. ¢ and d) Seasonality of initial detection of acute (red) or convalescent (black) NW

(c) or OW (d) human hantavirus cases by VSPB-CDC from 2008 to 2020.

domestic samples were received by CDC-VSPB for
hantavirus diagnostic testing and all specimens were
tested for the presence of NW-specific and OW-specific
IgM and IgG (Table 1). 115 specimens were identified as
positive by CDC, and by matching these cases with the
same 98 individuals reported as hantavirus-positive
cases by STLT (representing 29.2% (98/335) of total
acute confirmed cases reported by health departments)
we identified 17 non-STLT reported cases (Fig. 1). Most
positive samples tested at CDC were both NW IgM and
IgG seropositive (5.9%, 61/1019), and NW IgM-only
seropositive (5.9%, 61/1019), followed by NW IgG-only
seropositive samples (1.9%, 19/1019) (Table 1). A
smaller proportion were identified as OW seropositive

(0.3-1.6% IgM-only, IgM/IgG, or IgG-only positive).
When these results were filtered to remove duplicate
samples tested from the same individual, similar sero-
positive rates were observed between the total speci-
mens and unique individual NW-reactive and
OW-reactive datasets (Table 1). Specimens that were
collected less than 14 days after symptom onset were
also evaluated for the presence of hantaviral RNA
(n = 231 total specimens and n = 202 unique individuals
tested) and only 21 unique individuals (10.3%, 21/202)
were identified as PCR-positive (Table 1). PCR positive
individuals were either NW-reactive IgM or IgM and
IgG positive (Table 1). Patient-reported symptom onset
dates were available for 83.6% of IgM-only and 96.7% of
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Samples received with Number of
commercial hantavirus commercial lab

Number of paired positive
commercial lab and VSPB

Percent Cohen's
agreement  kappa

Number of paired positive
commercial lab and positive

DX* positive tests total tests VSPB tests
IgM+ Results 92 78 76 13 29% 0.09
1gG+ Results 77 25 24 5 70% 0.83
IgM+ & IgG+ 76 16 10 4 40% 0.11

Results

Percent agreement and Cohen'’s Kappa values were calculated using the 2 x 2 contingency tables included in Supplemental Table S2. ®Data is from all individuals, including

duplicate testing.

Table 2: Concordance of NW serological diagnostic results from VSPB- and commercial lab-based testing, 2018-2020.

IgM/IgG seropositive NW specimens and 11.7% of
IgM-only and 36.3% of IgM/IgG seropositive OW
specimens (Table 1). The median time from symptom
onset to specimen collection for patients with detectable
NW IgM was 5 [1, 159] days and OW IgM was 16 [11, 21]
days. In contrast, specimens from individuals with
hantavirus RNA detected by RT-PCR were within 5.0 [1,
48] days post onset (Table 1). When these serological
and PCR responses were plotted temporally, concurrent
IgM and IgG responses for NW and OW were observed
(Supplemental Figure S1). This observational data sug-
gests that NW and OW IgM were most frequently
detected at 4 and 16 days post onset (dpo), respective-
lyNW IgM and IgG responses were most frequently
detected at 5 dpo (Table 1 and Supplemental Figure S1).
Hantaviral RNA was most frequently detected at 4 dpo
(Table 1 and Supplemental Figure S1).

Geographic and temporal detection of U.S.
hantavirus cases

Specimens submitted to CDC for diagnostic testing
were evaluated by exploring when and where individuals
were first detected as positive cases, using the same
acute or convalescent criteria used by jurisdictions
[i.e.,—acute = IgM+, RT-PCR+ or convalescent = IgG+
-only; no IHC+ or IgG+ cases with rising titers were
identified]. State location was assigned based on re-
ported exposure state [65.2% (88/135); the 135 denom-
inator represents 115 acute and 20 convalescent
individuals], and when exposure state was not available,
residence state (7.4%, 10/135) or state lab report was
sent to (27.4%, 37/135) were used, respectively (only
three individuals reported multiple exposure states and

