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ABSTRACT Hantavirus cardiopulmonary syndrome (HCPS) is a severe respiratory
disease caused by orthohantaviruses in the Americas with a fatality rate as high as
35%. In South America, Andes orthohantavirus (Hantaviridae, Orthohantavirus; ANDV)
is a major cause of HCPS, particularly in Chile and Argentina, where thousands of
cases have been reported since the virus was discovered. Two strains of ANDV that
are classically used for experimental studies of the virus are Chile-9717869, isolated
from the natural reservoir, the long-tailed pygmy rice rat, and CHI-7913, an isolate
from a lethal human case of HCPS. An important animal model for studying patho-
genesis of HCPS is the lethal Syrian golden hamster model of ANDV infection. In this
model, ANDV strain Chile-9717869 is uniformly lethal and has been used extensively
for pathogenesis, vaccination, and therapeutic studies. Here, we show that the CHI-
7913 strain, despite having high sequence similarity with Chile-9717869, does not
cause lethal disease in Syrian hamsters. CHI-7913, while being able to infect ham-
sters and replicate to moderate levels, showed a reduced ability to replicate within
the tissues compared with Chile-9717869. Hamsters infected with CHI-7913 had
reduced expression of cytokines interleukin-4 (IL-4), IL-6, and gamma interferon com-
pared with Chile-9717869-infected animals, suggesting potentially limited immune-
mediated pathology. These results demonstrate that certain ANDV strains may not
be lethal in the classical Syrian hamster model of infection, and further exploration
into the differences between lethal and nonlethal strains should provide important
insights into molecular determinants of pathogenic hantavirus infection.

IMPORTANCE Andes orthohantavirus (ANDV) is a New World hantavirus that is a
major cause of hantavirus cardiopulmonary syndrome (HCPS; also referred to as
hantavirus pulmonary syndrome) in South America, particularly in Chile and
Argentina. ANDV is one of the few hantaviruses for which there is a reliable ani-
mal model, the Syrian hamster model, which recapitulates important aspects of
human disease. Here, we infected hamsters with a human isolate of ANDV, CHI-
7913, to assess its pathogenicity compared with the classical lethal Chile-9717869
strain. CHI-7913 had 22 amino acid differences from Chile-9717869, did not cause
lethal disease in hamsters, and showed reduced ability to replicate in vivo. Our
data indicate potentially important molecular signatures for the pathogenesis of
ANDV infection in hamsters and may lead to insights into what drives the patho-
genesis of certain hantaviruses in humans.
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Orthohantaviruses (herein referred to as hantaviruses) are a group of viruses in the order
Bunyavirales, family Hantaviridae, subfamily Mammantavirinae that are enveloped and

contain trisegmented, negative-sense RNA genomes (1). The three genomic segments
include a small segment, S, a medium segment, M, and a large segment, L, which encode the
nucleocapsid (N) protein and, in some species, a nonstructural protein (NSs), surface glycopro-
teins (Gn and Gc), and an RNA-dependent RNA polymerase, respectively (1). Hantaviruses are
zoonotic pathogens with a worldwide distribution and have been found to be carried mainly
by cricetid and murid rodents, including mice, rats, and voles, but they have also been found
to be carried by bats, shrews, and moles (2). Those that cause human disease are rodent-
borne viruses, and humans become infected following exposure to aerosolized virus in
contaminated rodent excreta and/or secreta. Hantaviruses found in Europe and Asia are
referred to as Old World hantaviruses, while those found in the Americas are called New
World hantaviruses.

Classically, Old and New World hantaviruses are responsible for two distinct dis-
eases in humans; however, more recent evidence suggests significant overlap in the
stages and symptoms of disease caused by both groups of viruses. Hemorrhagic fever
with renal syndrome (HFRS), caused by Old World viruses, is typified by acute kidney
involvement and hemorrhaging (3). While HFRS is generally mild, it can have a fatality
rate as high as 15% depending on the causative pathogen, and HFRS cases number in
the thousands each year, highlighting a significant health burden in these areas (1).
Hantavirus cardiopulmonary syndrome (HCPS), caused by New World hantaviruses in
the Americas, is a severe respiratory illness that has a lower incidence than HFRS but
has a higher case fatality rate. HCPS is characterized by vascular leakage in the lungs, pul-
monary edema, respiratory failure, and cardiogenic shock and can have a fatality rate of
up to 35% (4). HCPS disease typically starts with a mild febrile stage following an incuba-
tion period of around 2 to 3weeks. The disease course is rapid after the onset of symp-
toms, with respiratory symptoms beginning within days of illness onset. Cough, dyspnea,
and low blood pressure occur, followed by cyanosis and respiratory failure as early as 5 to
6days following symptom onset. Patients are typically hospitalized at this stage and often
require mechanical ventilation within days of hospital admittance (1). While considered a
respiratory disease, renal involvement and hemorrhaging can occur in HCPS patients, high-
lighting the overlap between HCPS and HFRS disease.

Two of the main causative agents of HCPS in the Americas include Sin Nombre virus
(SNV), found in North America, and Andes virus (ANDV), found in South America (5, 6).
ANDV is carried by the long-tailed pygmy rice rat (Oligoryzomys longicaudatus) and is re-
sponsible for the majority of HCPS cases in Chile and Argentina (7). These countries experi-
ence hundreds of HCPS cases, and there are currently no approved vaccines or therapeu-
tics for prevention or treatment of HCPS and ANDV infection. Additionally, ANDV is the
only hantavirus for which there is documented evidence of person-to-person transmission,
which has been responsible for outbreaks of the virus in South America (8, 9).

