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Introduction

Summary

Pathogenic New World hantaviruses cause severe disease in humans char-
acterized by a vascular leak syndrome, leading to pulmonary oedema and
respiratory distress with case fatality rates approaching 40%. Hantaviruses
infect microvascular endothelial cells without conspicuous cytopathic
effects, indicating that destruction of the endothelium is not a mechanism
of disease. In humans, high levels of inflammatory cytokines are present
in the lungs of patients that succumb to infection. This, along with other
observations, suggests that disease has an immunopathogenic component.
Currently the only animal model available to study hantavirus disease is
the Syrian hamster, where infection with Andes virus (ANDV), the pri-
mary agent of disease in South America, results in disease that closely
mimics that seen in humans. Conversely, inoculation of hamsters with a
passaged Sin Nombre virus (SNV), the virus responsible for most cases of
disease in North America, results in persistent infection with high levels
of viral replication. We found that ANDV elicited a stronger innate
immune response, whereas SNV elicited a more robust adaptive response
in the lung. Additionally, ANDV infection resulted in significant changes
in the blood lymphocyte populations. To determine whether the adaptive
immune response influences infection outcome, we depleted hamsters of
CD4" and CD8" T cells before infection with hantaviruses. Depletion
resulted in inhibition of virus-specific antibody responses, although the
pathogenesis and replication of these viruses were unaltered. These data
show that neither hantavirus replication, nor pathogenesis caused by these
viruses, is influenced by the adaptive immune response in the Syrian
hamster.

Keywords: hantavirus; hantavirus cardiopulmonary syndrome; infectious
disease; T cells; zoonosis.

(ANDV) from North and South America, respectively.*®
Virus infection of the rodent hosts of HCPS-causing

Hantaviruses are members of the family Bunyaviridae and
are the aetiological agents of two distinct human diseases;
hantavirus cardiopulmonary syndrome (HCPS) and
haemorrhagic fever with renal syndrome in humans.
Pathogenic New World hantaviruses are responsible for
HCPS, resulting in case fatality rates of approximately
30-40%."* Virus infection is zoonotic and transmission
occurs from exposure to dried or aerosolized excreta
from the small mammal hosts of these viruses, without
an intermediate vector.” The two most important agents
of HCPS are Sin Nombre virus (SNV) and Andes virus

viruses results in a persistent, yet asymptomatic infection,
despite high levels of viral replication within many tissue
types, especially the lung.”

Rodent hosts infected with hantaviruses mount an
adaptive immune response, as evidenced by the presence
of high-titre IgG antibodies specific for the virus, indicat-
ing that both B-cell and T-cell responses are elicited. Fur-
thermore, deer mice, the natural host of SNV, mount a
regulatory T (Treg) cell response that is probably evolu-
tionarily adapted to limit immunopathology, while at the
same time allowing for persistence of the virus.® This has
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also been studied in Norway rats, the natural reservoir of
Seoul virus, where Treg-cell responses are also important
for maintaining viral persistence.” "'

The mechanisms of disease in humans are largely unde-
fined. Hantaviruses predominantly infect microvascular
endothelial cells of many tissues, with high levels of anti-
gen found in the lungs and heart.! Despite high levels of
replication, there is a general lack of cytopathology associ-
ated with infection and endothelial cells are primarily
intact, indicating that disease is not caused by the direct
effects of infection.”'>"* Infection does, however, result in
a capillary leak syndrome in the lungs with conspicuous
oedema, which in turn manifests in cardiac strain and a
shock syndrome. Several mechanisms may contribute to
disease, including alterations in the permeability of endo-
thelial cells as a function of cellular dysregulation upon
infection, and immunopathogenic mechanisms where
robust innate or adaptive immune responses lead to a
hyperactive inflammatory response, so leading to disease.
The latter is evidenced by the observation that patients
that succumb to infection possess high levels of inflamma-
tory cytokines and immune cell infiltration in the lungs.'”
Additionally, immune system parameters have been corre-
lated with disease severity and outcome, including tumour
necrosis factor promoter activity, interferon-y levels and
HLA genotype.'*'® These studies suggest that more
robust immune responses are detrimental and that human
disease has an immunopathogenic component.

