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Abstract

The mechanism of hantavirus persistent infection in natural hosts is poorly understood
due to a lack of laboratory animal models. Herein, we report that Syrian hamsters
(Mesocricetus auratus) infected with Puumala virus (PUUV) at 4 weeks old show persistent
infection without clinical symptoms for more than 2 months. IgG and IgM antibodies against
the viral nucleocapsid protein and neutralizing antibody were first detectable at 14 days
postinoculation (dpi) and maintained through 70 dpi. Viral RNA was first detected from 3 dpi
in lungs and blood clots, and was detected in all tissues tested at 7 dpi. The viral RNA
persisted for at least 70 days in the lungs, kidney, spleen, heart, and brain. The highest level
of RNA copies was observed at 14 dpi in the lungs. Slight inflammatory reactions were
observed in the lungs, adrenal glands, and brain. Immunohistochemical analysis revealed that
PUUYV antigen persisted until 56 dpi in the kidneys and adrenal glands. Infected hamsters
showed no body weight loss or clinical signs. These results indicate that PUUV infection in

hamsters is quite similar to the hantavirus infection of natural host rodents.
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1. Introduction

Hantaviruses, which belong to the family Bunyaviridae, are distributed worldwide and
carried by a variety of rodent and insectivore species (Jonsson et al., 2010). Hantaviruses
possess a trisegmented, negative-stranded RNA genome consisting of small (S), medium (M),
and large (L) segments (Plyusnin et al., 1996), which encode nucleocapsid proteins (N),
envelope glycoproteins (Gn and Gc), and RNA-dependent RNA polymerase, respectively
(Plyusnin et al., 1996). Hantaviruses cause two human diseases: hemorrhagic fever with renal
syndrome (HFRS) and hantavirus cardiopulmonary syndrome (HCPS) (Jonsson et al., 2010).
The clinical symptoms of HFRS are characterized by fever, renal failure, and hemorrhage
with capillary leakage (Muranyi et al., 2005). HFRS occurs mainly in Asia and Europe, with
150,000-200,000 cases annually (Jonsson et al., 2010; Muranyi et al., 2005), and its case
fatality rate is 0.1%—15% (Kanerva et al., 1998; Muranyi et al., 2005). Hantaan virus (HTNV),
Seoul virus (SEOV), Amur virus (AMRYV), Dobrava-Belgrade virus (DOBV), Saaremaa virus
(SAAV), and Puumala virus (PUUV) have been identified as etiologic agents of HFRS, and
they are each carried by a specific rodent species: striped field mouse, Apodemus agrarius;
Norway rat, Rattus norvegicus; Korean field mouse, Apodemus peninsulae; yellow necked
mouse, Apodemus flavicollis; striped field mouse, Apodemus agrarius; and bank vole,
Myodes glareolus, respectively (Jonsson et al., 2010). HCPS is characterized by fever and
severe cardiopulmonary dysfunction (Muranyi et al., 2005). Sin Nombre virus (SNV),
Laguna Negra virus (LNV), and Andes virus (ANDV) are considered to be the major
pathogens of HCPS (Bi et al., 2008; Jonsson et al., 2010). The case fatality rate of HCPS is as
much as 50% (Muranyi et al., 2005).

In contrast to human infections, hantaviruses are generally believed to infect natural hosts
persistently and are nonpathogenic to their reservoir hosts (Gavrilovskaya et al., 1990;

Yanagihara et al., 1985). Although an immune response to the virus is induced, the natural
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hosts harbor viral RNA and antigens, especially in the lungs, and maintain the virus for over a
year after infection (Gavrilovskaya et al., 1990; Lee et al., 1981; Yanagihara et al., 1985). The
virus is shed in rodent excreta, such as urine, feces, and saliva, which are believed to
represent the major source of hantavirus infection in humans by inhalation (Lee et al., 1981;
Vapalahti et al., 2003; Yanagihara et al., 1985).

The mechanisms for persistent infection of hantaviruses in their natural hosts remain
unclear. One factor that impedes the clarification of these mechanisms is a lack of animal
models. To date, no laboratory animal model is persistently infected with hantavirus that
shows no clinical signs as natural hosts. Some researchers have used colonized wild rodents
for analyzing the kinetics of hantavirus in natural hosts (Botten et al., 2000; Gavrilovskaya et
al., 1990; Hardestam et al., 2008; Lee et al., 1981; Yanagihara et al., 1985), but four major
problems exist associated with the use of wild rodents species in laboratory experiments. First,
wild rodents should be handled and bred with specialized technical skill. Second, wild
rodents have a diverse genetic background. Third, microbiological control is difficult in wild
rodents because they are potential carriers of various microbes. And fourth, few research
tools are available to analyze wild rodents. Therefore, developing animal models of
hantavirus persistent infection is necessary using common laboratory animals.

In this study, we report that Syrian hamsters infected at 4 weeks old with PUUV, which is
the etiologic agent of HFRS, showed persistent infection. Despite a high level of antibodies
against PUUYV, the animals harbored high levels of viral RNA in the acute phase of infection
and maintained the virus in lungs for 70 days postinoculation (dpi). Viral RNA and antigens
were also detected in some organs, but the hamsters showed no signs of illness. These data
suggest that the Syrian hamster could be a suitable animal model resembling hantavirus

persistent infection in the natural host.
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2. Materials and Methods
2.1. Cells and virus

The Sotkamo strain of PUUV was propagated in Vero E6 cells. Cells were cultivated in
Eagle’s minimum essential medium (EMEM) supplemented with 10% fetal bovine serum, 2
mM L-glutamine, 100 IU/ml penicillin, and 100 pg/ml streptomycin at 37°C in a 5% CO,
incubator. Following incubation for 14 days, the culture fluid from the cell monolayer was

collected as the virus stock and stored at —80°C until use.