The Syrian golden hamster model of HCPS is currently the most well-characterized ani-
mal model of hantavirus infection and leads to a uniform and reproducible lethal outcome
that recapitulates several aspects of human disease (10, 11). This model has been used
extensively to attempt to characterize HCPS as well as test a number of different vaccines
and therapeutics (12–17). This classical model relies on ANDV strain Chile-9717869 (herein
referred to as Chile-9717869), which was isolated from the rodent reservoir during an out-
break in Chile. Infection of Syrian hamsters with Maporal virus (a closely related New World
hantavirus) can also cause lethal disease, albeit in only approximately 30% of infected ham-
sters (18, 19). Both ANDV Chile-9717869 and Maporal viruses remain lethal in Syrian ham-
sters following passage on VeroE6 cells. Other strains of ANDV have been isolated and char-
acterized and share high sequence and amino acid identity with Chile-9717869 but have
not been assessed in the hamster model for infection/disease characteristics (20). The
ANDV isolate CHI-7913 (herein referred to as CHI-7913) was first isolated from a human
case of HCPS. The virus was isolated from the serum of a 10-year-old boy who had become
infected with ANDV following infection of his grandmother (21). This strain has been used
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for characterization of antibodies from human cases and for structural analyses of hantaviral
glycoproteins, including epitope-mapping studies (22, 23). Pathogenesis studies utilizing
the CHI-7913 strain of ANDV in the Syrian hamster model have not been reported.

The exact mechanisms of pathogenesis of HCPS are not well understood, but vascular
leakage occurs and is accompanied by an excessive inflammatory immune response,
which likely contributes to disease. It is thought that immune-mediated pathology contrib-
utes to disease based on T cell phenotypes seen during HCPS as well as an infiltration of
antigen-presenting cells into the lungs during infection (24, 25). In the Syrian hamster
model of HCPS, an upregulation of proinflammatory cytokines occurs immediately before
the onset of clinical signs and deterioration of the infected animals (26). During infection
of rodent reservoirs, predominant regulatory T cell responses appear to drive persistent
infections characterized by an absence of overt illness, suggesting that inflammatory
responses are deleterious during hantavirus infection (27, 28). Interestingly, however, in
the Syrian hamster model of HCPS, T cells appear to be dispensable for lethal disease, as
T cell depletion does not affect infection outcome (29, 30), and immunosuppression of
Syrian hamsters renders them susceptible to lethal SNV infection (31, 32). Detailed immu-
nological analyses between lethal and nonlethal HCPS infections in an animal model have
not been reported, and such studies could lead to insights into how the proinflammatory
response during infection contributes to disease course.

Molecular determinants of pathogenesis for hantavirus infections have been difficult to
study due to the lack of a developed reverse genetics system to reliably produce viruses
harboring specific mutations. While ANDV is lethal in Syrian hamsters, wild-type SNV does
not cause disease, revealing that differences between the proteins of these viruses are key
to pathogenesis in this species. Successful reassortment of ANDV and SNV revealed that
the ANDV M segment was not sufficient to produce a lethal outcome in Syrian hamsters;
however, more detailed studies have been elusive (33). Furthermore, comparative studies
of different strains of ANDV in the Syrian hamster model to attempt to identify key regions
of the ANDV genome for pathogenesis have not been performed.

Here, we show that the human isolate of ANDV CHI-7913, which was isolated from
a lethal case of HCPS, can infect Syrian golden hamsters but does not cause lethal dis-
ease. We compared the sequences of our classically used strain Chile-9717869 and
CHI-7913 to attempt to shed light on regions of the ANDV genome that are important
for pathogenesis in the Syrian hamster model of HCPS. We also monitored how the
immune response develops in hamsters infected with either strain of virus to attempt
to determine the immunological determinants of pathogenic ANDV infection.

RESULTS
Genetic comparison of ANDV strains. We used next-generation sequencing to

identify genetic differences between ANDV strains Chile-9717869 and CHI-7913. The
sequences obtained from our stocks of both strains of ANDV were greater than 99%
similar, but not 100% identical, to the type strain sequences in GenBank, likely due to
mutations accumulated through serial passage in tissue culture. We wanted to directly
compare the sequences of Chile-9717869 and CHI-7913 to attempt to identify differen-
ces in the ANDV genome that may be important for pathogenesis in Syrian hamsters.
Following sequencing of both viruses, at the nucleotide level they had a sequence
identity of 92.8% in the S segment, 94.6% in the M segment, and 94.0% in the L seg-
ment (GenBank accession numbers MT956618 [CHI-7913 S], MT956619 [CHI-9713 M],
MT956620 [CHI-9713 L], MT956622 [Chile-9717869 S], MT956623 [Chile-9717869 M],
and MT956621 [Chile-9717869 L]). As seen in Table 1, we identified 23 amino acid
changes between the two viruses. There were none in the N protein, eight in the cod-
ing region of the glycoprotein precursor, and 15 in the coding region of the RNA-de-
pendent RNA polymerase.

In vitro growth kinetics. Triplicate analysis of baby hamster kidney (BHK) cells
infected at a low multiplicity of infection (MOI) with ANDV strain Chile-9717869 or CHI-
7913 revealed an average of 2-log-greater titers in the supernatant of Chile-9717869
infected cells on days 3, 5, and 7 postinfection (Fig. 1).
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Pathogenesis of Chile-9717869 and CHI-7913 in Syrian hamsters. The differing
sources of each strain of ANDV brought about the question of whether these strains
are equally pathogenic in the Syrian hamster model of HCPS. We sought to determine
whether infection of Syrian hamsters with the ANDV strain CHI-7913 produces a similar le-
thal outcome and disease course as the classically used Chile-9717869 strain. Infection of
Syrian hamsters with ANDV via the intranasal (i.n.) route results in a longer disease course
compared to intraperitoneal injection while maintaining similar pathogenesis (26). We
chose to infect hamsters intranasally with both strains in an attempt to better characterize

FIG 1 In vitro growth kinetics of ANDV strains Chile-971789 and CHI-7913. Nearly confluent baby
hamster kidney (BHK) cells were infected in 24-well dishes with either ANDV Chile-9717869 or CHI-
7913 at an MOI of 0.001 (100ml total volume). Inoculum was removed after 1 h, and cells were
washed and cultured for 3, 5, or 7 days postinfection, at which point supernatants were collected and
analyzed for the presence of ANDV-RNA by real-time RT-qPCR methodologies. Data shown represent
average genomic copies per ml with standard errors of the means (SEM).