Currently, only one animal model exists that mimics
HCPS and is useful to study infection and pathology caused
by hantaviruses: the Syrian hamster.'” Upon infection with
ANDYV, Syrian hamsters develop a disease consistent with
several of the hallmarks of HCPS in humans. We have
recently expanded upon the hamster model to include SNV,
where inoculation with a virus that has been serially pas-
saged in hamsters results in a persistent infection with high
levels of replication without pathology, similar to what is
observed in the natural rodent host.?® Comparisons between
ANDV and SNV in this model allow for the study of mecha-
nisms underlying pathology and persistence. It has recently
been shown that CD4" or CD8" T cells do not contribute to
disease caused by ANDV in the hamster model of HCPS.'
Herein, we expand these findings by comparing the out-
come of infection by both ANDV and SNV, and show that
virus replication is unaltered by the presence of the adaptive
immune response, and that neither pathology nor persis-
tence is dependent on the activity of T cells, despite differ-
ences in the immune responses elicited by these two viruses.

Materials and methods

Viruses and Syrian hamster inoculations

Andes virus strain Chile-9717869, originally isolated from
an infected rodent,”> was propagated on VeroE6 cells in

Dulbecco’s modified Eagle’s medium (DMEM) containing
2% fetal bovine serum (FBS). SNV was derived from the
homogenate of lungs from SNV strain 77734-infected
hamsters after five passages in hamsters as described pre-
viously.”® Female Syrian hamsters 6-7 weeks of age (Har-
lan Laboratories, Indianapolis, IN) were inoculated with
ANDV (200 focus forming units) diluted in sterile
DMEM, or SNVp5 100 ul of lung homogenate, intrana-
sally while under inhalational isoflurane by delivering
50 ul of virus preparation in each nare using a pipette.

Depletion of T cells from hamsters

Syrian hamsters were injected intraperitoneally while
under inhalational isoflurane with 500 ul of a solution
containing either a mixture of isotype control antibodies
(functional grade mouse IgGl k and rat I1gG2b k), or a
mixture of anti-mouse CD4 (clone GK1.5) and anti-rat
CD8b (clone 341) antibodies (all from eBioscience, San
Diego, CA). Antibodies were diluted in sterile PBS and
each hamster received 400 ug of each antibody mixture
(200 ug of each antibody).

Tissue preparation and antibody staining for flow
cytometry

Single-cell suspensions were generated from the spleens of
hamsters by placing approximately half of a dissected
spleen in a gentleMACs C tube (Miltenyi Biotec, Bergisch
Gladbach, Germany) containing 4 ml dissociation buffer
(PBS, 0-5% BSA, 2 mm EDTA) on ice. Spleens were dis-
sociated with a gentleMACs dissociator using program
M_spLEEN-2 (Miltenyi Biotec). Cells were then passed
through a 70-um cell strainer (BD, Franklin Lakes, NJ)
into 15-ml conical tubes and centrifuged at 350 g for
7 min at 4° before resuspending in 2 ml of room temper-
ature ACK lysis buffer and incubating for 5 min with
periodic inversions to lyse red blood cells (Gibco, Grand
Island, NY). The cells were then washed twice in dissocia-
tion buffer and counted.

For preparing single-cell suspensions of hamster lung
tissue, the lower right lung lobe was excised and placed
in a gentleMACs C tube containing 5 ml HEPES buffer
supplemented with 2 mg/ml collagenase D (Roche, Basel,
Switzerland) and 80 U/ml DNase I (Sigma-Aldrich, St
Louis, MO) on ice. The tissue was dissociated using a
gentleMACs (program M_LUNG_01), incubated for 30 min
at 37° with periodic inversions, then placed on the gentle-
MACs for further disruption using program M_LUNG_02.
The cells were then passed through a 70-um cell strainer
into 15-ml conical tubes and centrifuged at 350 g for
7 min at 4°, washed twice in 5 ml dissociation buffer and
counted.

To prepare cells for flow cytometry, 1 x 10° cells were
resuspended in 50 ul blocking buffer (PBS, 2 mM EDTA,
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2% FBS, 2% mouse serum, 2% rat serum) in 96-well
plates and incubated on ice for 10 min. Cells were then
stained using a mixture of anti-mouse CD4-allophycocya-
nin (clone GK1.5, 1 : 250), anti-rat CD8b-phycoerythrin
(clone 341, 1 : 150), and anti-mouse/rat MHC II (I-EX)-
FITC (clone 14-4-4s, 1:1000) antibodies in blocking
buffer and incubated on ice in the dark for 15 min. As a
control, samples of cells were stained with the appropriate
isotype control antibodies using matched fluorophores.
All antibodies were purchased from eBioscience. The cells
were then washed twice in cold PBS containing 2 mm
EDTA and 2% FBS before resuspending cells in 250 ul of
4% paraformaldehyde. The cells were incubated overnight
at 4°, centrifuged, and the cell pellet was resuspended in
fresh 4% paraformaldehyde and transferred to 2-ml mi-
crocentrifuge tubes for removal from high containment
following standard operating procedures. Following
another overnight incubation, cells were washed twice in
PBS containing 2 mm EDTA and 2% FBS and resus-
pended in this buffer for analysis. Flow cytometry analysis
was performed using an LSR II (BD Biosciences, San Jose,
CA) and data were acquired using FACSDiva software
(BD Biosciences). Data were analysed using FLowJo soft-
ware (Treestar Inc., Ashland, OR) .

