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Susceptibility to and transmission of H5N1 and
H7N1 highly pathogenic avian influenza viruses in
bank voles (Myodes glareolus)
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Abstract

The study of influenza type A (IA) infections in wild mammals populations is a critical gap in our knowledge of how
IA viruses evolve in novel hosts that could be in close contact with avian reservoir species and other wild animals.
The aim of this study was to evaluate the susceptibility to infection, the nasal shedding and the transmissibility of
the H7N1 and H5N1 highly pathogenic avian influenza (HPAI) viruses in the bank vole (Myodes glareolus), a wild
rodent common throughout Europe and Asia. Two out of 24 H5N1-infected voles displayed evident respiratory
distress, while H7N1-infected voles remained asymptomatic. Viable virus was isolated from nasal washes
collected from animals infected with both HPAI viruses, and extra-pulmonary infection was confirmed in both
experimental groups. Histopathological lesions were evident in the respiratory tract of infected animals, although
immunohistochemistry positivity was only detected in lungs and trachea of two H7NT1-infected voles. Both HPAI viruses
were transmitted by direct contact, and seroconversion was confirmed in 50% and 12.5% of the asymptomatic
sentinels in the H7N1 and H5N1 groups, respectively. Interestingly, viable virus was isolated from lungs and
nasal washes collected from contact sentinels of both groups. The present study demonstrated that two non-rodent
adapted HPAI viruses caused asymptomatic infection in bank voles, which shed high amounts of the viruses and were
able to infect contact voles. Further investigations are needed to determine whether bank voles could be involved as
silent hosts in the transmission of HPAI viruses to other mammals and domestic poultry.

Introduction

Influenza type A (IA) viruses are subtyped on the basis
of two surface proteins, the haemagglutinin (HA) and
the neuraminidase (NA), which govern the viral lifecycle
at cellular entry and the release of progeny virions. To
date, 16 HA and 9 NA subtypes have been described
and isolated from wild water birds, the known primary
natural reservoir of IA viruses [1]. However, the iden-
tification of two novel influenza A-like viruses, the
H17N10 and the H18N11 strains isolated from a little
yellow-shouldered bat from Guatemala [2] and from a flat-
faced fruit bat from Peru [3], respectively, has prompted
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attention towards new mammalian species as possible
hosts or reservoirs of unknown IA viruses.

Although transmission of IA viruses from avian to mam-
malian hosts is considered to be a rare event, due to the
complexity of the transmission pathways and the dif-
ferent interfaces connecting both populations [4,5], species-
adapted influenza lineages of avian origin are already
circulating in swine, horses, dogs and humans [6,7], in-
dependently from the avian reservoir. The first evidence
of natural infection with avian origin IA viruses in wild
mammals was reported in harbour seals in 1979-1980
[8,9]. Since then, evidence of natural IA-related infections
has been reported in several wild mammalian species such
as mink [10], stone marten [11], raccoon [12], feral cat
[13], feral dog [14], captive tiger and leopard [15], captive
Owston’s palm civet [16], and skunk [17]. Recently, the
discovery that wild pikas can be naturally infected with
HPAI H5N1 [18] and LPAI H9N2 [19] subtypes has
extended the range of known terrestrial free-ranging
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mammals hosting IA viruses. Moreover, susceptibility to
low pathogenic IA viruses has been demonstrated by ex-
perimental infection in live-trapped synanthropic species
such as cottontail rabbits [20] and the striped skunk [21].

Although the susceptibility of some wild mammals to
avian IA infections has been documented, the potential
role of these species in the IA ecology and its relevance in
public health have received limited attention [18,21-23].
Very little information is available on how wild birds can
spread IA viruses to free-living wild mammals within their
natural habitat [18], and whether virus adaptation to these
hosts could represent an advantage for transmission to
other species, such as terrestrial mammals, poultry and
eventually humans [4,22]. In this regard, a small number
of studies have identified the presence of mammalian
wildlife (rodents and racoons) as a risk factor associated
with the spread of IA viruses among commercial poultry
and duck farms [24-26], and although an evident link be-
tween the presence of wild rodents and the occurrence of
IA infections in poultry farms does not exist, rodent con-
trol is widely recommended as biosecurity measure to
limit the spread of IA viruses within poultry flocks [27,28].