2.2. Animals

Four-week-old (subadult) and 8-week-old (adult) male Syrian hamsters (SLC Inc.,
Hamamatsu, Japan) were inoculated subcutaneously with 3,300 focus-forming units (FFU) or
EMEM as control. Hamsters were observed daily and their body weight was measured. Two
to 3 animals from 4-week-old group were killed on 3, 7, 14, 28, 42, 55, or 70 dpi, and 3 to 5
animals from 8-week old group were killed on 3, 7, 14, 28, 42, 56, or 70 dpi. Their internal
organs (brain, heart, lung, liver, spleen, and kidney) and sera were collected and stored at
—80°C until analysis. All animal experiments were performed according to the guidelines of
animal experimentation at the School of Veterinary Medicine, Hokkaido University, and

carried out at a biosafety level 3 animal facility.

2.3. Antibody
The mouse monoclonal antibody E5/G6 against HTNV N and cross-reactive with PUUV

N was obtained by immunization with HTNV-infected cell lysate (Yoshimatsu et al., 1996).

2.4. Indirect immunofluorescent antibody test (IFA)

The sera were tested for antibodies to PUUV using an IFA method. Vero E6 cells were
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infected with Puumala virus Sotkamo strain and cultured for 21 days. The infected cells were
collected by trypsinization and spotted onto 24-well slides. After incubation for 4 h in a CO;
incubator, the cells were fixed with cold acetone for 20 min and air-dried. The slides were
stored at —40°C until use. Hamster sera were diluted serially by twofold (starting at 1:16)
with phosphate-buffered saline (PBS) and spotted onto the slide. After incubation at 37°C for
1 h, the slides were washed three times with PBS. Alexa Fluor®™ 488 conjugated anti-hamster
IgG (Invitrogen, Carlsbad, CA, U.S.A.) diluted 1:1000 in PBS was spotted on the slides and
incubated at 37°C for 1 h. The IFA titers of each serum were determined as the reciprocal of

the maximum dilution of serum that yielded scattered granular fluorescence in the cytoplasm.

2.5. 1gG detection enzyme-linked immunosorbent assay (IgG-ELISA)

Recombinant N (rN) of Hokkaido virus (Kariwa et al., 1995) was expressed as a fusion
protein with N-utilization substance A (NusA) by cloning into the pET-43.1¢(+) vector
(Novagen, San Diego, CA, U.S.A.) and purified using the ProBond " purification system
(Invitrogen). Then 96-well EIA/RIA plates (Corning Inc., Corning, NY, U.S.A.) were coated
overnight at 4°C with 50 pl per well of the rN or the NusA diluted in PBS at a concentration
of 1.6 ng/ml. The coated plates were blocked with 200 pl per well of 3% bovine serum
albumin (BSA) in PBS at 37°C for 1 h, followed by washing three times with PBS containing
0.5% Tween 20 (PBST); then 50 pl of the serum samples diluted to 1:200 in PBST were
added to the plates. Each serum sample was reacted with the rN and the NusA protein. After
1 h of incubation at 37°C, the plates were washed three times with PBST. The plates were
then incubated with 50 pl of peroxidase conjugated anti-hamster IgG diluted to 1:1,000 in
PBST at 37°C for 1 h. After washing, 100 ul of 0-phenylenediamine substrate with hydrogen
peroxide was added to each well, and the plates were incubated at 37°C for 30 min. The

absorbance was then measured at 450 nm and the value for each sample in the well with
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NusA was subtracted from that of the corresponding well containing rN.

2.6. Preparation of antigens for IgM detection ELISA (IgM- ELISA) and N detection ELISA
(N-ELISA)

Monolayers of Vero E6 cells were infected with the Sotkamo strain of PUUV and
incubated for 14 days. After centrifugation at 100 x g for 2 min, the cells were resuspended in
lysis buffer (0.01 M Tris—HCI, 2% Triton X-100, 0.15 M NaCl, 0.6 M KCI, 5 mM EDTA) to
2 x 107 cells/ml. The lysates were centrifuged at 16,000 x g for 15 min. The supernatants
were collected and used for [gM-detection ELISA.

Lungs were mixed with lysis buffer and homogenized by shaking with a zirconium bead
at 30 times per second for 3 min using a mixer mill (MM300; Retsch, Haan, Germany). The
homogenates were kept on ice for 30 min and centrifuged at 6,000 x g for 10 min.

Supernatants were collected and used for viral antigen detection.

2.7. IgM-ELISA

Plates were coated with 50 pul of rabbit IgG against hamster IgM p chain (diluted to 25
pg/ml in PBS; Rockland Immunochemicals, Gilbertsville, PA, U.S.A.) at 4°C overnight. The
plates were blocked with 200 pl of 3% BSA in PBS at 37°C for 1 h. The plates were washed
three times with PBST, and 50 pl of each serum sample diluted to 1:100 was added and
incubated at 37°C for 1 h. After washing, 50 pl of each cell lysate diluted to 1:10 with PBST
was added to each well. The plates were then incubated at 37°C for 1 h and washed. The
biotinylated monoclonal antibody E5/G6 diluted to 1 pg/ml with PBST was added and
incubated at 37°C for 1 h. The plates were then washed, and 50 pl of peroxidase conjugated
NeutrAvidin™ (Pierce Biotechnology, Inc., Rockford, IL, U.S.A.) diluted to 1 pug/ml with

PBST was added. After 1 h of incubation at 37°C followed by washing, 100 pl of
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0-phenylenediamine substrate with hydrogen peroxide was added, and the plates were
incubated at 37°C for 30 min. The absorbance was measured at 450 nm, and the value for
each serum sample was calculated by subtracting the absorbance of the well with uninfected

Vero E6 cell lysate from that of the corresponding well with PUUV-infected cell lysate.