Quantitative real-time reverse transcription-PCR

Hamster tissue samples were excised and placed in 2-ml
tubes containing 600 ul RNeasy lysis buffer (RLT) and a
single stainless steel bead. Approximately 30 mg of tissue
was homogenized using a tissue lyser (Qiagen, Hilden,
Germany) before total RNA extraction using an RNeasy
kit (Qiagen), following the manufacturer’s instructions.

For quantification of viral S-segment RNA, 40 ng total
RNA was added to the components of a one-step Rotor-
Gene RT-PCR kit (Qiagen) according to the manufac-
turer’s instructions, along with forward and reverse prim-
ers and a gene-specific probe, in a final reaction volume
of 25 ul, as previously reported.”” Cycle thresholds were
compared with cycle thresholds of dilutions of in vitro-
transcribed S-segment RNA of known copy numbers, and
the absolute copies of S-segment RNA per mass total
RNA were extrapolated from this standard curve.

The method for the relative quantification of hamster
genes and the sequences of the primers and probes used
was previously described.”® Briefly, RNA was added to
components of a one-step Rotor-Gene RT-PCR kit, along
with gene-specific primers and probes and multiplexed
with primers and a probe-specific for RPL18, which
served as an internal reference gene. The final reaction
volume was 25 ul and thermocycling conditions were 50°
for 10 min, 95° for 5 min and 40 cycles consisting of 95°
for 5 seconds followed by 60° for 10 seconds. The relative
template abundance was calculated using the AAC,
method and fold changes are calculated relative to RNA

from tissues of uninfected control hamsters using the
AAC; method.

Histology and haematology

Tissues were fixed in 10% neutral buffered formalin with
two changes, for a minimum of 7 days before removal
from high containment. Tissues were placed in cassettes
and processed with a Sakura VIP-5 Tissue Tek, on a 12-
hr automated schedule, using a graded series of ethanol,
xylene and ParaPlast Extra. Embedded tissues were sec-
tioned at 5 um and dried overnight at 42° before stain-
ing. For immunohistochemistry, tissues were stained with
a rabbit anti-N polyclonal antibody. Haematology was
performed on whole EDTA blood samples collected from
hamsters via cardiac puncture. A HemaVet 950FS (Drew
Scientific, Barrow-in-Furness, UK) was used to count spe-
cific cell populations.

ELISA

Serum was prepared from the whole blood of hamsters
infected with SNVp5 and euthanized 28 days post-inocu-
lation (dpi). Recombinant SNV N antigen, kindly pro-
vided by Dr Hjelle (UNM-HSC), was suspended in PBS
at 2 pg/ml and used to coat ELISA plates (Nunc, Roche-
ster, NY) overnight at 4°. The plates were then blocked
for 1 hr in diluent (PBS, 5% milk, 0-1% Tween-20) at
room temperature. Serum was then twofold serially
diluted in diluent and was incubated for 1 hr at 37°. The
plates were washed and incubated with peroxidase-
labelled anti-Syrian hamster IgG (H+L; KPL) antibodies
diluted 1 : 1000 for 1 hr at 37°. After washing, this was
followed by the addition of ABTS peroxidase substrate
(KPL Inc., Gaithersburg, MD) for 20 min at room tem-
perature. The optical densities of the wells were then
measured spectrophotometrically at 405 nm and the dilu-
tion in which wells were positive was calculated to be
when the optical density was > 3 standard deviations
above the same dilution of control sera.