TABLE 1 Single-nucleotide polymorphisms causing amino acid changes observed between
Andes virus strains Chile-9717869 and CHI-7913

Region (n) Nucleotide position(s)

Sequence for:a Amino acid

Chile-9717869 CHI-7913 Change Position
S segment (0)

M segment (8) 23 GTT GCT V!A 8
31 GTC ATC V!I 11
880 CAC TAC H!Y 294
1036 GTA ATA V!I 346
1057, 1058 ACA GTA T!V 353
1609, 1611 ATT GTC I!V 537
2812 ACA GCA T!A 938
3067 ACA GCA T!A 1023

L segment (15) 422 ACT ATT T!I 141
541 ATT GTT I!V 181
830 TTA TCA L!S 277
1012 TCT GCT S!A 338
1037 AGG AAG R!K 346
1204 ATC GTC I!V 402
2338 GAT AAT D!N 780
3097 AAT GAT N!D 1033
3754 GCA ACA A!T 1252
3909 GAT GAA D!E 1303
4993 GTA ATA V!I 1665
5249 AAA AGA K!R 1750
5480 ACA CCA T!P 1828
6325 ATT GTT I!V 2109
6337 ACA GCA T!A 2113

aNucleotides in bold and underlined represent the polymorphismn observed between the two ANDV isolates.
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the kinetics of infection and the immune response generated by hamsters during infec-
tion. Interestingly, infection of hamsters with CHI-7913 did not result in lethal disease (Fig.
2A). Infection of hamsters with Chile-9717869 resulted in 100% lethality, with all hamsters
succumbing to infection by 12days postinfection (dpi) (Fig. 2A). Animals infected with
CHI-7913 also did not show any clinical signs of disease that are noticed during HCPS in
hamsters, such as hunched posture, ruffled fur, inactivity, and labored breathing.

To attempt to better characterize the disease course in both groups, we performed
a serial sample study to examine both groups of animals at various time points
throughout the disease course. Groups of six animals were euthanized on days 3, 5, 7,
9, 11, and 13 with an anticipated mean time to death of 12 to 14 days. Hamsters
infected with ANDV typically do not suffer from weight loss throughout the disease
course, and animals from both groups in our experiment did not lose weight until
those in the Chile-9717869 group lost weight perimortem (Fig. 2B). Our group has also
previously shown that the weight of the lungs of infected hamsters can be an impor-
tant indicator of disease outcome, specifically the lung/body weight ratio (26). This ra-
tio is affected by cellular lung infiltration and fluid build-up as a part of the pathology
of HCPS. Here, the weight of sets of lungs from hamsters in each group did not differ
from each other or control animals given Dulbecco’s modified Eagle medium (DMEM)
(Fig. 2C). Interestingly, the lung/body weight ratio also did not differ between groups
or between either group and control animals (Fig. 2D). Therefore, it remains to be seen
whether this is a predictive indicator of disease severity. We also examined the heart
and lungs from each group for pathology throughout infection. Noticeable signs of pa-
thology were present in the heart and lungs of hamsters in the Chile-9717869 group,
including focally extensive areas of consolidation and hyperemia (Fig. 3). Overall, the
number of animals that had visible lesions or damage to the lungs did not appear to
differ significantly between the groups until day 13, when the extent of gross

FIG 2 Infection of hamsters with ANDV strains Chile-9717869 and CHI-7913. Groups of Syrian hamsters were
infected with either ANDV strain CHI-7913 or Chile-9717869 or DMEM placebo control. (A) Survival of animals
infected with either virus (n= 6/strain). (B) Weights of hamsters infected with ANDV (n= 6/strain) or DMEM
control (n= 2) throughout the course of infection. The exception is the day 13 ANDV 9717869 infection group,
which only had two survivors remaining. (C) Lung weights of hamsters infected with ANDV or DMEM (n= 6/
infection or 2 for DMEM controls) throughout the course of infection. (D) Lung/body weight ratios of hamsters
infected with ANDV throughout the course of infection. Reported are data means with SEM. Significance in
panel A was assessed using the log rank (Mantel Cox) test.
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pathological lung damage appeared to be significantly higher in the Chile-9717869
animals (Fig. 3). Additionally, we performed histological examinations of the lungs in
each group of hamsters. Hematoxylin and eosin staining did not reveal any signifi-
cantly noticeable signs of pathology in either group and no clear differences between
groups that could distinguish between infections with either virus (Fig. 4).

Viral RNA levels during Chile-9717869 and CHI-7913 infection. We wanted to
determine whether both viruses replicate to similar levels during infection. We col-
lected serum, lungs, heart, liver, and spleen from infected animals and extracted viral
RNA for real-time quantitative PCR (RT-qPCR) analyses of viral S segment copy number.
Early during infection, up to day 5, both viruses replicated to similar levels in all tissues
examined, except for the liver, which did not have detectable Chile-9717869 RNA until
day 7 (Fig. 5). Following day 5, however, Chile-9717869 RNA levels began to replicate
to consistently higher levels than CHI-7913 in all tissues. During the later stages of
infection from 9dpi onward, animals infected with Chile-9717869 had viral RNA copy
numbers that were consistently two logs higher than those infected with CHI-7913
(Fig. 5). Significantly higher levels of Chile-9717869 viral RNA were seen in all tissues
examined after day 7 with the exception of the liver, which appeared to also have
higher levels of RNA, but these differences were not statistically significant (Fig. 5).
Differences in viral RNA copy number between the two viruses reflect some replicative
attenuation of the CHI-7913 strain in Syrian hamsters. Surprisingly, however, CHI-7913

FIG 3 Gross pathology in hamsters infected with ANDV strains Chile-9717869 and CHI-7913. Following
infection with ANDV strain CHI-7913 or Chile-9717869, hamsters were serially euthanized beginning on day 3
postinfection. Macroscopic identification of lesions in the lungs of infected hamsters was performed.
Representative heart and lungs from infected hamsters are depicted.