2.8. Focus reduction neutralization test (FRNT)

The neutralizing antibody was assessed by a focus reduction neutralization test.
Heat-inactivated (56°C, 30 min) serum samples from PUUV-infected hamsters were serially
diluted in EMEM and then mixed with an equal volume of EMEM containing approximately
100 FFU of PUUV. This mixture was incubated at 37°C for 1 h, and then 50 pl of the mixture
was added to confluent Vero E6 cells grown in 96-well plates. After 1 h of incubation at
37°C, the mixture was removed and the cells were overlaid with EMEM containing 1.5%
carboxymethyl cellulose. After incubation at 37°C for 10 days, the overlay medium was
removed and cells were washed with PBS. The cells were then fixed with methanol for 15
min at room temperature. The viral foci were stained with E5/G6 (0.5 pg/ml) and Alexa
Fluor® 555-conjugated anti-mouse IgG (1:1000; Invitrogen). The neutralizing antibody titer
of each serum sample was determined as the reciprocal of the maximum dilution of the serum

that reduced the number of foci by 80% or more as compared to the control samples.

2.9. N-ELISA

The 96-well plates were coated with 50 ul per well of MAb E5/G6 diluted to 2 pg/ml in
PBS. After overnight incubation at 4°C, 200 pl of 3% BSA in PBS was added for blocking;
the plates were incubated at 37°C for 1 h and then washed. After the addition of 50 pul of lung
homogenates to each well, the plates were incubated at 37°C for 1 h. After washing the plates,

50 pl the biotinylated MAb E5/G6 diluted to 1 pg/ml with PBST was added to each well.
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After 1 h of incubation at 37°C and washing, 50 ul of peroxidase conjugated NeutrAvidin"
diluted to 1 pg/ml with PBST was added and incubated at 37°C for 1 h. After washing, 100 pl
of 0-phenylenediamine substrate with hydrogen peroxide was added to each well. The plates

were incubated at 37°C for 30 min and the absorbance was read at 450 nm.

2.10. RNA extraction

Total RNA was extracted from tissues (brain, heart, lung, liver, spleen, and kidney) using
ISOGEN (Nippon Gene Co., Ltd., Tokyo, Japan) according to the manufacturer’s protocol.
Extracted RNA was dissolved in 50 pl of deionized, diethylpyrocarbonate (DEPC)-treated
water. RNA was then treated with DNase. The reaction for DNase treatment was carried out
in a total volume of 50 pl containing 15 pg of RNA, 5 pl of 10x DNase buffer, 10 U of
DNase I (Takara Bio Inc., Otsu, Japan), and 20 U of RNase Out ribonuclease inhibitor
(Invitrogen). The mixtures were incubated at 37°C for 30 min. Total RNA was then purified

by lithium chloride and dissolved in 30 ul of DEPC-treated water.

2.11. Reverse transcription (RT)

A 20-pl reaction mixture containing 5 pug of RNA, 0.75 pg of random primers, and 0.5
mM dNTP was incubated in a thermocycler at 70°C for 10 min, 25°C for 10 min, and chilled
on ice for 3 min. After the addition of 10 pl of a mixture including 6 pl of 5x first-strand
buffer, 10 uM DTT, and 200 U of Superscript Il reverse transcriptase (Invitrogen), the
reactions were incubated at 42°C for 50 min and heated at 70°C for 15 min. Thereafter, the

mixture was used as the cDNA sample.

2.12. Polymerase chain reaction (PCR)

The S segment of the PUUV genome was amplified by PCR in a 25-pl reaction mixture
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containing 1 pl of cDNA, 2.5 ul of 10x HIFI buffer, 2 mM MgSOs, 0.2 mM dNTP, 0.2 uM
forward primer SotS172Fw (5’-CTG CAA GCC AGG CAA CAA ACA GTG TCA GCA-3’),
0.2 uM reverse primer SotS894Rv (5’-GTC TGC CAC ATG ATT TTT GTC AAG CAC
ATC-3"), and 1.25 U of Platinum® Taq DNA Polymerase High Fidelity (Invitrogen). Thermal
cycling consisted of heating at 94°C for 2 min followed by 35 cycles at 94°C for 30 s, 60°C
for 30 s, and 68°C for 2 min. The amplified products were electrophoresed in a 1% agarose
gel, stained with ethidium bromide, and examined for bands of the appropriate size. Similarly,
the PCR products were further amplified using inner primers, SotS269Fw (5’-CTA AAC CTA
CTG ACC CGA CTG G-3’) and SotS707Rv (5’-GAC CCC CAT AAC TGG ACT CAT-3’).
The incubation conditions for the secondary reaction consisted of heating at 94°C for 2 min

and 35 cycles at 94°C for 30 s, 57.5°C for 30 s, and 68°C for 2 min.