Biosafety and ethical statement

All work with hantavirus-infected hamsters and poten-
tially infectious materials was conducted in the BSL4
facility at the Rocky Mountain Laboratories, Division of
Intramural Research, National Institute of Allergy and
Infectious Diseases, National Institutes of Health. Sample
removal from high containment following inactivation
was performed according to standard operating protocols
approved by the Institutional Biosafety Committee. All
animal experiments were approved by the Institutional
Animal Care and Use Committee of the Rocky Mountain
Laboratories and performed following the guidelines of
the Association for Assessment and Accreditation of

170 Published 2013. This article is a U.S. Government work and is in the public domain in the USA, Immunology, 140, 168-178



Adaptive immune response to hantavirus infection in hamsters

Laboratory Animal Care, International (AAALAC) by cer-
tified staff in an AAALAC-approved facility.

Results

ANDYV is pathogenic, whereas SNV causes an
apathogenic infection in Syrian hamsters

Reports have previously shown that infection of Syrian
hamsters with ANDV results in pathology and death sim-
ilar to HCPS observed in humans.'”* To compare the
pathogenic process between ANDV and SNV, hamsters
were inoculated intranasally with either ANDV, or a ham-
ster-passaged SNV (SNVp5) that persistently infects Syr-
ian hamsters and replicates to high levels in several
tissues, including the lung.** Hamsters inoculated with
ANDV displayed signs of respiratory disease and suc-
cumbed to infection with an average time to death of
13-2 days, whereas SNV-inoculated hamsters showed no
signs of disease up to 28 dpi (Fig. la). We then sought to
determine whether differences in virus load between
ANDV and SNV might be responsible for the disease
caused by ANDV. Every other day, starting at 3 dpi and
continuing to 11 dpi, groups of hantavirus-infected ham-
sters were killed and lung tissues were examined for the
amount of viral RNA and pathological changes. ANDV
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Figure 1. Andes virus (ANDV) is pathogenic,
whereas Sin Nombre virus (SNV) causes an
apathogenic infection in hamsters. (a) Groups
of five hamsters were inoculated intranasally
with ANDV or SNV and monitored for signs
of disease and survival. (b, ¢) Hamsters
(groups of six) were inoculated with ANDV or
SNV and necropsied at the indicated time-
points. (b) Lungs of virus-inoculated hamsters
were analysed for the presence of viral S-seg-
ment RNA using virus-specific quantitative
reverse transcription-PCR and in vitro tran-
scribed RNA as standards. Data are represented
as the mean and standard deviation of six
hamsters per group. (c) Lung tissue was exam-
ined histologically after haematoxylin & eosin
staining. *Areas of perivascular oedema.

RNA was detectable by 3 dpi and increased throughout
the course of infection. SNV was first detectable at 5 dpi.
Both viruses ultimately produced similar amounts of viral
RNA in the lungs at 11 dpi, although the kinetics varied
at the earlier time-points (Fig. 1b). Histologically, ham-
sters infected with ANDV began to develop perivascular
oedema in the lungs at 9 dpi. The oedematous tunica
adventitia was frequently infiltrated by lymphocytes and
macrophages, with fewer plasma cells and neutrophils. At
11 dpi, hamsters generally demonstrated multifocal inter-
stitial pneumonia characterized by thickening of the alve-
olar septae by oedema fluid and moderate numbers of
macrophages, neutrophils and fewer lymphocytes. There
were no histological changes observed in the hamsters
infected with SNV (Fig. 1¢).

ANDV and SNV differently induce immune gene
expression in hamster lungs

It is thought that HCPS is an immune-mediated syn-
drome. Therefore, we directly compared the expression
levels of several immune-related genes by quantitative
reverse transcription (qRT-) PCR to elucidate potential
mechanistic differences between a pathogenic ANDV
infection, and an apathogenic SNV infection. Despite
the similar replication kinetics of these viruses in the
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lung, measured by the accumulation of viral RNA, SNV
induced a more robust adaptive immune response, as
measured by up-regulation of the RNAs for several in-
terleukins (IL), including IL-2, IL-4, IL-10, IL-12p35 and
IL-21, and interferon-y (Fig. 2). The acute-phase cyto-
kines IL-6, secreted by macrophages and T cells, and
tumour necrosis factor, secreted primarily by macro-
phages, were also up-regulated to a greater extent by
SNV at 9 and 11 dpi, corresponding with the dramatic
increase in viral RNA accumulation. These genes were
only moderately induced by ANDV, despite high levels
of viral RNA in the lungs. However, examination of the
interferon regulatory factor 1 (IRF1) and signal trans-
ducer and activator of transcription-1 (STAT1) and
STAT2 transcription factors, as well as the innate antivi-
ral gene myxovirus resistance gene-2 (Mx2), showed that
ANDV induced a robust innate immune response at 9
and 11 dpi, corresponding with increased viral replica-
tion. SNV induced minimal levels of Mx2 at 9 and
11 dpi, and STAT1 and STAT2 were not induced at any
time-point.