Synanthropic rodents are highly mobile in urban and
rural areas, and may represent a risk for virus transmission
within and among poultry farms [28]. In addition, they
may be at a higher risk of co-infection with avian and
mammalian IA strains, providing conditions for reassort-
ment in nature [22]. Interestingly, seroconversion to IA
has been demonstrated in wild-caught rodents during sev-
eral low pathogenic avian influenza (LPAI) and HPAI out-
breaks in poultry, although no virus isolation attempts
from lungs or other collected organs have provided suc-
cessful results [28-31]. Moreover, it has been demonstrated
that LPAI viruses derived from wild birds are able to
efficiently replicate in lungs of wild-caught house mice
without prior adaptation, elucidating the possible role of
this species in outbreak dynamics on poultry farms [28].
Remarkably, Achenbach et al. confirmed that recently-
infected mallards had been able to transmit a LPAI H7N3
isolate to rats directly or through environmental contam-
ination in an artificial barnyard [32].

In the present study, we evaluated the susceptibility to
infection, the nasal shedding and the transmissibility of
two HPAI isolates of H7N1 and H5N1 subtypes in the bank
vole (Myodes glareolus), a wild rodent common throughout
Europe and Asia, with the aim of elucidating the potential
role of wild synanthropic populations of rodents in IA
virus ecology.

Materials and methods

Viruses

The two HPAI isolates used for this study were H7N1 A/
ostrich/Italy/2332/2000 (Os/H7N1) [GenBank: PB2:DQ991309,
PB1:DQ991310, PA:DQ991311, HA:DQ991312, NP:DQ991313,
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NA:DQ991314, MA:DQ991315, NS: DQ991316], isolated
during the Italian epidemic of 1999-2000 [33], and H5N1
A/turkey/Turkey/1/2005 (Tk/H5N1) [GenBank: PB2:
EF619975, PB1: EF619976, PA: EF619979, HA: EF619980,
NP: EF619977, NA: EF619973, MA: EF619978, NS: EF619974].
The two viruses were replicated in the allantoic cavity of
9- to 11-days old embryonated-specific pathogen-free (SPF)
hen eggs according to OIE guidelines [34], and allantoic
fluids were titrated to calculate the 50% Embryo Infectious
Dose (EIDsg) using the Reed and Muench formula [35].

Animals

Eighty five (male and female) bank voles (Myodes glareo-
lus) of 4—6 weeks of age (13—16 g body weight) were ob-
tained from a colony originally derived from the Istituto
Superiore di Sanita (ISS, Rome, Italy). Prior to each ex-
periment, all animals were left for acclimatization to the
local environment for at least 1 week. Bank voles were
housed in mouse cages with standard rodent feed and
water ad libitum, and were weekly supplemented with
grain seeds. Cages were prepared with a 3—4 cm bedding
layer, and animals were provided with sufficient nesting
material and environmental enrichments in order to ex-
press their species-specific behaviour (digging and bur-
rowing). All in vivo experiments, approved by the IZSVe
Ethics Committee (CE.IZSVE.24/2014) and authorized
by the Italian Ministry of Health (Decree N.180/2011-B),
were performed in containment facilities (BSL-3) and in
accordance with the relevant legislation on the use of
animals for scientific purposes [36].

Study design

Serology

Prior to challenge, blood was collected from all voles (tail
vein) and sera were tested by means of a competitive
commercial anti-nucleoprotein (NP) influenza ELISA
(ID-screen®, IDVet, Montpellier, France) and through the
Haemagglutination Inhibition (HI) test according to the
WHO procedure used for mammal sera [37], using the
challenge viruses as antigens (naive sera from animals of
each experimental group were tested only with the corre-
sponding challenge virus). The same tests were used to
evaluate the seroconversion on convalescent sera.

Nasal shedding experiment

Since no preliminary information existed regarding the
infectivity of HPAI viruses in bank voles, the challenge
dose of each selected virus was established as ten times
the 50% Mouse Lethal Dose (MLDs) as for previous ex-
periments in BALB/c mice [38].