are not included on the map). While diagnostic testing
at CDC only represents a fraction of total acute hanta-
virus positive cases reported by health departments in
the U.S., this dataset identifies some convalescent cases
(IgG+) that are not currently reported to the NNDSS or
the hantavirus registry. NW-specific cases (n = 102
acute, 18 convalescent) were observed to have wide
geographic distribution (29/50 states), while OW-
specific cases (n = 13 acute, 2 convalescent; not associ-
ated with the 2017 SEO rattery outbreak') were
observed in only 19/50 states and Washington, DC
(Fig. 2a and b and Supplemental Figure S2A and B).
Overall, 86.6% (13/15) of OW- and 85.0% (102/120) of
NW-specific cases were detected during acute disease
(Fig. 2A-B); and most positive NW cases were from
California, Utah, and New Mexico (Supplemental
Figure S2A and B). Individuals were detected only
during the NW convalescent phase in Connecticut,
Missouri, New Jersey, Pennsylvania, Tennessee, and
Vermont and OW convalescent phase in Massachusetts
and Arizona—most of these states are outside of the
Four Corners region (AZ, CO, UT, and NM) that are not
traditionally associated with hantaviral cases. Further-
more, there was a high positive correlation between the
number of specimens sent by a state to CDC for han-
taviral testing and the number of positive NW cases
detected in that state (Pearson’s r = 0.77, Spearman’s
p = 0.48) (Supplemental Figure S2C). When exploring
the temporal distribution of domestic hantaviral cases,
we observed that NW-specific acute cases were detected
most frequently during May, June, July, and August,
whereas OW-specific acute cases were detected most
frequently during January-April (Fig. 2c and d).

Number of
commercial lab

Samples received
with commercial

Number of paired positive
commercial lab and VSPB

Number of paired positive  Percent Cohen’s
commercial lab and positive agreement kappa

duplicate testing.

hantavirus DX* positive tests total tests VSPB tests
IgM+ Results 18 14 13 12 82% 0.48
1gG+ Results 18 15 14 10 76% 0.45
IgM+ & IgG+ Results 18 11 9 8 89% 0.29

Percent agreement and Cohen’s Kappa values were calculated using the 2 x 2 contingency tables included in Supplemental Table S2. *Data is from all individuals, including

Table 3: Concordance of OW serological diagnostic results from VSPB- and commercial lab-based testing, 2018-2020.
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Phylogenetic relatedness of U.S. Orthohantavirus
genotypes causing human disease

To better understand the inferred relatedness of do-
mestic Orthohantavirus sinnombreense genotypes causing
human disease, all available PCR-positive human spec-
imens collected between 2008 and 2020 (n = 21 speci-
mens), as well as a subset of historic human hantaviral
cases from 1999 to 2008 (representing 60 blood, serum,
or tissue specimens from 40 unique individuals from
1999 to 2020) were deep sequenced (Supplemental
Table S3). From 23 unique individuals, 20, 19, and
21 L, M and S segments, respectively, with greater than
69% coverage (at >10x -fold depth) were generated.
Within the O. sinnombreense species, two new Mono-
ngahela sequences and one New York sequence were
generated and these cluster with related reference se-
quences (Fig. 3a—c). The SNV clade separated into two
distinct well supported sub-clades (SNV1 and SNV2) for
the L and the M segments (Fig. 3a and b). In contrast,
the separation between these clades was not strongly
supported for the S segment, but the current S topology
mimics the separation observed for the L and M seg-
ments (Fig. 3c). Except for S segments from two se-
quences (0Q999166 and 0Q999154), there was no
strong evidence for segment reassortment between the
SNV1 and SNV2 subclades. In the Orthohantavirus
seoulense species, a single Seoul virus (SEO) sequence
collected from an individual in Washington, D.C. was
generated, and it clustered with SEO sequences from
Northeastern Baltimore and New York City
(Supplemental Figure S3).