Hantaviruses induce immunoreactivity in Syrian
hamsters

To determine whether ANDV and SNV differentially
induce the proliferation of adaptive immune response
cells in hamsters, immune cell populations were measured
11 dpi, a time when hamsters display pathology and soon
before they succumb to ANDV-induced disease. The total
white blood cell counts in the blood of infected hamsters
were similar to those in uninfected control hamsters, and
were similar between infection groups. However, ANDV
infection resulted in a significant increase in the absolute
number of neutrophils (1-9-fold), a decrease in total lym-
phocytes (1-5-fold), and a decrease in the number of
monocytes (3-0-fold) in the blood, compared with control
hamsters. Values for SNV-infected hamsters were not dif-
ferent from uninfected controls. Lymphocyte, eosinophil
and basophil numbers were similar to control hamsters
and did not differ between SNV-infected and ANDV-
infected hamsters (Fig. 3a). All hamsters infected with
ANDV displayed obvious splenomegaly upon gross exam-
ination and this was reflected in the cell counts obtained
from this tissue, where spleens from ANDV-infected ani-
mals had approximately 30-40% more cells after red
blood cell lysis than SNV-infected hamsters, which were
only slightly elevated compared with control hamsters
(data not shown). The absolute number of cells express-
ing CD4, CD8 and MHC II were measured by flow
cytometry in these samples. Total CD4" T cells were
increased by approximately 1-8-fold in the spleens of
hamsters infected with either ANDV or SNV, compared
with uninfected controls. Slight elevations in CD8" T cells
were measured in hamsters with both inocula. MHC

II-expressing cells were elevated 1-3-fold upon SNV infec-
tion and 1-7-fold upon ANDV infection (Fig. 3b).

T-cell depletion is efficacious in Syrian hamsters

Efficient depletion of T cells from hamsters has previously
been reported.?* To determine whether T cells play a
role in the outcome of hantavirus infection, hamsters
were treated with a mixture of antibodies to deplete both
CD4" and CD8" T cells, or isotype control antibodies. In
preliminary experiments, we determined that T-cell deple-
tion in hamsters, measured in blood and spleens, is highly
efficient by 2 days after antibody administration (data
not shown). Two days after administration of antibodies,
hamsters were challenged with ANDV or SNVp5, or
mock-infected (DMEM). At 11 dpi, groups of hamsters
were killed to measure T-cell depletion efficacy by flow
cytometry. Antibody depletion of CD4" and CD8" T cells
resulted in a reduction of the percentage of these cells by
94-8% and 87-2% in the spleens of control hamsters,
respectively (Fig. 4a,b). Hamsters infected with hantavi-
ruses remained depleted by 96:0% and 81-4% for ANDV
infection, and 95-5% and 88-4% for SNV infection, for
CD4" and CD8" cells, respectively.

Robust antibody responses require the interaction of T
and B cells. To test whether T-cell depletion had a biolog-
ical effect on the immune response, anti-SNV N-specific
antibodies were measured at 28 dpi from hamsters
infected with SNVp5. Hamsters receiving T-cell depleting
antibodies before infection had no detectable antibody
responses, even at a 1: 100 dilution of serum, demon-
strating that T-cell depletion was effective at inhibiting
the production of virus-specific antibodies. This was in
contrast to hamsters receiving isotype control antibodies,
all of which had high titres of anti-SNV N antibodies
(Fig. 4c).

T-cell depletion does not influence survival or virus
replication

Hamsters that were treated with CD4-depleting and CD8-
depleting, or control antibodies, 2 days before inoculation
with hantaviruses were monitored for disease progression
and survival. Combined depletion of CD4" and CD8" T
cells from hamsters had no effect on the outcome of
either ANDV or SNVp5 infection (Fig. 5a). All ANDV-
infected hamsters had to be killed or succumbed to infec-
tion regardless of antibody treatment and the mean time
to death was not statistically different between these two
groups. All hamsters infected with SNVp5 survived to
28 dpi and neither the T-cell-depleted nor the isotype
control hamsters displayed any signs of disease. To deter-
mine whether T-cell depletion had an effect on virus rep-
lication, viral S-segment RNA was assessed in the lungs of
hamsters killed at 11 dpi that were inoculated with
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Figure 2. Andes virus (ANDV) and Sin Nombre virus (SNV) differently induce immune gene expression in hamster lungs. Groups of six ham-
sters were inoculated with SNV or ANDV, or Dulbecco’s modified Eagle’s medium (DMEM) as a control. Hamsters were killed at the indicated
time-points and total RNA was extracted from the lung tissue for quantitative reverse transcription-PCR analysis of host genes. Cycle threshold
values were normalized to an internal reference gene (RPL18) and fold changes were calculated relative to control hamsters inoculated with
DMEM. Mean and SEM are shown. A one-way analysis of variance with a Dunnett post-test was used to compare the individual groups with
control hamsters (*P < 0-05).
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Figure 3. Hantavirus infection results in immune cell expansion. Hamsters inoculated with Sin Nombre virus (SNV) or Andes virus (ANDV), or