2.13. Quantitative real-time PCR

Each cDNA sample from various organs of infected hamsters was tested in quadruplicate.
Each 25-pl reaction mixture contained 2.5 pl of cDNA, 12.5 pl of TagMan® Universal PCR
Master Mix (Applied Biosystems, Carlsbad, CA, U.S.A.), 0.9 uM forward primer
Sotkamo62Fw (5°-TCC AAG AGG ATA TAA CCC GCC AT-3’), 0.9 uM reverse primer
Sotkamo257Rv (5°-TTC CTG GAC ACA GCA TCT GC-3’), and 0.2 uM fluorescent probe
Sotkamo194 probe (5°-TGT CAG CAC TGG AGG A-3’). The probe was labeled with the
reporter dye, 6-carboxyfluorescein (FAM) at the 5° end, and nonfluorescent quencher and
minor groove enhancer (MGB) at the 3° end. PCR cycling conditions consisted of incubations
at 50°C for 2 min and 95°C for 10 min, followed by 60 cycles at 95°C for 15 s and 60°C for 1
min.

Rodent GAPDH mRNA expression was also determined in each sample. Each 25-pul

reaction mixture contained 2.5 pl of cDNA, 12.5 ul of TagMan® Universal PCR Master Mix,

10
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0.1 uM rodent GAPDH forward and reverse primers, and 0.2 uM rodent GAPDH probe
labeled with a VIC dye at the 5’ end. The levels of viral genome and GAPDH mRNA were
quantified from a standard curve. The results were expressed as the ratio of the copy number

of viral RNA to nanograms of GAPDH mRNA.

2.14. Histopathological and immunohistochemical analysis

Animals (n = 2 per group) were anesthetized and heart, lung, liver, spleen, adrenal gland,
kidney, and brain samples were harvested for histopathological investigation. Tissues were
fixed with 10% phosphate-buffered formalin and routinely embedded in paraffin, sectioned,
and stained with hematoxylin and eosin. The Vector M.O.M. Immunodetection Kit (Vector
Laboratories, Burlingame, CA, U.S.A.) was used for the detection of the PUUV antigens on
paraffin-embedded sections. Antigens were retrieved by hydrolytic autoclaving for 10 min at
121°C in 10 mM sodium citrate-sodium chloride buffer (pH 6.0). Endogenous peroxidase
activity was blocked by incubation in 1% hydrogen peroxide in methanol for 30 min. The

first antibody was the monoclonal antibody E5/G6 (1 pg/ml, overnight at 4°C).

11
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3. Results
3.1. Body weight and clinical signs

To investigate whether PUUV causes disease in hamsters, we carefully observed clinical
symptoms of the animals daily and measured their body weight. During the observation
period, infected hamsters showed no signs of clinical illness or there is no difference between

the transition of infected animals and that of uninfected animals (data not shown).

3.2. Antibody responses

To investigate the host response to PUUV infection, serum samples were collected at
various time points from 3 to 70 dpi and analyzed for the presence of antibodies against
PUUYV by ELISA, IFA, and FRNT.

The serum levels of IgG and IgM antibodies against the viral N were measured by ELISA.
The IgG antibody was first detectable at 14 dpi, peaked at 42 or 56 dpi, and maintained until
70 dpi in both 4- and 8-week-old hamsters (Fig. 1A). Little difference was observed between
the IgG responses of hamsters inoculated at 4 and 8 weeks of age.

The IgM responses were also first detectable at 14 dpi from the sera of hamsters
inoculated at 4 and 8 weeks old (Fig. 1B). The IgM responses of the hamsters inoculated at 4
weeks old increased gradually and were detectable until the end of the observation period,
whereas the hamsters inoculated at 8 weeks old maintained IgM responses at quite a low
level.

The results of IFA became positive at 14 dpi in 4- and 8-week-old hamsters, with titers
ranging from 1:16 to 1:1024 (Fig. 1C). The IFA titers of hamsters inoculated at 4 weeks old
increased greatly and reached the maximum level at 28 dpi, with titers ranging from 1:16384
to 1:32768. The IFA titers were maintained at the highest level for the next 4 weeks and

declined at 70 dpi. In contrast, the IFA titers of hamsters inoculated at 8 weeks old reached

12
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the maximum level at 28 dpi with titers ranging from 1:128 to 1:8192 and were maintained at
almost the same level until 70 dpi. The maximal titers of the hamsters inoculated at 8 weeks
old were apparently lower level than those of 4-week-old hamsters.

Neutralizing antibodies were produced in both hamsters inoculated at 4 and 8 weeks old
(Fig. 1D). In the serum samples of hamsters inoculated at 4 weeks old, the neutralizing
antibodies were not detected from 3 to 14 dpi, but were first detectable from 28 dpi and the
antibody titer increased continuously. In the serum samples of hamsters inoculated at 8 weeks
old, neutralizing antibodies were detected from 7 dpi and increased gradually, as those of the

4-week-old hamsters.

3.3. Viral load in organs and blood clots

To examine the PUUYV distribution in the body, organ and blood samples were collected
at 3 to 70 dpi, and the PUUV load in various organs and blood clots was measured by
quantitative real-time PCR. For the samples of hamsters inoculated at 4 weeks old, viral RNA
was detected in various organs and blood clots (Fig. 2 and Table 1). In lung samples, viral
RNA was detected from 3 dpi and peaked at 14 dpi with values ranging from 1.3 x 10* to 8.7
x 10" viral RNA copies/ng of GAPDH mRNA. Then the viral load declined gradually, but the
viral RNA was maintained to 70 dpi. In kidney and spleen samples, high levels of viral RNA
were also detected. Viral RNA was detected from 7 dpi and was maintained until the end of
the observation period with values ranging from 9.5 x 10" to 2.4 x 10° and 4.3 x 10° t0 9.9 x
107 viral RNA copies/ng of GAPDH mRNA from kidney and spleen samples, respectively. In
liver samples, the viral RNA became positive from 7 dpi and the viral load peaked at 14 dpi
with values ranging from 7.0 x 10" to 1.8 x 10? viral RNA copies/ng of GAPDH mRNA.
Then the viral RNA levels declined quickly and became undetectable from 55 dpi. In heart

samples, the viral RNA was detectable from 7 dpi and was maintained through 70 dpi with