FIG 4 Histopathology of lungs in ANDV-infected hamsters. Hamsters were infected with ANDV Chile 9717869
or CHI-7913 via the intranasal route. Hematoxylin and eosin staining was performed on the lungs of Chile-
9717869- and CHI-7913-infected hamsters taken on day 11 (n= 6/group) and day 13 (n= 6 for CHI-7913 or 2 for
Chile-9717869) postinfection. Representative sections are shown. Scale bar, 200mM.
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FIG 5 Viral RNA levels in hamsters throughout ANDV infection. Following infection with ANDV strain CHI-7913 or Chile-9717869, groups of hamsters were
serially euthanized beginning on day 3 postinfection. Serum and the indicated tissues were collected to examine the amount of ANDV RNA present. Shown
are data means with SEM (n= 6/group, except for Chile-9717869 at day 13, which had only two surviving animals). Significance was determined at each
time point by Mann-Whitney test. *, P, 0.05; **, P, 0.01; ***, P, 0.001.
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replicated to high levels in the lungs of infected hamsters, reaching greater than 106

copies/mg 11 dpi onward in half the animals tested and just below that number in the
remaining animals (Fig. 5). That the virus is able to replicate to high levels in the pri-
mary affected organ despite little pathology or disease suggests a varied host response
to CHI-7913 infection compared to Chile-9717869.

Host immune response to infection. As noted above, while we observed lower
levels of CHI-7913 RNA in the lungs after day 5 postinfection, significant levels of viral
RNA were present despite a lack of noticeable signs of disease or pathology. Previous
work has characterized the innate and adaptive immune response made by Syrian
hamsters infected with ANDV by the i.n. route via RT-qPCR of genes within affected tis-
sues (26). Here, we took a similar approach and analyzed the expression of a number
of genes that were shown to be either upregulated or downregulated during lethal
ANDV infection in an attempt to determine whether differences in host immune
responses are critical for the development of disease during infection with these two
strains of ANDV.

There is evidence that an excessive inflammatory response can be deleterious dur-
ing hantavirus infection, and several cytokines have been shown to be correlated with
severe disease and a lethal outcome both in human and animal models (34–36). Here,
cytokine mRNA over time during infection with Chile-9717869 and CHI-7913 showed
similar levels of expression in most cytokines examined (Fig. 6). However, there were
differences in some cytokines that may play a role in infection outcome. Animals
infected with CHI-7913 had lower mean expression levels of gamma interferon (IFN-g),
interleukin-4 (IL-4), IL-6, and IL-10 seen for at least one time point during peak illness,
although there were fluctuations in expression levels throughout the course of infec-
tion (Fig. 6). We also performed a clustering analysis based on the expression patterns
of each cytokine seen in each animal throughout infection. The expression of cytokines
such as IL-6, IFN-g, and IL-10 clustered closely together along with expression of IL-2
and the transcription factor FoxP3. In terms of the expression profiles of individual ani-
mals, higher expression levels of a number of genes were seen in the early to mid-
stages of infection (3 to 7 dpi). Animals from both groups had individuals that showed
these higher expression levels, with more CHI-7913-infected hamsters within this clus-
ter. Of those animals taken on day 13 in both groups, most showed lower overall
expression and clustered closely together along with some animals from both groups
in the mid-stages of disease.

Humoral immune responses. Serum samples from hamsters collected at experi-
mental time points or at the time of euthanasia were examined for anti-SNV N and
neutralizing antibodies using enzyme-linked immunosorbent assay (ELISA) and plaque
reduction neutralization test (PRNT) methods. Sera collected at days 3, 5, 7, 9, 11, and
13 (corresponding to terminal disease in Chile-9717869-infected hamsters) postinfec-
tion were mostly negative (titers, ,100) for the presence of anti-N antibodies, with the
exception of a terminal hamster infected with Chile-9717869 that had a titer of 400. In
addition, all six survivors in the CHI-7913 infection group seroconverted with ELISA
titers of $6,400 in serum collected at the end of the experiment (42 dpi). Neutralizing
antibody responses (80% plaque reduction titers [PRNT80]) were not detected in any of
the hamster serum samples collected at a defined experimental time point or at the
time of euthanasia. Survivors in the CHI-7913 infection group all had detectable neu-
tralizing antibodies with PRNT80 titers ranging from 40 to 160 (Table 2).

DISCUSSION

ANDV has been the cause of thousands of HCPS cases in South America since the
discovery of New World hantaviruses in the early 1990s. It is one of several New World
hantaviruses that have been discovered that can cause human disease, while others
appear to be nonpathogenic in humans. While there have been some studies on the
molecular determinants of pathogenesis with regard to hantavirus infections in
humans, specifically with regard to receptor usage, it has been difficult to assess what
determines pathogenesis of given hantaviruses in humans and in various animal
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models (37, 38). Different hantavirus species show various levels of replicative abilities
and pathogenesis in different species. ANDV and, to a lesser extent, Maporal virus, is le-
thal in Syrian hamsters, while SNV does not cause disease. A passaged SNV increases
replication in hamsters, particularly in the pulmonary endothelium, without clinical
signs of disease (39). Neither SNV nor ANDV can cause disease in nonhuman primates
unless, with SNV, a virus passaged only in the rodent reservoir (deer mouse) is used as
the challenge virus (11, 34, 40). Despite these differences, without a reliable reverse
genetics system, it has been difficult to study which genetic components are important
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FIG 6 Changes in cytokine mRNA levels during ANDV infection. Following infection with ANDV strain CHI-7913 or Chile-9717869, groups of hamsters were
serially euthanized beginning on day 3 postinfection. Lung samples were taken to determine the mRNA expression of various cytokines and immune
genes compared with control animals given DMEM only. Reported are the log2 fold change in gene expression compared with DMEM animals. Shown are
all data points (n= 6/group, except for Chile-9717869 at day 13, which had only two surviving animals). Lines represent means of all data points from
each time point.
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for the development of disease in animal models. An early study using a reassortant vi-
rus that included the S and L segments of SNV and the M segment of ANDV showed
that the M segment alone was not sufficient for lethal disease in Syrian hamsters (33).
Evidence that the accumulation of very few mutations could alter the infectivity of
both Puumala virus (PUUV) and SNV suggest that even minor genetic differences could
have a significant effect on pathogenesis in animal models (34, 41, 42). Since these
studies, no further characterization of molecular determinants of hantavirus pathoge-
nesis has been done. Here, we attempted to characterize infection of Syrian hamsters
with two distinct ANDV isolates, Chile-9717869, a reservoir host isolate that has been
used extensively in hamsters for pathogenesis studies, and CHI-7913, which is a human
isolate.