Dulbecco’s modified Eagle’s medium (DMEM; control) were euthanized 11 days post-infection (dpi). (a) Whole blood was used to measure

immune cell parameters by haematology (WBC, white blood cells; NE, neutrophils; LY, lymphocytes; MO, macrophages; EO, eosinophils; BA, ba-

sophils). (b) Single-cell suspensions were prepared from the spleens and cells were counted after red blood cell lysis. The cells were then stained

for CD4, CD8 and MHC II expression using fluorescently conjugated antibodies, and absolute numbers of these cell types were measured using

flow cytometry. Bars represent the mean and standard deviation of six hamsters per group.

ANDV or SNVp5, and in hamsters killed at 28 dpi that
were inoculated with SNVp5. Viral RNA abundance was
not different between the isotype control and the T-cell-
depleted groups, regardless of challenge virus or time-
point (Fig. 5b).

Discussion

Pathogenic hantaviruses can cause severe disease in
humans through a yet undiscovered mechanism.
Although the adaptive immune response is elicited in
humans following infection by HCPS-causing hantavirus-
es, little is known about how the immune response is
either inadequate, or possibly immunopathogenic. In the
hamster model of HCPS, it has recently been shown that
disease caused by ANDV is probably not facilitated by
aberrant T-cell responses.”’ SNV causes HCPS in humans,
similar to the disease observed upon infection with
ANDYV, but replicates poorly in Syrian hamsters and does
not cause disease.”® We have recently generated a pas-
saged SNV (SNVp5) that causes a persistent, apathogenic
infection in hamsters despite high levels of viral replica-
tion.”” In this study we use ANDV, as well as SNVp5, as
tools to examine potential adaptive immune response
mechanisms of disease and persistence. We demonstrate
that, although elicited, the adaptive immune response
does not influence the outcome of infection with patho-
genic ANDV, or persistent SNV infection. Furthermore,
the presence of T cells does not alter the replication of
these viruses in hamsters.

Hantaviruses infect microvascular endothelial cells and
this infection is non-cytopathic.’” In hamsters infected
with SNVp5, we measured high levels of viral RNA by
qRT-PCR, and these levels were similar to that of ANDV.
Despite this, no obvious histological changes or immune
cell infiltration was observed in the lungs of SNV-infected
hamsters. In the case of ANDV infection, immune infil-
tration was observed histopathologically, and changes,
including interstitial pneumonia and oedema, were
observed. Virus replication, as measured by the accumu-
lation of viral RNA, was assessed in the lung and we
found that SNVp5 and ANDV replicated to a similar
extent at 11 dpi, suggesting that direct effects of hantavi-
rus replication within endothelial cells is not in itself a
mechanism of pathology. Similar results were previously
reported upon infection of hamsters with Choclo virus, a
pathogenic HCPS-causing virus in humans.*®* Choclo
virus replicates efficiently in hamster lung endothelial cells
without apparent pathology, again suggesting that virus
replication is not the only factor that contributes to
disease.