Geographic and temporal distribution of STLT-
reported acute hantaviral disease

Since 1993, 833 human hantaviral disease cases have
been identified by STLT jurisdictions and 31 of these
cases were identified retrospectively as occurring before
1993. Combining the available genetic information with
known exposure locations for all acute human hanta-
virus cases demonstrates the domestic U.S. Ortho-
hantavirus prevalence, and genotype distribution (Fig. 4a
and b) between 2008-2020 (n = 335) and 1993-2020
(n = 802). Since 1993, twelve cases reported multiple
exposure locations, five cases were exposed outside of
the U.S, and seven Seoul rattery cases are not included
on the map. Exposure locations were reported for a
majority of cases, and when unavailable, residence
location was used (Supplemental Figure S4A and B)
(n = 785). From 1993 to 2020, the highest local con-
centration of hantavirus cases in the continental US
cluster in the Four Corners region of the US 45.7%
(359/785) and 94.9% (745/785) of U.S. hantaviruses
cases occured west of the Mississippi (Fig. 4b). Hanta-
virus cases also occur in the upper Midwest (IL, WI, IN,
MI), mid-Atlantic (VA, WV, MD, PA, DE) and North-
eastern (NY, CT, RI, MA, VI, ME, NH) regions. In
contrast, fewer than 3 hantavirus cases were observed in
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Southeastern states (TN, NC, SC, MS, AL, GA, FL). Viral
genotype was confirmed either by sequencing of a
subset of PCR-positive cases (n = 44) from 1993 to 2020
[either through WGS (n = 27) or partial Sanger
sequencing (n = 16) directly from human specimens or
a rodent collected from the exposure site'’] or serology
(n = 2) (SEO” and Bayou* viruses in TX). Monongahela
virus was localized to the Northeastern and the Mid-
Atlantic regions, whereas SNV was primarily found
west of the Mississippi and Ohio Rivers (Fig. 4a and D).
A single SNV case was identified in Indiana, but
sequence data is otherwise lacking from the Central
U.S. Bayou and Black Creek Canal viruses exhibited a
local distribution in TX/LA and FL, respectively. The
phylogenetically distinct SNV1 and SNV2 sub-clades
were not associated with localized geographic clus-
tering. Consistent with seasonality observed from
VSPB-specific diagnostic testing (Fig. 2b), we observed
that most STLT-reported hantavirus cases occurred in
May through August (Fig. 4c).

Discordance between VSPB and commercial
diagnostic results

From May 2018 to December 2020, discordant NW IgM
results were identified when duplicate specimens were
tested using the VSPB laboratory-derived NW ELISA
assays and commercial hantavirus NW IgM assays; this
change was noted to have occurred while commercial
labs changed hantavirus diagnostic assays. The percent
agreement between NW IgM+ positive samples was
29% (n = 76), whereas the percent agreement between
NW IgG+ samples was 70% (n = 24) and NW IgG+/
IgM+ was 40% (n = 10) (Table 2 and Supplemental
Table S2). Cohen’s k (a measure of inter-rater reli-
ability relative to agreement by chance) from this dataset
supported a minimal relationship for NW IgM+ and
NW IgM+/IgG+ results, whereas NW IgG+ results were
strongly supported by percent agreement and Cohen’s
k. In contrast, a high percent agreement of 76-89% was
observed for commercial and VSPB OW IgM (n = 13),
IgM/IgG (n = 14), and IgG serological testing (n = 9).
For OW results, Cohen’s k supported poor agreement,
but the magnitude of Cohen’s k is likely reduced due to
a small number of paired results from IgM and IgG
specimens (n = 13, 14, and 9, respectively) (Table 3 and
Supplemental Table S2). An analysis of symptoms
associated with dual positive (VSPB and commercial)
IgM+/IgM+ patients versus single positive (only com-
mercial test positive) [gM—/IgM+ patients finds that a
subset of clinical information significantly associates
with these “true” hantavirus cases (ie-IgM+/IgM+ pa-
tients). Hospitalisation, thrombocytopenia, elevated
haematocrit, elevated creatinine, IgG+ seroconversion
and PCR-positive results were significantly associated
with [gM+/IgM+ patients, but not IgM—/IgM+ patients
(Table 4). Based on the commercial IgM false-positive
results observed here, a revised testing algorithm is


http://www.thelancet.com

Articles

a 2008-2020

0 U
© s
Ll - ) o
o”° [o] E7
o g%o [e] [e]
§ o [© 00 > ]
o 8 2
e | 830 < Virus
7 ¥ Oﬁo
{08 08P o % Peromyscus ; Bayou
. Monongahela
N species
o P BENVS 1, ©| © | @ f—— S fot New York
T 8 = . PAsmNT Distribution | ¥ """
ko N © 8 O~~~ WY e 2R seoul
& \ . N\ ¢ [0 P, polionotus
4 L:/\;\o S ) W% P melanotis 2% sin Nombre
AN o | P. maniculatus ¥ Sin Nombre 1
: , o - ? e jol:torijnsis 2L sin Nombre 2
~m. labecula
0 1,000 2,000 km i PET—
I 000 ]
L T
Virus