Sequencing of both viruses from our working stocks revealed a high similarity; how-
ever, there were 23 amino acid differences in the coding regions between the two
viruses (Table 1). Eight amino acid changes were detected in the glycoproteins
between the two viruses, while 15 were detected in the L protein, the RNA-dependent
RNA polymerase. In terms of the locations of the different amino acid residues
between the two viruses in the glycoproteins, CHI-7913 had two substitutions in the
leader sequence of Gn as well as four in the ectodomain of Gn and two in the ectodo-
main of Gc (43–46). These changes may play a role in intracellular trafficking of the gly-
coprotein or in viral attachment, which may be partly responsible for the differences in
replication seen between the two viruses. It is possible that differences seen in pathol-
ogy are due to differences in replication due to changes in the L protein, as supple-
mentation of a nonlethal virus, SNV, with the M segment of the lethal Chile-9717869
strain in hamsters does not result in clinical signs or disease pathology (33). None of
the amino acid changes between the two viruses fall within any of the motifs that are
conserved in RNA-dependent RNA polymerases across the Hantaviridae, from premotif
A through motif E (46). The substitutions between these viruses may affect folding or
tertiary structures of the protein. How these changes alter replication ability remains to
be investigated.

In the absence of a developed reverse genetics system for hantaviruses, it will be
difficult to determine which mutations are key drivers of pathogenic infection. In terms
of ANDV glycoproteins, there is little data on the interaction of New World hantavirus
Gn and Gc with specific hantavirus receptors. There is some evidence that mutations in
the replication complexes of hantaviruses such as SNV and PUUV can lead to reduced
infectivity of rodent hosts following adaptation to tissue culture (34, 41).

Infection of hamsters with Chile-9717869 resulted in uniform lethality, as expected.
Surprisingly, infection with CHI-7913 did not cause lethal disease in any of the

TABLE 2 Anti-N ELISA and PRNT80 titers in hamster sera at defined time points after Andes virus infection

Collection day postinfection ANDV strain No. of samples

Titer

ELISA anti-N PRNT80
3 Chile-9717869 6 ,100 Negative

CHI-7913 6 ,100 Negative
5 Chile-9717869 6 ,100 Negative

CHI-7913 6 ,100 Negative
7 Chile-9717869 6 ,100 Negative

CHI-7913 6 ,100 Negative
9 Chile-9717869 6 ,100 Negative

CHI-7913 6 ,100 Negative
11 Chile-9717869 6 ,100 Negative

CHI-7913 6 ,100 Negative
13 Chile-9717869 2 ,100 (n= 1), 400 (n= 1) Negative

CHI-7913 6 ,100 Negative
Survivors (42 dpi) Chile-9717869 0

CHI-7913 6 $6,400 40 (n=1); 80 (n= 4); 160 (n= 1)
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hamsters included in the survival group despite being isolated from a lethal human
case (Fig. 2). Importantly, this vast difference in lethality could not be attributed to an
increased or suppressed host adaptive immune response following infection. In all but
one hamster, no appreciable anti-N antibody or neutralizing antibody responses were
documented in either group during the acute stages of infection (Table 2).

A difficulty of the hamster model of HCPS is the lack of clinical signs of disease
throughout infection. We typically do not detect signs of disease until the end stages
of infection during respiratory failure (approximately 24 to 36 h before death); how-
ever, we wanted to monitor groups of animals infected with both viruses through a se-
rial sample study to attempt to better characterize infection. Hamsters in both groups
did not see any changes in weight compared with one another or with DMEM control
animals aside from a steep drop in weight in the Chile-9717869 group at the final time
point, day 13 (Fig. 2B). This was not unexpected based on previous studies and our ex-
perience with this model. Previous experiments indicated that lung weight during dis-
ease course and, more specifically, the lung/body weight ratio is an important indicator
of disease severity (26). Therefore, we weighed the set of lungs of each animal at the
time points throughout the study and compared them to total body weight as
described above. Surprisingly, we did not notice any significant differences between
the groups of virus-infected animals compared with control animals throughout infec-
tion. Aside from the expected clinical signs of infection seen in the Chile-9717869
group on the day before death, no obvious differences in infection were noticeable.