13
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values ranging from 3.5 x 10" to 5.5 x 10" viral RNA copies/ng of GAPDH mRNA, but the
RNA levels were lower compared to those detected in other organs such as the lung, kidney,
and spleen. In brain samples, the viral RNA was detected from 7 dpi and observed through 70
days, and showed a double-peaked pattern at 28 and 55 dpi with high levels around 1.0 x 10*
viral RNA copies/ng of GAPDH mRNA. In blood clot samples, viral RNA was detected
occasionally from 3 to 70 dpi, with values ranging from 2.5 x 10™* to 6.3 x 10" viral RNA
copies/ng of GAPDH mRNA.

For the organ and blood samples of hamsters inoculated at 8 weeks old, the highest value
of viral RNA was also detected in lung samples (Fig. 3 and Table 2). The viral RNA in lungs
was detected from 7 to 42 dpi, ranging from 3.0 x 10" to 8.9 x 10° viral RNA copies/ng of
GAPDH mRNA, and then became undetectable from 56 dpi. In kidney, spleen, liver, and
heart samples, viral RNA was detected occasionally from 7 and 56 dpi. In brain samples, no
viral RNA was detected at any time point of infection. No viral RNA was detected from

saliva, urine, or feces (data not shown).

3.4. Antigen detection from lungs

Lung samples were analyzed for the presence of viral N. To estimate the cutoff value of
N-ELISA, 20 samples of lung from uninfected hamsters were tested. A cutoff value of 0.6
was determined as the mean absorbance value of 20 uninfected hamster samples plus three
times the standard deviation (data not shown).

Lungs of hamsters inoculated at 4 weeks old were tested (Table 1). Only three of 20
samples showed absorbance values greater than 0.6; one sample was taken at 7 dpi and two
samples at 14 dpi. The viral RNA levels of these N-positive samples were also high, with
values ranging from 4.8 x 10* to 8.7 x 10* copies/ng of GAPDH mRNA. Therefore, the

results of N-ELISA and quantitative real-time PCR corresponded well with each other. All

14
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other samples were negative by N-ELISA.
Lungs of hamsters inoculated at 8 weeks old were also tested, but all samples were

negative for hantavirus N (Table 2).

3.5. Pathological studies

To reveal whether PUUV infection in hamsters causes pathological changes, and to
determine cell tropism of viral antigens in organs, we examined the organs of PUU V-infected
hamsters through pathological and histochemical analyses (Figs. 4-6 and Table 3).

Lung, kidney, spleen, liver, heart, brain, and adrenal gland were stained with hematoxylin
and eosin for morphological study and with monoclonal antibody against hantaviral N to
determine the presence of viral proteins.

Histopathological changes and hantavirus-specific staining were observed in some organs
of hamsters inoculated at 4 weeks old. At 7 dpi, thickened alveolar wall was observed with
very slight cellular infiltration of neutrophils and mononuclear cells (Fig. 4A). Upon
immunohistochemical analysis, viral antigens were localized in those pulmonary cells (Fig.
4B). At 14 dpi, cellular infiltrations including multinuclear giant cells were detected in the
alveolar area (Fig. 4C), and hantavirus antigen-positive cells were detected in these cells (Fig.
4D). At 28 and 56 dpi, no detectable histopathological changes and viral antigens were
observed (Fig. 4E and F).

The kidneys of infected hamsters showed no clear histopathological changes. By
immunohistochemical analysis, viral antigens were found in cells of the kidney medulla from
7 and 14 dpi (Fig. 5A and B). At 28 and 56 dpi, tubular epithelial cells and vascular
endothelial cells of the renal pelvis were PUUV-positive (Fig. 5C and D).

In the adrenal glands, very slight vacuolar degeneration was observed in hantavirus

antigen-positive cells in the adrenal cortex of the hamster at 7 dpi (Fig. SE). At 14 dpi, slight

15



T. Sanada

inflammatory infiltration and virus antigen-positive cells were observed in the adrenal cortex
(Fig. 5F). In adrenal glands at 28 and 56 dpi, degenerated cells were present and virus
antigens were positive in the nuclei (data not shown).

At 7 dpi, histopathological changes were absent in the brain of infected hamsters. Also,
hantavirus-specific staining was not observed in the brain. At 14 dpi, slight cell infiltrations
with mononuclear cells and microglia were detected in the cortex of the cerebellum from one
of the infected hamsters (Fig. 6A). Upon immunohistochemical analysis, virus antigen was
observed in degenerated Purkinje cells at 14 dpi (Fig. 6B). At 28 dpi, slight cell infiltrations
were seen in the third ventricle (Fig. 6C), and ependymal cells were PUUV- positive (Fig.
6D).

In addition to these organs, we also examined the spleens, livers, hearts, and cerebrums.
No histopathological changes or hantavirus-specific staining were found (data not shown).