Number of collected specimens

10

Distribution

72 Oryzomys palustris
[ Peromyscus leucopus
[ Sigmodon hispidus

¥ Bayou

2;,1 Black creek canal
4 Monongahela
* New York

%E Seoul

¥ Sin Nombre

¥ Sin Nombre 1
2 Sin Nombre 2
O Unknown

www.thelancet.com Vol 37 September, 2024



http://www.thelancet.com

Articles

Clinical information Commercial IgM+ p-value
CDC IgM+ (n = 14)* CDC IgM- (n = 54)
n denom % n denom %
CRF or other source available? 14 14 100.0% 52 54 96.3%
Hospitalizedd 13 14 92.9% 28 48 58.3% 0.012
Known rodent exposure’ 12 14 85.7% 36 46 78.3% 0.381
Symptoms
Fever’ 7 14 50.0% 33 48 68.8% 1.000
Thrombocytopenia® 10 13 76.9% 12 38 31.6% 0.003
Elevated hematocrit” 6 12 50.0% 5 38 13.2% 0.015
Elevated creatinine 8 13 61.5% 7 32 21.9% 0.007
Supplemental 0,¢ 7 13 53.8% 11 29 37.9% 0.211
Intubation® 2 13 15.4% 6 34 17.6% 1.000
CXR suggestive ARDS? 7 11 63.6% 14 37 37.8% 0.085
Any resp signsb 10 13 76.9% 31 39 79.5% 1.000
Any flu-like signs” 9 10 90.0% 26 31 83.9% 0.476
Any gastrointestinal signs” 6 8 75.0% 14 26 53.8% 0.199
Alternate Dx” 0 14 0.0% 9 52 17.3% 1.000
Underlying condition” 3 14 21.4% 10 52 19.2% 0.546
Other test results
Commercial 1gG+ 10 13 76.9% 5 44 11.4% <0.001
CDC IgG+ 6 14 42.9% 0 54 0.0% <0.001
CDC PCR+ 6 13 46.2% 0 29 0.0% <0.001
State reporting
Reported as HPS 9 14 64.3% 0 54 0.0% <0.001
Reported as non-HPS® 14 21.4% 0 54 0.0% 0.017
Not reported as case 2 14 14.3% 54 54 100.0% 1.000
Probability values are calculated as the likelihood of having greater hantavirus-specific symptoms in the IgM+/IgM+ group using Barnard’s test. Bolded text denotes p values
below the significance cutoff of 0.05. *Includes 3 patients that tested IgM+ for Seoul virus at the CDC and one patient that tested IgM+ for Puumala virus at the CDC.
PInformation not collected by standardized case report form. “Includes 2 confirmed Seoul virus cases and 1 confirmed Puumala case with exposure outside of the United
States. “Systematically collected on case report forms.
Table 4: Symptomology associated with VSPB IgM+/Commercial IgM+ versus VSPB IgM-/Commercial IgM+ Acute hantaviral cases, 2018-2020.

suggested that includes reflex testing with a different
serological assay for all commercial IgM-positive sam-
ples (Fig. 5). The remainder of the testing algorithm and
diagnoses criteria remain unchanged.

Discussion

Here, a broad and updated view of human Ortho-
hantavirus prevalence, genotype distribution, and di-
agnostics between 2008 and 2020 are presented. The
goal of this work is to extend earlier observations by
Mills et al. (U.S. hantavirus exposure locations from
1993 to 2008),"* MacNeill et al. (hantavirus seasonality

1993-2009),"> Knust et al. (U.S. hantavirus case counts
from 1993 to 2013),"” while also including detailed in-
formation about Orthohantavirus diagnostic testing, and
viral genotype information combined with human
exposure locations.

Mills et al. (2010)"* summarised the state of knowl-
edge of hantavirus disease ecology in the US and pre-
sented a geographic mapping of U.S. hantavirus cases
and rodent vectors, but these visualisations did not
include any viral sequence data, and thus, were not able
to plot hantaviral genotype distribution in the US. Here,
a geographic separation of the Orthohantavirus sinnom-
breense species (SNV—primarily west of the Mississippi,

Fig. 4: Geographic and temporal distribution of STLT-reported human hantaviral cases and viral genotypes from 2008 to 2020 and a
comprehensive geographic distribution of all available human hantavirus cases from 1993 to 2020. a) Geographic distribution of human
hantaviral cases from 2008 to 2020 (points) and Peromyscus species distributions (shading) from Greenbaum et al.”® Viral genotypes are
indicated by star color and cases without sequence data are labeled as “Unknown.” No human hantavirus cases have been detected in Alaska,
Hawaii, or U.S. territories. b) Geographic distribution of human hantaviral cases from 1993 to 2020 (points) and hantavirus rodent vector
distributions (shading). Map is colored according to panel A. No human hantavirus cases have been detected in Alaska, Hawaii, or U.S. ter-
ritories. c) Seasonality of state-reported human hantaviral cases from 2008 to 2020.
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12

Suggested Testing algorithm for Hantavirus testing

Specimen collected <= 10 days
after symptom onset

Specimen collected > 10 days
after symptom onset

v !