Throughout the serial sample study, gross pathological examination of the lungs
was performed following euthanasia and subsequent tissue processing. Upon macro-
scopic examination of the lungs in each group, there were very few signs of noticeable
lung pathology until late in disease, when areas of consolidation and hyperemia were
seen in the Chile-9717869 group (Fig. 3). We also determined the amount of viral RNA
in the tissues throughout infection. Chile-9717869 RNA levels were higher in every tis-
sue tested beginning on day 7 postinfection, indicating that CHI-7913 does not repli-
cate as efficiently in hamsters in vivo. Similar observations were made in vitro using
BHK cells (Fig. 1). These data suggest that specific differences in viral sequence are im-
portant for replication in hamsters and in humans, as this isolate was from a lethal
human case. This difference may be due in part to differences in viral entry ability or to
altered capacity of the polymerase to initiate either viral replication or transcription. It
is likely that the differences in infection outcome are due to changes in the RNA-de-
pendent RNA polymerase, as the M segment from Chile-9717869 alone is not sufficient
to cause disease (33). However, it is possible that infection outcome is multifactorial,
and that a recombinant between SNV and ANDV does not fully represent what is
occurring during ANDV infection. Similarly, passage of SNV in hamsters (HA-SNV) dem-
onstrated increased titers of SNV in hamsters with no discernible clinical signs of dis-
ease, even after 20 passages (39).

Previous work also reported on the expression of various immune genes during
ANDV infection of Syrian hamsters (26). We sought to determine if differences in the
immune response generated during infection play a role in reducing viral replication,
limiting disease pathology, and ultimately clearing infection. Ultimately, we did not
detect any clear and obvious differences in the expression levels of the genes exam-
ined that might hint at the importance of either for keeping viral replication in check
or for exacerbating pathogenesis. Similar to previous reports, hamsters showed high
expression of Mx-2 and STAT-1 upon infection in both groups. There were differences
in mean expression levels between hamsters infected with both viruses, including
expression of IL-4, IL-6, IFN-g, and IL-10 (Fig. 6). Of these, IL-10 and IL-6 have been
shown to be significantly upregulated during HCPS, with IL-6 potentially playing an im-
portant role in whether patients survive infection (35, 36). Lower levels of IL-6 have
been correlated with increased survival in HCPS patients, suggesting a reduction in the
inflammatory cascade is beneficial during infection (36). However, the fluctuation in
expression levels and variability within and between groups makes it difficult to
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determine the importance of individual genes on the outcome of infection. Animals
that were taken down at the same time point also generally had similar gene expres-
sion profiles regardless of which virus they were infected with. However, several genes
that we assessed in our study differed in their expression patterns compared with pre-
viously reported experiments (26).

In this study, we examined the pathogenesis of a human isolate of ANDV, CHI-7913,
in Syrian hamsters. While ANDV (strain Chile-9717869) typically causes lethal infection
of hamsters at low doses, the CHI-7913 isolate did not result in lethal infection or no-
ticeable signs of pathology. We showed that relatively few amino acid changes
between two hantavirus isolates could have significant implications in infection out-
come. While a reverse genetics system for hantaviruses is currently a tool that has not
been developed, our study highlights the importance of developing such a system,
which could help identify components of hantaviruses that are critical for causing dis-
ease. This could have implications not only for pathogenic infection in animal models
but also for infections of reservoir hosts, for which hantaviruses are highly adapted and
fail to infect following very few amino acid changes (41, 42). Geographic disparities in
the sequences of hantaviruses or their hosts can affect their ability to infect rodent
populations in geographically distinct areas. The identification of specific changes that
mediate this inability could lead to important insights regarding transmission to
rodents and humans. Ultimately, here we showed that the lethal ANDV model of HCPS
is strain specific and that an isolate that was lethal in humans, CHI-7913, does not
cause lethal infection in hamsters. Further study of specific genomic and amino acid
differences between hantavirus species and strains is warranted and could help deter-
mine key molecular determinants of hantavirus infectivity and pathogenesis.

MATERIALS ANDMETHODS
Ethics statement. The animal experiments described were carried out at the National Microbiology

Laboratory (NML) of the Public Health Agency of Canada. All experiments were approved by an institu-
tional animal care committee at the Canadian Science Center for Human and Animal Health in accord-
ance with guidelines provided by the Canadian Council on Animal Care. All animals were acclimated for
at least 1 week prior to experimental manipulations. All infectious ANDV work was performed under bio-
safety level 4 conditions at the NML. The animals were given food and water ad libitum and monitored
daily throughout the course of the experiments.

Generation of cDNA. Total nucleic acids from both ANDV stocks were subjected to DNase treatment
using the DNA-free DNA removal kit (AM1906; Ambion). Briefly, a 0.1� volume of 10� DNase I buffer
was added to each sample, followed by 1ml of rDNase I enzyme, and incubated at 37°C for 20min. The
reaction was supplemented with an additional 1ml of rDNase I enzyme and incubated at 37°C for an
additional 20min. The rDNase I was inactivated by adding a 0.2� volume of DNase inactivation reagent
to each sample and incubated at room temperature for 2min with periodic mixing. The samples were
centrifuged at 10,000� g for 2min to pellet the DNase inactivation reagent, and the supernatants were
transferred to fresh microcentrifuge tubes. First-strand cDNA was generated using the SuperScript IV
first-strand synthesis system (18091050; Invitrogen). Briefly, a total of 8ml of RNA was combined with
1ml of 10mM deoxynucleoside triphosphate mix, 3ml of laboratory-grade water (W3513; Sigma-Aldrich),
and 1ml of random hexamers. The samples were incubated at 65°C for 5min and then cooled on ice for
at least 1min. A total of 7ml of a master mix comprising 4ml of 5� Superscript IV buffer, 1ml of 100mM
dithiothreitol (DTT), 1ml of RNase inhibitor, and 1ml of Superscript IV reverse transcriptase was added to
each sample. The samples were subjected to a series of incubations: room temperature for 10min, 50°C
for 20min, and 80°C for 10min. Upon completion of the final incubation, 1ml of E. coli RNase H was
added to each sample and incubated at 37°C for 20min. All incubations were conducted using a
ThermoMixer C (Eppendorf) instrument without mixing. The second strand of cDNA was generated
using the NEBNext mRNA second-strand synthesis module (E6111L; NEB) according to the manufac-
turer’s specifications, followed by purification using the Qiagen QIAquick PCR purification kit (28104;
Qiagen). Ten microliters of 3 M NaHCO3 (S0296; Teknova) was added to each sample to ensure the
appropriate pH for column binding, and samples were eluted off the columns with 25ml of buffer EB (10
Mm Tris-Cl, pH 8.5). The ds-cDNA from each sample was quantified on the Qubit 3 fluorometer using the
dsDNA high-sensitivity kit.