To evaluate the occurrence of nasal shedding, two
groups of 12 male and female bank voles each (groups
Os/H7N1 and Tk/H5N1) were inoculated intranasally,
under light anesthesia (50 mg/kg ketamine and 4 mg/kg
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xylazine, intraperitoneally), with 50 pL of PBS-diluted al-
lantoic fluid containing 10 times the MLDs, calculated in
Balb/C mice, equivalent to 10*”> and 10** EIDs,/0.1 mL
of the H7N1 and H5N1 viruses, respectively. Three voles
were used as negative controls and were mock-infected
with 50 pL of sterile phosphate-buffered saline (PBS)-
diluted allantoic fluid.

On a daily basis, challenged animals were monitored for
the onset of clinical signs. Animals reaching the humane
endpoint (weight loss greater than 20% and/or severe de-
pression and respiratory distress) were euthanized. On
days 3, 5, 7 and 9 post-infection (pi), three subjects were
randomly selected and euthanized to collect organs. Brain,
lungs and trachea tissues were collected from each animal
along with a nasal wash (using 400 pL of sterile PBS). On
day 3 post-inoculation, all control voles were also eutha-
nized for collection of samples. Brain and nasal washes
were tested by quantitative real time reverse transcriptase
polymerase chain reaction (QRRT-PCR), while whole lungs
and trachea were paraffin-embedded for histopathological
and immunohistochemical (IHC) examination. Virus iso-
lation in SPF embryonated hen eggs was attempted from
all qRRT-PCR positive samples.

Pathogenicity and contact transmission experiment

Two groups of 24 female voles each were used for the
transmission experiments; each group was randomly se-
lected after weaning and reared together in a proper size
cage (2065 cm? floor area). For each isolate, the experi-
mental group included 12 infected voles (groups I-Os/
H7N1 and I-Tk/H5N1) and 12 sentinels. The voles of
each infected group were challenged by the intranasal
route, as previously described, with 50 uL of PBS-diluted
isolate. Twenty-four hours later, infected voles were moved
into a clean cage hosting a group of 12 serologically naive
sentinels. Contemporaneously, 10 mock-infected voles
were used as controls.

On a daily basis, all animals were observed for the on-
set of clinical signs and for mortality, and body weight was
monitored on days 2, 4, 7 and 9 pi. Significance in body
weight changes was calculated by the Student’s ¢-test, and
a P value less than 0.05 (p < 0.05) was considered statisti-
cally significant. On days 3 and 4 pi, post-contact (pc) and
post-inoculation, two animals per group (infected, senti-
nels and control, respectively) were randomly selected and
euthanized to collect nasal washes and different organs in-
cluding lungs, trachea, brain, spleen, kidney and intestine.
On day 30 pi/29 pc, all remaining voles were humanly eu-
thanized, and convalescent sera were collected to deter-
mine seroconversion.

RRT-PCR and qRRT-PCR
Sample preparation. One hundred milligrams of tissues
were homogenized in 200 pL of lysis buffer of the
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commercial kit Nucleospin RNA (Macherey Nagel, Diiren,
Germany), using the TissueLyser II (Qiagen, Germantown,
USA) and following a homogenization program of 30 Hz
for 3 min. The homogenates were clarified by centrifuga-
tion and tested by means of RRT-PCR.

RNA extraction. Viral RNA was extracted from 100 pL
of clarified supernatant from tissue samples or from
nasal washes, using the commercial kit Nucleospin RNA
II and following the manufacturer’s instructions. Viral
RNA was eluted in 60 puL of RNAse-free water and
stored at —80 °C after the addition of 1 puL of RNasin
Plus RNase Inhibitor (Promega®, Madison, USA).

One-Step  RRT-PCR and qRRT-PCR. The extracted
RNA was amplified using the published primers and
probe from Spackman et al. [39], targeting the conserved
matrix (M) gene of the IA virus. Five microlitres of RNA
were added to the reaction mixture, composed of 300 nM
of forward and reverse primers (M25F and M124-R, re-
spectively) and 100 nM of fluorescent label probe (M + 64).
The amplification reaction was performed in a final vol-
ume of 25 pL using the commercial QuantiTect Multiplex
RT-PCR kit (Qiagen, Hilden, Germany). The RRT-PCR
was performed using the following protocol: 20 min at
50 °C and 15 min at 95 °C, followed by 40 cycles at 94 °C
for 45 s and 60 °C for 45 s. According to the internal valid-
ation trails, the samples with a threshold cycle (Ct) higher
than 35 were considered negative; however, all Ct values
obtained for each sample were reported in the results.