Serology: Commercial Hanta Serology: commercial Hanta
1gM and 1gG If Commercial IgM+ or 1gG+: IgM and IgG
Perform Reference Lab SNV & SEO
OR ELISA IgM and IgG OR

Serology: Reference Lab SNV
& SEQ ELISA IgM and IgG

(in-house or send to Reference

Serology: Reference Lab SNV
& SEO ELISA IgM and IgG

Lab)

AND
RT-PCR
Pan-Hantavirus
0-3 days 3-10days
post- onset post-onset

If RT-PCR positive:
Sanger or Next-Gen sequence PCR
fragment for
confirmation/speciation

If all negative, acute specimens
collected within 3 days of
symptom onset should be

SUMMARIZE

interpreted with caution due to
potential for delay in

seroconversion and transient
viremia. If clinical suspicion

remains, strongly recommend
submission of a specimen
collected after 3 days post-

symptom onset.

RESULTS

Define an Acute Case with:
Reference Lab IgM+
OR
Reference Lab IgG+ with rising titers

OR

PCR+
OR

*IHC +

AND

Symptoms consistent with HPS and non-
HPS symptoms

Define a Convalescent Case if:
Reference Lab IgG+, single
testing date

*IHC staining requires fixed tissues

Fig. 5: Suggested testing algorithm for Orthohantavirus diagnostic testing.

New York virus—Long Island, NY; and Monongahela
virus—Northeastern/Mid-Atlantic) is presented. How-
ever, hantavirus sequence data is limited, and large gaps
in viral sequence data from the Pacific Northwest and
Central U.S. remain, suggesting that additional viral
genotypes causing human disease could exist in the U.S.

It has been postulated that hantaviruses co-speciate
with their rodent hosts,””?* however, widespread mo-
lecular surveillance and phylogenetic analyses of han-
taviruses have demonstrated that spillover or host
switching to unrelated taxa (e.g., Chiroptera, Soricidae,
Talpidae) has occurred'** challenging this hypothesis.
On smaller taxonomic scales, however, patterns of co-
speciation may be upheld. The geographic distribution
of specific SNV viruses observed here is suggestive that
Orthohantaviruses may have co-evolved within the Per-
omyscus maniculatus species complex (Peromyscus man-
iculatus, P. m. sonoriensis, and P. m. gambelii); however,
elements of Peromyscus systematics and taxonomy, such
as recognising cryptic species, remain unresolved,” and,
likely, the diversity of hantaviruses in the U.S. is still
largely unexplored. Nonetheless, phylogeographic pat-
terns of U.S. hantaviruses may shed light on potential
species boundaries within the P. maniculatus complex or

within other potential rodent, shrew, or bat vector spe-
cies (e.g., multiple hantaviruses are associated with
Sigmodon hispidus which is also thought be comprised of
multiple species)."

Of particular interest to public health are the U.S.
regions, such as the southeastern and lower mid-
Atlantic U.S., where human hantavirus cases have
not occurred at high frequency or are undetected.
These regions are within the home range of known
hantavirus rodent vectors (Peromyscus sonorensis, Ory-
zomyz palustris, Peromyscus leucopis, and Sigmodon his-
pidus),” suggesting that hantavirus spillover is still a
public health threat. However, one possibility is that a
“Southeastern” U.S. hantavirus remains infrequently
detected, either due to a lack of spillover human cases
or due to under-reporting/under-detection of human
cases as a result of mild or undetected disease.
Improving the clinical characterisation of hantavirus
infection, as well as clinician education to recognise
non-pulmonary and/or mild disease could improve
case detection.