Quantification of immune-related genes in the lung
demonstrated that SNVp5 elicits a more pronounced
cytokine response than does ANDV. By 9 dpi, increases
in transcription of cytokines produced by T cells, as well
as cytokines produced by monocytes/macrophages were
measured in SNV-infected animals, indicating that an
adaptive immune response is elicited. The transcription
of IL-21, IL-12p35, interferon-y, IL-6 and tumour necro-
sis factor indicates that an inflammatory response is
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Figure 4. T-cell depletion is efficacious and inhibits specific B-cell responses. Groups of six hamsters were given CD4-depleting and CD8-deplet-
ing antibodies, or isotype control antibodies 2 days before inoculation with Andes virus (ANDV) or Sin Nombre virus (SNV), or mock infection
(Dulbecco’s modified Eagle’s medium; DMEM). (a, b) Single-cell suspensions were prepared from the spleens 11 days post-infection (dpi) and
stained with fluorescently conjugated anti-CD4 and anti-CD8 antibodies and analysed by flow cytometry. (a) Representative panels showing CD4
and CD8 staining for isotype control and T-cell-depleted hamsters 11 dpi. (b) The depletion efficiency was determined by flow cytometry and
expressed as the per cent of CD4 or CDS8 cells in the spleens of animals 11 dpi (13 days post-depletion). (c) Hamsters were given either isotype
control or anti-CD4 and anti-CD8 antibodies 2 days before inoculation with SNV. Hamsters were bled 28 dpi and the sera were tested for the
presence of anti-SNV N-specific antibodies by ELISA. Sera from uninfected hamsters were used as controls.
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Figure 5. T-cell depletion does not influence survival or virus replication. Groups of six hamsters were given CD4-depleting and CD8-depleting

antibodies, or isotype control antibodies 2 days before inoculation with Andes virus (ANDV) or Sin Nombre virus (SNV). (a) Hamsters were

monitored for signs of disease and survival following depletion and hantavirus infection. (b) Total RNA was extracted from lung tissue of ham-
sters 11 days post-infection (dpi) (ANDV and SNV) and 28 dpi (SNV only), and virus-specific RNA was quantified by quantitative reverse
transcription-PCR. Data are represented as the mean and standard deviation of six animals per group.

present in the lungs at these time-points, although IL-10
was also up-regulated, suggesting that an anti-inflamma-
tory response is also present and might help to control
pathology. Immune infiltration was not observed histo-
logically in the lungs of SNV-infected hamsters, despite
moderate increases in CD4" and CD8" T cells measured
in the spleens of SNV-infected hamsters. In contrast,
ANDV induced very little cytokine transcription at any
time-point, and even at 11 dpi, a time just before severe
pathology and death, most of these cytokines were only
slightly — up-regulated, despite infiltration
observed histologically. This is in contrast to the observa-
tions in humans that succumb to HCPS, where elevated
pro-inflammatory cytokines are detectable in the lungs.'?
This discrepancy could be a result of the sensitivity of
qRT-PCR, as RNA from non-reactive cell types, which is
the vast majority, might effectively mask the up-regula-
tion of specific transcripts produced by a relatively small
number of cells.

Immune responses were elicited by ANDV as indicated
by the increase in the absolute counts of T cells and
MHC II-expressing cells in the spleen, along with con-
spicuous splenomegaly. High numbers of neutrophils
were measured in the blood of ANDV-infected hamsters,
which is a hallmark of human disease, as left-shifted neu-
trophilia is a common observation and a diagnostic tool
for HCPS.'»*>* Blood lymphocytes and monocytes were
decreased in ANDV-infected hamsters, possibly because
of egress from the blood into tissues. SNVp5 infection
resulted in no significant changes in white blood cell

immune

counts in the blood, despite higher cytokine expression in
the lungs. This could be a result of the activation of small
numbers of lymphocytes in the lungs as the fold-changes
of these genes were low. There is an apparent discrepancy
between the immune gene regulation and the histological
observations. Although ANDV infection resulted in
pathology and immune cell infiltration in the lung,

SNVp5 induced a more robust immune response
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measured by qRT-PCR. This could be because of the
genes selected for analysis, or of stronger activation of
resident immune cells by SNVp5 but more robust recruit-
ment of immune cells by ANDV. To assess this, it would
be advantageous to analyse expression of chemokines that
might influence immune cell egress into the lung, which
are currently unavailable.

The innate immune response was strongly elicited by
ANDV at 9 and 11 dpi, indicating that ANDV is recog-
nized by the type I interferon response. This up-regula-
tion coincided with a drastic increase in viral RNA in the
lung and is probably a response to high amounts of virus
replication. Pathogenic hantaviruses have been shown to
subvert the innate immune response, allowing for viral
replication, whereas non-pathogenic hantaviruses possess
less antagonistic potential and replication is controlled by
the interferon response.’™>* In contrast, the innate
immune response was not measurably activated in ham-
sters infected with SNVp5, as there was no up-regulation
of STAT1 or Mx2, potentially because of interferon
antagonism strategies. However, despite high amounts of
viral RNA, there was no disease, suggesting that patho-
genesis is neither simply a function of virus replication,
nor is it a function of innate immune response antago-
nism. Likewise, the robust innate response measured in
response to ANDV infection may actually contribute to,
or even be instrumental in, the development of disease.