The same one-step RRT-PCR protocol was used for
the qRRT-PCR analysis. The synthetic RNA used as ref-
erence standard was created in vitro by means of the
MegaScript® T7 kit (Invitrogen, CA, USA) from the H7N1
(A/Ostrich/Italy/2332/2000) and H5N1 (A/turkey/Turkey/
1/2005) HPALI strains.

Virus isolation

Nasal washes (around 200 pL) were diluted in 400 pL of
PBS containing antibiotics (10 000 IU/mL of penicillin,
10 mg/mL of streptomycin, 5000 UI/mL of nystatin and
250 mg/mL of gentamycin sulphate), while tissue samples
(100 mg) were homogenized using sterile polypropylene
micropestles (Sigma-Aldrich, Hamburg, Germany) in
700 pL of PBS containing antibiotics, and then clarified by
centrifugation. Processed samples were propagated into
the allantoic cavities of 9 to 11 days-old SPF embryonated
hen eggs according to the OIE guidelines [34].

Histopathology and Immunohistochemistry

After 24 h, the lungs and trachea collected from the in-
fected and mock-infected voles were fixed in 10% neu-
tral phosphate-buffered formalin, paraffin-embedded, and
stained with hematoxylin-and-eosin method for histo-
pathological examination. The immunohistochemistry
(IHC) was carried out by an automated immunostainer
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(Autostainer™ Link 48 Dako, Italy). Briefly, the antigen re-
trieval was performed with Proteinase K (Dako, Italy) for
3 min at room temperature (RT). Endogenous peroxi-
dases were neutralized by incubating the sections with
the EnVision FLEX Peroxidase-Blocking Reagent (Dako,
Italy) for 10 min at RT. Sections were incubated with a
primary monoclonal antibody against IA virus nucleopro-
tein (Clone 1331, BIODESIGN International, USA), ap-
plied at 1:500 dilution for 10 min at RT. The EnVision
FLEX/HRP (Dako, Carpinteria, CA, USA) and the EnVision
FLEX Substrate Buffer EnVision FLEX DAB+ were used
as the detection system and chromogen, respectively. Sec-
tions were then counterstained with the EnVision FLEX
Hematoxylin (Dako, Italy). The specificity of the immuno-
staining was verified by incubating some sections with
PBS instead of the specific primary antibody.

Results

Nasal shedding experiment

Serology

All voles sampled prior to infection tested negative for
IA virus by means of a commercial ELISA and HI tests,
while convalescent sera were not collected due to the
short duration of this experiment (9 days).

Clinical signs and mortality

None of the twelve H7N1-infected voles showed any clin-
ical sign throughout the experiment. Only one out of twelve
H5N1-infected voles started to display the clinical signs of
the disease (mild depression) on day 2 pi, being humanely
euthanized on day 7 pi (severe depression and respiratory
distress). All mock-infected voles remained asymptomatic
throughout the duration of the experiment.

qRRT-PCR
Nasal shedding was detected in 1/3 voles of the Os/
H7N1 group sampled on days 3 and 5 pi, showing 2.7 x
and 7.9 x 107 viral copies/uL, respectively. On day 7 pi,
1/3 nasal washes recorded a viral load of 1.89 x 10* viral
copies/pL (Figure 1). The nasal washes collected on day
9 pi, as well as all the brain samples collected from in-
fected voles of this group at different points of infection,
tested negative by qRRT-PCR. Results of nasal shedding
of infected voles with both HPAI viruses at different
time points of infection are reported in Table 1.