High-throughput sequencing. Sequencing libraries were generated using the Nextera XT library
prep kit (FC-131-1024; Illumina) according to the manufacturer’s protocol, except for the bead-based
library normalization, which was omitted in favor of manual library quantification and pooling. Briefly,
the libraries were quantified on the Qubit 3 fluorometer using the dsDNA high-sensitivity kit and then
pooled manually such that the total mass of each sample within the pool was equivalent. The fragment
size distribution and concentration of the pool were assessed using a Bioanalyzer 2100 (Agilent) with
the DNA HS kit (5067-4626; Agilent) and Qubit 3 fluorometer with the dsDNA high-sensitivity kit,
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respectively. The pool was diluted to 4 nM with laboratory-grade water, denatured with freshly prepared
0.2 N NaOH (H022431J1601; Teknova), and then diluted to a final loading concentration of 12 pM
according to the manufacturer’s specifications. A total of 6ml of 12.5 pM PhiX control V3 (FC-110-3001;
Illumina) was added to the pool at a final concentration of 1%. Paired-end sequencing was conducted
on a MiSeq (Illumina) using a reagent kit v2 (300-cycle) cartridge and Micro flow cell (MS-103-1002;
Illumina).

Bioinformatics. The BBDuk module within BBMap v 38.22 (https://sourceforge.net/projects/bbmap/)
was used to remove reads associated with Illumina’s PhiX control V3, followed by read adaptor and qual-
ity trimming using fastp v 0.19.7 (47). Subsequently, reads were taxonomically classified with Kraken2 v
2.0.7 beta using a database, current as of 22 March 2019, comprising all complete genomes in NCBI’s
Refseq for viruses, bacteria, and archaea, as well as a collection of known vectors (UniVec_Core), the
human genome GRCh38.p13 (GCF_000001405.39), and Centrifuge v 1.0.4 beta using a database compris-
ing NCBI’s nucleotide nonredundant sequences, current as of 3 March 2018 (48, 49). Reads were filtered
such that only those classified as virus or unclassified were retained for further analysis. The filtered reads
were subjected to de novo assembly using Shovill v 1.0.4 (https://github.com/tseemann/shovill) and
Unicycler v 0.4.7 and were mapped against reference genomes in GenBank (Andes virus strain Chile-
9717869, AF291702 to AF291704; Andes virus strain CHI-7913, AY228237 to AY228239) using Snippy v
4.4.5 (https://github.com/tseemann/snippy) (50). The de novo contigs generated by Shovill and Unicycler
were aligned with the consensus sequences (with all variants instantiated) generated by Snippy using
MAFFT v 7.309 (50). Any discrepancies (i.e., single-nucleotide variants) between the de novo and tem-
plated assemblies were resolved by interrogating the .bam files generated by Snippy in Geneious v 9.1.8
(Biomatters). Corrections to the final consensus sequence were made based on the result best supported
by the underlying read data.

Viruses. Virus stocks of ANDV strains Chile-9717869 and CHI-7913 were propagated in VeroE6 cells
as described previously (26, 51).

In vitro growth kinetics. Baby hamster kidney fibroblast (BHK) cells were used to seed 24-well cell
culture plates and maintained in Eagle’s minimal essential medium (Lonza) supplemented with tryptose
phosphate broth (Sigma-Aldrich), 5% fetal bovine serum (FBS; Fisher Scientific), and 1% L-glutamine
(HyClone). At 90% confluence, cells were infected in triplicate with ANDV strain Chile-9717869 or CHI-
7913 at a multiplicity of infection (MOI) of 0.001 (100ml total volume). After 1 h, the inoculum was
removed and replaced with maintenance medium with reduced (2%) FBS. Supernatant samples were
collected from representative wells on days 0 (immediately after inoculum was removed), 3, 5, and 7
postinfection and analyzed by quantitative real-time PCR (RT-qPCR) as outlined below.

Animals and infections. Five- to 6-week-old female Syrian golden hamsters (Mesocricetus auratus)
were anesthetized with inhalational isoflurane and given an intranasal (i.n.) inoculation of 150 focus-
forming units of ANDV strain Chile-9717869 (n=42) or CHI-7913 (n= 42) or plain medium (DMEM;
n=12) (50ml per nare) using a p200 pipette and sterile tip. Animals were monitored daily for clinical
signs of disease, including hunched posture, labored breathing, and lethargy according to an approved
scoring sheet. Beginning on day 3 postinfection and continuing every second day until terminal disease,
groups of 6 hamsters per isolate and 2 DMEM controls were euthanized and samples collected for viro-
logical, immunological, and histological analysis. The remaining six hamsters per infection group were
included for clinical observations, disease manifestations, and survival. Animals requiring euthanasia due
to clinical score or a predetermined experimental time point were exsanguinated via cardiac puncture
after induction of deep anesthesia.

Detection of ANDV RNA. Viral RNA levels were detected as described previously (17). Briefly, at
the indicated time points, groups of hamsters were anesthetized with inhalational isoflurane and
euthanized for collection of blood and tissues for analysis of viral RNA levels. RT-qPCR detection of
ANDV S segment RNA was performed on a Quant Studio 3 instrument (Applied Biosystems) using
a one-step protocol with a QuantiTect probe RT-PCR kit (Qiagen) and ANDV-specific primers and
probe (ANDVforw, AGGCAGTGGAGGTGGAC; ANDVrev, CCCTGTTGGATCAACTGGTT; ANDVProbe, FAM-
ACGGGCAGCTGTGTCTACATTGGA-TAMRA) according to the manufacturer’s instructions. RT-qPCR
stages consisted of reverse transcription (50°C for 30min), Taq activation (95°C for 15min), and ampli-
fication (40 cycles of 94°C for 15 s and 60°C for 60 s). Data acquisition occurred at the end of the
annealing/extension stage (60°C for 60 s) of each amplification cycle. Samples were quantified against
a standard curve of ANDV S segment in vitro-transcribed RNA ranging from 5� 107 to five S segment
copies.