In contrast to the organs of hamsters inoculated at 4 weeks old, those of hamsters
inoculated at 8 weeks old showed no histopathological changes or hantavirus specific staining

(data not shown).
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4. Discussion

Although many researchers have reported experimental infections using various animal
species with several hantaviruses, few reliable animal models of hantavirus infection exist. As
a disease model for HCPS, a previous study showed that ANDYV, a causative agent of HCPS
in South America, causes a lethal disease in Syrian hamsters, of which the characteristics
were very similar to HCPS in humans (Hooper et al., 2001). Maporal virus, a South American
hantavirus, also causes a disease in Syrian hamsters that resembles HCPS closely (Milazzo et
al., 2002). In addition, Cynomolgus macaques infected with PUUYV, which causes a mild form
of HFRS, has been reported as a disease model for HFRS (Klingstrém et al., 2002). In
contrast to the animal models of human infection, an animal model of persistent infection that
mimics the infection of natural rodent reservoirs had not been established. To date, newborn
animals infected with hantavirus experimentally were reported to show persistent infection
(Araki et al., 2003; Compton et al., 2004; Kariwa et al., 1996; Tanishita et al., 1986).
However, maternal antibodies are believed to protect newborn animals from vertical
transmission (Bernshtein et al., 1999; Borucki et al., 2000; Botten et al., 2002; Gavrilovskaya
et al., 1990; Taruishi et al., 2008). Therefore, in nature, hantavirus infection is believed to
occur in adults. Herein, we report that PUUV in Syrian hamsters inoculated as subadults
shows persistent infection that is similar to that in its principal rodent host, the bank vole (M.
glareolus).

In this study, we demonstrated that the organs of Syrian hamsters infected with PUUV at
4 weeks old contained a high amount of viral RNA that was maintained for at least 70 days.
Most organs showed the peak of viral RNA copies from 7 to 14 dpi followed by a gradual
decline. In addition, the viral RNA was maintained for at least 70 days despite the existence
of neutralizing antibodies. These data correspond well with the results of previous studies

conducted on experimentally infected host rodents (Botten et al., 2000; Hutchinson et al.,
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1998). Therefore, our findings suggest that PUUV in Syrian hamsters establishes persistent
infection similar to that in the natural rodent reservoir.

For most individuals, the highest titer of viral RNA was detected in lung samples. In
particular, lung samples at 7 and 14 dpi from hamsters inoculated at 4 weeks old contained
high copies of viral RNA. By N-ELISA, the antigens were also detected in these samples.
These data suggest that the lung is a suitable site for viral replication. Additionally, kidney,
spleen, and brain samples also showed high copy numbers of RNA. This virus distribution
pattern resembles the results of studies on experimental infection with PUUV in M. glareolus
(Yanagihara et al., 1985), natural infection with PUUV in M. glareolus (Korva et al., 2009),
and other hantaviruses in their rodent hosts (Botten et al., 2000; Compton et al., 2004; Daud
et al., 2007; Hutchinson et al., 1998; Kariwa et al., 1996; Tanishita et al., 1986). In adrenal
gland samples from hamsters inoculated at 4 weeks old, viral antigens were observed from 7
to 56 dpi. Other studies have also reported high titers of virus and high prevalence of virus in
adrenal glands (Hinson et al., 2004; Hutchinson et al., 1998). These results indicate that the
adrenal gland may be one of the sites of replication and maintenance of hantavirus. In liver
samples from hamsters inoculated at 4 weeks old, the titer of viral RNA at 7 and 14 dpi was
high like in other organs, but viral RNA was transient unlike in other organs. Similar results
were also obtained in several studies (Compton et al., 2004; Fulhorst et al., 2002; Hutchinson
et al., 1998). Viral replication in the liver may more suppressed than in other organs.

Unlike the natural rodent host (Gavrilovskaya et al., 1990; Hardestam et al., 2008;
Yanagihara et al., 1985), the viral RNA was not detected from saliva, urine, or feces samples
of hamsters with PUUV. The amount of excreted PUUV from infected hamsters may be
extremely low level. Another possible explanation is that the virus shedding pattern of
PUU V-infected hamster may be intermittent or transient like SN'V-infected deer mouse

(Botten et al., 2000). To clarify this point, further study focusing on virus shedding is needed.
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It is generally believed that hantavirus infection in the natural hosts does not show
apparent clinical manifestations. In this study, hamsters with PUUV showed no signs of
clinical illness or loss of body weight. When hamsters were inoculated at 4 weeks old, very
slight inflammatory reactions were observed in the lung, cerebellum, and adrenal gland in the
acute phase of infection. These histopathological findings were different from the results of
M. glareolus infected with PUUYV, which showed that organs contained viral antigens without
pathological change (Yanagihara et al., 1985); however, endothelial hyperplasia in vascular
walls and lymphohistiocytic infiltration has been observed in M. glareolus experimentally
infected with PUUV (Gavrilovskaya et al., 1990). Recent study also showed that BCCV in
experimentally infected in Sigmodon hispidus, the principal host of BCCV, causes
pneumonitis and the severity of pneumonitis is dependent on inoculated dose as well as
infection period (Billings et al., 2010). Furthermore, some reports indicated that New World
hantavirus in wild rodents causes pathological changes in tissues (Lyubsky et al., 1996;
Netski et al., 1999). Certain level of pathlogical change may occur in hantavirus infection in
the natural host. Because histopathological studies on natural rodent hosts infected with
hantavirus are scarce, analyzing in greater detail the pathology and cell tropism of hantavirus
in wild rodents is necessary.

In this study, the modes of infection differed between hamsters inoculated at 4 and 8
weeks old. Infection at 4 weeks old showed high titers of viral RNA and continued through at
least 70 dpi, whereas infection at 8 weeks old was transient. IgM of hamsters inoculated at 4
weeks old was induced persistently, but that of the 8-week-old hamsters was quite low. These
data suggest that 4-week-old hamsters may allow more PUUYV replication to stimulate the
host immune system persistently compared to 8-week-old hamsters. Hamsters infected with
other viruses also showed different modes of infection between 4 and 8 weeks old (Morrey et

al., 2004; Xiao et al., 2001). Therefore, the age at infection is probably an important factor in
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determining the mode of viral infection. At 4 weeks old, the host immune system of hamsters
may still be immature, causing persistent infection in those hamsters.