In H5N1-infected voles (Table 1), a peak of nasal shed-
ding was recorded on day 3 pi, since 3/3 nasal washes
tested positive with an average viral load of 1.27 x 10°
copies/pL (Figure 1). On day 5 pi, one out of three nasal
washes collected tested positive, recording a viral load of
9.4 x 10* viral copies/uL, while 2/3 nasal washes tested
positive by qRRT-PCR on day 9 pi, with an average viral
load of 7.62 x 10° viral copies/uL (Figure 1). Interestingly,
the brain sample collected on day 7 pi from the only
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symptomatic H5N1-infected vole tested positive with a
viral load of 7.17 x 10* copies/uL, while the remaining
brain samples collected were negative.

All samples collected from the mock-infected voles were
negative by means of qRRT-PCR.

Virus isolation

Viable virus was isolated from one qRRT-PCR positive
nasal wash collected from one H7N1-infected vole on day
5 pi (Table 1), while no viable virus was recovered from
any sample collected from H5N1-infected voles.

Histopathology and IHC

Histopathological examination of lungs collected from
H7N1-infected animals revealed lesions in 3/12 voles,
mainly characterized by multifocal purulent and catar-
rhal bronchitis in one vole on day 3 pi, and by multifocal
pyogranulomatous bronchopneumonia in two animals on
day 7 pi (Table 1). Only two voles presented multifocal
alveolar haemorrhages and diffuse pulmonary conges-
tion on days 5 and 9 pi, respectively. No histopathological
findings were observed in the tracheas collected from the
H7N1-infected animals. Positive IHC staining was ob-
served in the trachea and in the lungs sampled on day
3 pi from two different infected voles belonging to this
group (Figure 2).

In the lungs collected from Tk/H5N1-infected voles,
multifocal pyogranulomatous bronchopneumonia with
lymphohistiocytic infiltrate was evident in 2/2 voles on
day 5 pi, and in 1/3 voles on days 7 and 9 pi, respectively.
Only one animal showed multifocal interstitial pneumonia
on day 5 pi. In addition, none of the tracheas collected at
different points of infection showed any pathological lesion.
Despite the evident histopathological lesions observed in
the lungs of 5/12 Tk/H5N1-infected voles, no positive IHC
staining was detected in the lungs and tracheas evaluated in
this experimental group. None of the mock-infected voles
showed any significant histopathological lesions nor positiv-
ity to IHC staining in the lungs and trachea.

Pathogenicity and by contact transmission experiment
Clinical signs and mortality

None of the voles belonging to group I-Os/H7N1 showed
any clinical sign within 30 days of the observation period,
although mild reduction in body weight compared to the
control group was observed on day 9 pi (Figure 3A). How-
ever, the difference in body weight loss at different days pi
between both groups was not statistically significant (p >
0.05). Moreover, no clinical signs were observed in the
sentinel group throughout the observation period.

One out of twelve H5N1-infected voles (group I-Tk/
H5N1) showed depression, anorexia and severe respira-
tory signs on day 2 pi, and died during handling. No visual
signs of disease were observed in the remaining infected
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Figure 1 Nasal shedding of infected voles at different time points of infection. Mean of the viral shedding (viral copies/pL) recorded on
nasal washes collected on days 3, 5, 7 and 9 pi from intranasally infected voles with 10%”> EIDso/0.1 mL of the Os/H7N1 strain (group Os/H7N1)

7

voles and neither in all the contact sentinels; as well, the
mean body weight recorded at different days pi showed
no significant difference (p > 0.05) when compared to the
control group (Figure 3B).

RRT-PCR
From the I-Os/H7N1 group, viral RNA was detected in
all lungs collected on days 3 and 4 pi, and in 1/2 nasal

Table 1 Results of the nasal shedding experiment

washes collected on days 3 and 4 pi, respectively (Table 2).
Moreover, viral RNA was detected in extra-respiratory
organs such as the spleen (2/2), kidney (1/2) and brain
(1/2) of infected and asymptomatic voles on day 3 pi.
All samples collected from intestines tested negative
by molecular test. From the contact sentinels of the
Os/H7N1 group, all samples collected on day 3 pc tested
negative, while one out of two lungs and one nasal