Using the results of CDC/VSPB-specific human
diagnostic testing (representing 29.2% of total U.S.
hantavirus cases), we quantified whether suspect
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hantavirus cases were detected during acute or conva-
lescent disease. Most NW hantavirus cases 85.0% (102/
120) were detected during acute disease, however, some
cases were identified in the convalescent phase in states
outside of the Four Corners region of the U.S. not usually
associated with hantavirus infections (Connecticut,
Missouri, New Jersey, Pennsylvania, Tennessee, and
Vermont). These data are subject to bias due to patient-
reported and incomplete exposure locations, the
number of specimens and likelihood of laboratories
submitting to CDC for diagnostic testing; however, it
provides the only available snapshot of convalescent
hantavirus detection in the U.S. (which is not reported
nationally), and better case-controlled data collection is
needed to quantify gaps in hantavirus surveillance. As
demonstrated here, there was a positive correlation
between the number of suspect hantavirus cases sub-
mitted to CDC for diagnosis and the number of hanta-
virus positive cases detected per state (Supplemental
Figure S2C). Overall, enhancing clinician education and
outreach to consider hantavirus infection as a differential
diagnosis, improving access and quality of hantavirus
acute diagnostic assays, and re-evaluating the hantavirus
case definition could improve rates of hantavirus detec-
tion. For example, Armien et al. demonstrated that a
subset (48%, 25/52) of Choclo virus-infected patients only
exhibited mild disease consisting of fever with mild or no
pulmonary oedema.” An additional component to better
understand disease prevalence is improving rodent
hantavirus surveillance, especially in non-traditional
hantavirus-positive states. Limited rodent surveillance in
national parks, and in connection with human hantavirus
cases has begun to elucidate new geographic areas con-
taining hantavirus seropositive rodents.”*** Increased
clinician vigilance combined with improved rodent sur-
veillance should yield improved detection of acute human
cases.

Crucial for detecting positive hantavirus cases is the
need for a more standardised testing algorithm.
Currently, no standardised hantavirus serological or
PCR test is used in the U.S., and CDC does not sys-
tematically track what hantavirus assays are run in
jurisdictional public health laboratories; furthermore,
jurisdictions may change assay usage over time and are
not required to inform CDC. The data presented here
demonstrate that discordance exists between CDC-
specific and commercial NW IgM diagnostic assays;
thus false-positive hantavirus cases confirmed only by
commercial NW IgM-positive results may be reported
by health departments. Hantavirus-negative specimens
identified by commercial labs are not routinely sent for
confirmatory testing with the CDC assay, thus, the
false-negative rate of the commercial assays is
currently unknown. Previous commercial testing dur-
ing the 2012 Yosemite hantavirus outbreak identified a
similar false-positive issue that required an increase in
the assay threshold to eliminate the false-positive
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results.”> Public health jurisdictions may consider
free confirmatory testing at the CDC for samples with
positive serological results from commercial assays.
Concordant positive (i.e., commercial IgM+ and CDC
IgM+ results) individuals clinically exhibited charac-
teristics of traditional hantavirus-associated disease
(thrombocytopenia, elevated haematocrit, elevated
creatinine, IgG + seroconversion, and/or PCR positive
results). The five-point screening tool of peripheral
blood smears identified a similar set of laboratory
findings (thrombocytopenia, elevated haemoglobin/
haematocrit, a left shift on neutrophils, absence of
significant toxic granulation of the neutrophils, and
immunoblasts and plasma cells more than 10% of
lymphoid cells) that are hallmarks of hantavirus
infection.’ These clinical symptoms have also been
predictive of hantaviral disease during the COVID-19
pandemic and as a rapid screening tool during early
and indistinguishable disease presentation.” Develop-
ment of current and future diagnostic assays will need
to demonstrate concordance with known symptomol-
ogy, as well as sensitivity and specificity to detect
diverse hantavirus genotypes. As sequencing gains a
stronger foothold in public health laboratories, a better
characterization of hantaviruses along with important
metadata, such as clinical symptoms (mild versus se-
vere versus pulmonary), is needed to evaluate whether
the Orthohantavirus sinnombreense species (New York,
SNV, Monongahela) are associated with specific
symptoms. Sequencing of RT-PCR positive hantavirus
specimens can also be performed at CDC free of
charge to the submitting public health laboratory.

Looking forward, the goal of hantavirus surveil-
lance and detection over the next twenty years should
aim for improved coordination between STLT health
departments, CDC, commercial and academic part-
ners. As demonstrated by Armien et al., accurate
diagnostic testing is needed to better define the spec-
trum of hantavirus disease, refine the case definition,
and yield improved case detection. However, without
standardised diagnostic methods and coordination
between partners, this sequential refinement of
hantavirus surveillance is not supported. Ongoing ef-
forts by PAHO to strengthen regional Hantavirus ca-
pacity in South America by aligning diagnostic and
surveillance protocols, developing regional guidelines
and training workshops is an example of ongoing ef-
forts to refine hantavirus surveillance.** Hantavirus
surveillance and detection will continue to improve
with clearly defined, systematic reporting methods,
improved detection methods and assays, as well as
explicit guidelines for clinical characterisation and
diagnostic criteria.
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