Detection of N-specific antibodies. Antibodies cross-react against both ANDV and SNV N protein;
therefore, to confirm seroconversion in ANDV-infected animals, an anti-SNV N ELISA was performed.
Briefly, 96-well, half-area, high-binding polystyrene plates (Corning) were coated with recombinant SNV
N protein at 15 ng per well and incubated overnight at 4°C. The following day, the plates were washed
with PBS-T five times and then blocked with 5% skim milk in PBS-T (PBS plus 0.1% Tween 20) for 1 h at
37°C. Serum samples were diluted (1:100 to 1:6,400) in blocking buffer and added to the plates for 1 h.
The plates were washed with PBS-T another five times, and secondary horseradish peroxidase-conju-
gated polyclonal rabbit anti-Syrian hamster IgG secondary antibody (1:1,000 dilution; LSBio) was added
to the plates for 1 h at 37°C. The plates were washed with PBS-T and ABTS substrate (ThermoFisher) was
added, and plates were incubated for 30min at room temperature before reading the optical density
(OD) values at 405 nm. Positive samples were those that had an OD greater than the mean OD plus three
standard deviations seen in the negative-control wells.

PRNT. A surrogate virus neutralization assay was used based on a recombinant vesicular stomatitis
virus (VSV) expressing the glycoproteins of ANDV Chile 9717869 in place of its own (VSV-ANDV GP).
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Hamster serum samples collected as outlined above were inactivated by incubation at 56°C for 30min.
VeroE6 cells were seeded in 12-well culture plates and maintained in DMEM (HyClone) supplemented
with 10% FBS, 1% penicillin-streptomycin (HyClone), and 2mM glutamine (HyClone). The following day,
2-fold serial dilutions of the sera diluted in DMEM were incubated with 50 plaque-forming units (PFU) of
VSV-ANDV GP for 1 h at 37°C and subsequently applied to a monolayer of confluent VeroE6 cells for 1 h
at 37°C. After removing the inoculum, cells were overlaid with minimal essential medium (Fisher) con-
taining 2% FBS and 1% low-melting-point agarose (Fisher). Plaques were visualized using a 0.2% (wt/vol)
crystal violet solution containing 4% formaldehyde and counted after incubation for 5 days at 37°C and
5% CO2. Eighty percent plaque reduction (PRNT80) was calculated and data were fitted into a four-pa-
rameter logistic curve in GraphPad Prism (GraphPad Software, San Diego, CA; www.graphpad.com).

Cytokine mRNA analysis. RNA was extracted from lung samples using an RNeasy plus minikit
(Qiagen), which includes a genomic DNA elimination step, per the manufacturer’s instructions. Lung
RNA was quantified using a Qubit 4 fluorometer and the Qubit RNA assay kit (Invitrogen). Host
responses, including the expression of forkhead box P3 (FoxP3), IFN-g, IL-1b, -2, -4, -6, and -10, interferon
regulatory factor 1 (IRF1) and IRF2, myxovirus resistance protein 2 (Mx2), signal transducer activator of
transcription 1b (STAT1b) and STAT2, transforming growth factor alpha (TNF-a), and vascular endothelial
growth factor (VEGF), were analyzed on 20ng of lung RNA using the one-step QuantiTect probe RT-
qPCR kit using the primer/probe sets described previously (26). Ribosomal protein L18 (RPL18) was used
as an internal control. All RT-qPCR assays were performed on a QuantStudio 3 instrument (Applied
Biosystems).

Histology. Hematoxylin and eosin staining was performed as described previously (17). Briefly, for-
malin-fixed tissues were embedded in paraffin wax to make paraffin blocks. Five-millimeter sections
were cut and mounted on Superfrost microscope slides (Fisher). Following an overnight incubation at
37°C, sections were deparaffinized with three 5-min changes of xylene. Slides were then immersed three
times in 100%, twice in 95%, and once in 70% ethanol for 3 min each. They were then washed with dis-
tilled water for 2min and then stained for 2min with hematoxylin (7211; Richard Allen Scientific). A
water rinse was performed for 2min, followed by differentiation in 1% acid alcohol treatment (8 to 12
washes) and a second rinse in Scott's tap water substitute (Sigma-Aldrich) for 1min, followed by a rinse
for one min. A 2-min counterstain was then performed in eosin Y (Surgipath). Sections were dehydrated
with two washes of 95% ethanol for 3 min each. A second set of washes was then performed three times
in 100% ethanol for 3min each and then cleared with three changes of xylene for 5min each. Slides
were mounted with Permount (Fisher) for viewing and scanned with a Zeiss Mirax Midi. Histological
slides and gross pathology examinations were performed by certified veterinary pathologists.

Statistical analysis. All results were analyzed and graphed using GraphPad Prism 8 software or R
software (www.r-project.org). Immune gene expression data were analyzed in R 3.6.1; the checkpoint
package was used to set all packages to their version on 11 November 2019. Calculation of delta-delta
threshold cycle was performed using dplyr and tidyr (www.r-project.org); graphing was performed using
ggplot2 (www.ggplot2.tidyverse.org). Statistical significance between groups was determined using a
Mann-Whitney test or Kaplan-Meier analysis with log-rank test where applicable.

Data availability. Sequences of the S, M, and L segments of CHI-7913 and Chile-9717869 are available
in GenBank under accession numbers MT956618 (CHI-7913 S), MT956619 (CHI-9713 M), MT956620 (CHI-9713
L), MT956622 (Chile-9717869 S), MT956623 (Chile-9717869 M), and MT956621 (Chile-9717869 L).
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