Day pi H7N1 A/ostrich/Italy/2332/2000 (Os/H7N1) H5N1 A/turkey/Turkey/1/2005 (Tk/H5N1)
Nasal wash Lungs/trachea Nasal wash Brain Lungs
qRRT-PCR (Ct/SQ) VI HP IHC qRRT-PCR (Ct/SQ) VI qRRT-PCR (Ct/SQ) VI HP
3 - - npl +trachea + (2508/1.16x 108 - - /  npl
- /  npl - +(21.14/370x10%) - - /  npl
+(240/27%x10) - Multifocal purulent and  +1lungs  + (294/260x 10 - - /  npl
catarrhal bronchitis
5 +(225/79%10")  + npl - - /- / Multifocal of PBP with
lymphohistiocytic infiltrate
- / npl - - /- / Multifocal of PBP with
lymphohistiocytic infiltrate
- / Multifocal alveolar - +(33.18/940%x 10% - - / Multifocal of interstitial
haemorrhages pneumonia
7 - /  npl - - / +(3349/7.17x10%° - Multifocal PBP
- / Multifocal PBP - - /- / npl
+(34.19/1.89x 10" - Multifocal PBP - - /- - npl
9 - /  Diffuse congestion - + (3468/250%x 10% - - - Multifocal PBP
- /  npl - +(3003/150x10% - - /  npl
- / npl - - /- / npl

Ct: quantification cycle; SQ: starting quantity (viral copies/pL); VI: virus isolation; HP: histopathological findings; IHC: immunohistochemical stain; —: negative; /: not
performed; npl: no pathological lesions; PBP: pyogranulomatous bronchopneumonia, *bank vole with clinical signs.

This Table shows the qRRT-PCR and virus isolation results of the nasal washes and brains collected from the voles intranasally infected with both HPAI strains at
different time points of infection. The results of the histopathological findings and IHC examination of the lungs and trachea collected from the infected voles are
also reported.
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Figure 2 Immunohistochemical detection of HPAI viruses in
paraffin-embedded tissue sections from infected voles.
Positive staining by IHC in trachea (A) (red arrow) and lungs (B)
collected on day 3 pi from two voles intranasally infected with 10%7
EID5¢/0.1 mL of the Os/H7N1 virus.

wash collected on day 4 pc tested positive by RRT-
PCR (Table 2).

All lungs and nasal washes collected from H5N1-
infected voles (group I-Tk/H5N1) were positive on days
3 and 4 pi. Moreover, one brain sample was positive in
1/2 voles on day 4 pi. Interestingly, the lungs, nasal wash
and spleen collected from the only symptomatic H5N1-
infected vole were positive by RRT-PCR on day 2 pi.
From the contact sentinels of this group, the lungs col-
lected from one animal on day 4 pc tested positive.

Virus isolation

Viable virus was isolated from all lungs collected on days
3 and 4 pi from infected voles of the group I-Os/H7N1
(Table 2). When virus isolation was attempted from
other RRT-PCR positive organs, viable virus was isolated
only from spleen on day 3 pi. Moreover, viable virus was
isolated from the RRT-PCR positive lungs collected from
the sentinel on day 4 pc.

As for the I-Tk/H5N1 group, viable virus was isolated
from 5/5 RRT-PCR positive lungs collected from 2 in-
fected voles on days 3 and 4 pi, respectively, and from
the symptomatic vole that had died on day 2 pi (Table 2).
All nasal washes collected on day 3 pi tested positive by
VL. No virus isolation attempts were successful from
other RRT-PCR positive extra-pulmonary organs, such
as the brain and spleen collected from the infected group.
Interestingly, viable virus was isolated from one RRT-PCR
positive lung collected on day 4 pc from one in contact
sentinel.

Serology

Six out of eight H7N1-infected voles (75%) tested posi-
tive by either competitive ELISA and HI tests on day 30
pi (Table 3). The HI titres ranged from 1:10 to 1:40. Four
out of eight contact sentinels (50%) from the Os/H7N1
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group were positive by ELISA and confirmed by HI test,
with titres comparable to those of the infected voles
(ranging from 1:10 to 1:40).

Regarding the I-Tk/H5N1 group, 7/7 infected voles
(100%) seroconverted by both ELISA and HI tests, with
HI titres ranging from 1:10 to 1:20. Only one out of eight
(12.5%) contact sentinels tested positive by means of
ELISA, but that individual was negative by HI.