The dichotomy in infection outcome by two related
hantaviruses that replicate similarly in this animal model
provides a unique platform to examine whether the adap-
tive immune response is immunopathogenic or protec-
tive. If the immune response is protective, the deletion of
the adaptive immune response might render SNVp5 path-
ogenic. In contrast, if the disease caused by ANDV infec-
tion is immunopathogenic in nature, perturbations in the
adaptive response might result in a decrease or delay in
pathogenesis. Depletion of T cells in Syrian hamsters has
been previously established using the same antibodies as
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we used herein.* In our study, depletion of T cells
from hamsters was highly efficient, measured by flow
cytometry, and was confirmed functionally, by measuring
virus-specific antibody responses. Hamsters that were
given isotype control antibodies seroconverted in
response to SNVp5 infection by producing high titres of
anti-SNV N antibodies, whereas T-cell-depleted hamsters
did not produce measurable antibodies. T cells are
required for efficient antibody responses as CD4" T cells
are necessary for class switching from IgM to IgG, as well
as affinity maturation.”® > In this respect, depletion of
the T-cell response also cripples the specific B-cell
response to virus infection. Despite this defect, SNV RNA
accumulated to the same levels in the control hamsters
that were able to mount an efficient B-cell response, as it
did in the T-cell-depleted hamsters at both 11 and
28 dpi. The same was observed for ANDV infection,
where T-cell depletion did not affect ANDV replication.
This indicates that although these viruses are recognized
by the adaptive immune response, the presence of a
virus-specific adaptive immune response does not influ-
ence virus replication. To have elicited a specific antibody
response, the virus was clearly detected, but interestingly,
detection has no consequence in the case of SNVp5. It is
possible that the presence of virus-specific antibodies has
no biological significance after the establishment of an
infection, as immunization of hamsters with recombinant
ANDV-N renders them resistant to ANDV-induced dis-
ease, but anti-N antibodies given to deer mice concomi-
tantly with SNV challenge do not have an effect on virus
replication in tissues.”®” In the former study, it is possi-
ble that the mechanism of protection upon immunization
is cell-mediated immunity, and the actual presence of
antibody might be inconsequential. In the natural reser-
voirs of hantaviruses, high levels of antibody are detected,
despite viral persistence.”'®*® It is currently unclear how
hantaviruses evade antibody responses. However, in
human cases of HCPS, it has been shown that high titres
of virus-specific antibodies correlate with a less severe dis-
ease course.””*’ The observation that vaccination against
ANDV can protect hamsters from disease demonstrates
that pre-existing immunity can efficiently inhibit patho-
genesis. Herein we demonstrate that a naive animal is not
able to mount a protective immune response in the case
of ANDV infection, and that the immune response that is
mounted does not contribute to disease via an immuno-
pathogenic mechanism in hamsters.

It is important to note that several populations of T
cells exist that do not express CD4 or CD8, termed dou-
ble-negative T cells. The studies presented herein use a
strategy that specifically depletes CD4-expressing and
CD8-expressing T cells and immunopathology elicited by
double-negative T cells might not be affected. Despite
nearly complete depletion of CD4" and CD8" T cells as
measured by flow cytometry, populations of T cells might

remain after depletion, and these could play a role in the
pathogenic process.*’ Of the clinical parameters mea-
sured, the observed neutrophilia and macrophage/lym-
phocyte infiltration in the lung most similarly
recapitulates findings in humans. Neutrophils are impli-
cated in the pathophysiology of acute respiratory distress
syndrome, which in many ways parallels aspects of
HCPS.** In a previous study, cyclophosphamide adminis-
tration did not alter the time-to-death upon ANDV chal-
lenge in hamsters.”’ Due to a lack of specific hamster
reagents, the neutrophil and cytokine environment in the
lungs after cyclophosphamide treatment was not
measured.

We demonstrate herein that CD4" or C8" T cells do
not contribute to protection or the pathogenic process in
hamsters challenged with ANDV. Furthermore, we report
that a persistent infection by SNV is not influenced by the
presence of these T-cell populations and that both ANDV
and SNVp5 are not affected by the presence of a specific
immune response. The mechanisms of persistence or
pathology caused by hantaviruses remains to be elucidated
in the hamster infection model. Although T-cell and B-cell
responses are elicited in this model, the activation of the
adaptive immune response is inconsequential. Further
efforts to elucidate the mechanisms of HCPS pathology
will prove important as reagents become available for
examining the immune response in the hamster model.
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