In this study, Syrian hamsters infected with PUUV at 4 weeks old showed persistent
infection despite the presence of neutralizing antibodies, without any clinical symptoms,
which is quite similar to the infection in natural host rodents. These data indicated that
hamsters could be a suitable animal model for studying hantavirus infection in the reservoir
host. This animal model would be a useful tool to clarify the mechanism of persistent
infection in the natural rodent reservoir. In addition, because there is few appropriate
laboratory animal model for PUUV infection, this model could also be useful for in vivo

evaluations of vaccines and antiviral therapies for the treatment of PUUV infection.
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Figure legends

Fig. 1. Antibody responses in hamsters infected by the PUUV Sotkamo strain. Kinetics of
IgG (A) and IgM (B) responses in hamsters inoculated at 4 and 8 weeks old as determined by
ELISA. Kinetics of IgG responses were also determined by IFA (C). Neutralizing antibody
titers of serum samples were evaluated by the 80% focus reduction method (D). Error bars

represent the standard deviation.

Fig. 2. Viral loads of hamsters inoculated at 4 weeks old. The viral load in each organ was
measured by quantitative real-time PCR and is expressed as the mean of all positive organs at
each time point. The number of positive organs/organs tested is expressed above the bar for

each time point. Error bars represent the standard deviation.

Fig. 3. Viral loads of hamsters inoculated at 8 weeks old. The viral load in each organ was
measured by quantitative real-time PCR and is expressed as the mean of all positive organs at
each time point. The number of positive organs/organs tested is expressed above the bar for

each time point. Error bars represent the standard deviation.

Fig. 4. Morphologic and immunohistochemical examination of lungs from hamsters
inoculated at 4 weeks old. Bar, 50 um. (A) Very slight cellular proliferation of neutrophils
and mononuclear cells were observed in the interstitium at 7 dpi. (B) Immunohistochemical
staining with hantavirus-specific antibody revealed virus antigen-positive cells (arrows) in the
cellular proliferation sites in the alveolar area at 7 dpi. (C) Cellular infiltrations including
macrophages and multinuclear giant cells (arrow, inset, asterisk) in the alveolar area at 14 dpi.

(D) PUUV-positive cells (arrows) in the alveolar area at 14 dpi. (E, F) No histopathological
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change and viral antigen were observed at 28 dpi (E) and 56 dpi (F).

Fig. 5. Morphologic and immunohistochemical examination of kidneys and adrenal
glands from hamsters inoculated at 4 weeks old. Bar, 50 um. (A, B) PUUV-positive cells
were detected in the kidney medulla of the hamsters at 7 dpi (A) and 14 dpi (B). (C, D)
PUUV-positive cells were tubular epithelial cells and vascular endothelial cells of the renal
pelvis at 28 dpi (C) and 56 dpi (D). (E) At 7 dpi, very slight vacuolar degeneration cells
(arrows) present in the adrenal cortex were positive for virus antigen (inset). (F) Slight
inflammatory infiltrations (arrows) and virus antigen-positive cells (inset) in the adrenal

cortex at 14 dpi.

Fig. 6. Morphologic and immunohistochemical examination of brains from hamsters
inoculated at 4 weeks old. Bar, 50 um. (A) Mild cell infiltrations with mononuclear cells and
microglia in the cortex of cerebellum at 14 dpi (arrows, inset) from one hamster. (B)
Immunohistochemical staining with anti-hantavirus-specific antibody revealed virus
antigen-positive cells in the Purkinje cell layer (inset). (C) Slight cell infiltrations around the
third ventricle at 28 dpi (arrows). (D) Virus antigen-positive cells included ependymal cells at

28 dpi (inset).
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Table 1. Viral load in tissues and antibody responses in sera of PUUV infected hamsters (4 weeks o

Days post Antigen Viral load (Real-time PCR: viral RNA copies/ ng of GAPDH mRNA) Antibody Antibody Neutrallzmg
inoculation (19G) (IgM) antibody
N-ELISA* Lung Kindey Spleen Liver Heart Brain  Bloodclot IgG-ELISA IFA IgM-ELISA FRNT
3 1 0.409 3.8x10" - - - - - - 0 <16 0.031 <20
2 0.4055 1.9x10" - - - - - 2.8x10" 0 <16 0.0265 <20
3 0.3965 1.7x10° - - - - - - 0 <16 0.0095 20
7 4 0.435 2.1x10° - - - - - - 0 <16 0.01 <20
5 0.3705 1.9x10°  95x100  43x10°  6.1x1° - - 3.4x10" 0 <16 0.027 <20
6 0.936 48x10"  1.1x10°  6.3x10°  1.0x10° 2.4x101 58x10°  3.9x10 0.071 <16 0.008 <20
14 7 0.391 1.3x10°  56x107  1.6x10°  7.0x10'  58x10°  9.4x10" - 0 1024 0.4925 <20
8 2.4625 8.7x10"  1.0x10°  9.4x10°  12x106° 55x10"  7.8x10'  3.4x10 0.3855 16 0.084 <20
9 2.3485 8.1x10"  82x10*  9.9x10°  1.8x106°  1.7x10*  1.1x10*  6.3x10 0.7145 128 0.0865 <20
28 10 05475 1.3x10°  1.6x10"  22x10°  1.1x1¢°  85x10T  2.4x10 - 2211 32768 0.2995 <20
1 0.3635 32x10°  6.7x107  14x10°  1.0x10'  1.2x10t  9.2x10°  1.1x1C¢° 0.4935 16384 0.343 <20
12 05165 9.4x107  8.4x10"  3.7x10°  1.8x10'  32x10"  3.1x10° - 0.659 16384 0.3545 160
42 13 0.513 1.8x10°  1.8x10?  2.7x10"  2.0x10%  59x10°  1.9x10" - 2.652 16384 0.3795 80
14 0.4 1.2x10°  2.4x106°  1.6x1C° - 7.8x10°>  1.9x10° - 2.6265 16384 0.2625 20
15  0.3505 27x10°  22x10*  5.6x10 - 3.2x10°>  2.5x10 - 2.354 16384 0.3795 80
55 16 0.3565 6.3x10°  2.6x10°  1.7x10% - 2.1x10"  1.2x10° - 1.665 32768 0.5855 160
17 0.503 9.7x10"  1.6x10*  5.1x10 - 32x10°  6.4x10  2.5x10* 1.47 16384 0.2605 40
18  0.3885 45x10°  1.9x10*>  7.1x10 - 6.7x10°  2.0x10" - 1.2705 32768 0.4435 160
70 19 0.511 - 1.4x10° - - - - - 1.583 512 0.045 160
20 04375 7.8x100  3.1x10°  6.6x10 - 35x100  4.0x10°  1.6x102 1.4185 16384 0.203 80

-, Under the detectable level.

*Cut off value = 0.6



Table 2. Viral load in tissues and antibody responses in sera of PUUV infected hamsters (8 weeks o

Days post Antigen Viral load (Real-time PCR: viral RNA copies/ ng of GAPDH mRNA) Antibody Antibody Neutrallzmg
inoculation (19G) (1gM) antibody
N-ELISA* Lung Kindey Spleen Liver Heart Brain IgG-ELISA  IFA IgM-ELISA FRNT
3 1 0.3605 - - - - - - 0.5945 <16 0 <20
2 0.4185 - - - - - - 0 <16 0.001 <20
3 0.4 - - - - - - 0.102 <16 0 <20
7 4 0.4115 4.0x10 - - 1.2x10° - - 0 <16 0.013 <20
5 0.479 8.9x10°  1.0x10°  2.8x10°  1.9x10*>  1.0x10 - 0 <16 0.0325 <20
6 0.398 9.3 x1¢? N.D. N.D. N.D. N.D. N.D. 0 <16 0.0265 20
7 0.295 5.7x10 - 6.0x10°>  1.3x10° - - 0.205 <16 0.0115 20
14 8 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.591 128 0.128 40
9 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 0.626 256 0.097 20
10 0.427 25x10°  49x10  7.1x100  2.0x10'  1.6x1C° - 0.3775 <16 0.031 20
11 0.3475 - 1.3x10°! - - - - 0.1685 <16 0.03 <20
12 0.398 14x10°  4.3x10" - - - - 1.7535 1024 0.1215 20
28 13 N.D. N.D. N.D. N.D. N.D. N.D. N.D. 1.7935 8192 0.121 20
14 0.53 N.D. N.D. N.D. N.D. N.D. N.D. 1.9575 512 0.027 20
15  0.4605 3.0x10* - - - - - 1.551 256 0.0305 20
16 0.2315 9.9x10" - - - - - 2.1175 512 0.062 20
17 0.3535 3.4x10" - - - - - 0.2285 128 0.1035 20
42 18 0.404 15x10°  1.9x10'  1.1x1¢t - 6.4x10" - 1.6105 512 0.2905 80
19 0.394 - - - - - - 1.9955 256 0.0155 80
20 0.3935 - - - - - - 0.6655 64 0.027 20
56 21 04315 - - 4.5x10° - - - 2.2365 256 0.0255 160
22 0.3965 - - - - - - 1.6765 256 0.0285 80
23 0.3075 - - - - - - 2.3095 256 0.0515 80
70 24 0.348 - - - - - - 0.531 256 0.0145 160
25 04345 - - - - - - 1.1515 256 0.0375 160
26 0.404 - - - - - - 0.943 512 0.019 160

-, Under the detectable level.

*Cut off value = 0.6



Table 3. Detection of PUUV antigen from tissues of infected hamsters by immunohistochemical analysis

No.of virus-positive/no.of tested animals

Age Tissue . . . .
7 dpi 14 dpi 28 dpi 56 dpi mock

4 Lung 11 2/2 0/2 0/2 0/1
Kidney 11 2/2 2/2 2/2 0/1
Spleen 0/1 0/2 0/2 0/2 0/1
Liver 0/1 0/2 0/2 0/2 0/1
Heart 0/1 0/2 0/2 0/2 0/1
Cerebrum 0/1 0/2 0/2 0/2 0/1
Cerebellum 0/1 1/2 1/2 0/2 0/1
Adrenal gland 171 2/2 1/2 1/2 NE

8 Lung 0/1 0/2 0/2 NE 0/1
Kidney 0/1 0/2 0/2 NE 0/1
Spleen 0/1 0/2 0/2 NE 0/1
Liver 0/1 0/2 0/2 NE 0/1
Heart 0/1 0/2 0/2 NE 0/1
Cerebrum 0/1 0/2 0/2 NE 0/1
Cerebellum NE 0/1 0/1 NE 0/1
Adrenal gland NE NE NE NE NE

NE, not examined
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Fig. 4. Sanada, et al.



Fig. 5. Sanada, et al.



Fig. 6. Sanada, et al.
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