Discussion

The aim of this study was to investigate the susceptibility
of the bank vole to infection with two HPALI strains, the
H5N1 A/turkey/Turkey/1/2005 (Tk/H5N1) and the H7N1
Alostrich/Italy/2332/2000 (Os/H7N1) isolates, and to es-
tablish whether those avian viruses are transmitted by in-
fected animals to naive co-housed sentinel voles.

In the nasal shedding experiment, no clinical signs
were observed in any of the H7N1-infected voles, while
only one vole infected with the H5N1 virus displayed se-
vere clinical signs. Voles infected with both HPAI viruses
demonstrated evident nasal shedding; however, the num-
ber of voles shedding virus (particularly on day 3 pi) was
higher in the group of voles infected with the Tk/H5N1
virus in comparison to the animals infected with the Os/
H7NI1 strain (100% of shedders vs. 33%, respectively).
Interestingly, Tk/H5N1-infected voles shed the virus for
a longer period than those infected with Os/H7N1, since
positivity in nasal washes was recorded until day 9 pi in
this group (66.6% vs. 0% of shedders). Quantitatively, voles
infected with the Tk/H5N1 virus shed a higher amount of
viruses than voles infected with the Os/H7N1 strain, espe-
cially on days 3 and 9 pi (1.27 x 0° vs. 2.7 x 10" and 7.6 x
10° vs. 0 viral copies/uL, respectively). Infected voles
showed a similar shedding pattern to those reported in
BALB/c mice infected with the same infectious doses of
both HPAI isolates [38], although a different clinical out-
come and mortality rate were observed in infected animals
(100% mortality within 7 days pi of BALB/c mice infected
with both strains vs. 0 and 8.3% of mortality in infected
voles with Os/H7N1 and Tk/H5N1 strains, respectively).
Viable virus was isolated from one nasal wash collected
on day 5 pi from one Os/H7Nl1-infected vole, demonstrat-
ing that these animals are able to shed viable infectious
particles to the environment. In contrast, no viable virus
was recovered in the nasal washes collected from the Tk/
H5N1-infected voles, despite their positivity by means of
RRT-PCR. Due to the scarcity of original sample material,
it was not possible to replicate the isolation attempts,
which may explain the low virus isolation rate observed.
However, the viable H5N1 virus was isolated in nasal
washes collected in the pathogenicity and transmission
experiment.

The histopathological examination of the respiratory
tract of asymptomatic voles infected with both HPAI
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Figure 3 Mean body weight changes of control voles and voles infected with HPAI viruses. Body weight of bank voles intranasally inoculated
with (A) 10*”° EIDsy/0.1 mL of Os/H7N1 virus and (B) 10™* EIDso/0.1 mL of Tk/H5N1 virus (group -Tk/H5N1). Data shown are the mean + SD
(error bars) of body weight changes of inoculated voles in comparison to the control group. No significant difference (p > 0.05) was noticed
between the body weight recorded at different points in all experimental groups.

strains demonstrated the presence of lesions due to the
influenza infection, mainly characterized by multifocal
pyogranulomatous bronchopneumonia, in 25% (3/12)
and 41% (5/12) of infected voles with Os/H7N1 and Tk/
H5N1 viruses, respectively. However, IHC positivity was
only detected in trachea and lungs of two Os/H7N1-
infected voles on day 3 pi, confirming the occurrence of
viral replication in the upper and lower respiratory tract
for this strain. Although no IHC positivity was observed
in any organ collected from Tk/H5N1-infected animals,
the positivity obtained by RRT-PCR on nasal washes in
this same group suggests that further studies of the upper
respiratory tract of voles (especially nasal mucosa and tur-
binates) are needed.

As observed in the nasal shedding experiment, all voles
infected with the Os/H7N1 virus in the transmission ex-
periment did not show any clinical sign, while only one
vole infected with Tk/H5N1 displayed several respiratory
signs and died on day 2 pi. Moreover, both infected groups
showed no significant difference in body weight variations
compared to the control group at different time points of
infection. Despite the asymptomatic infection, the two se-
lected HPAI viruses spread systemically in bank voles,
since viral RNA from both of them was detected in extra-
pulmonary organs, such as brain, kidney and spleen. Inter-
estingly, as observed in the nasal shedding experiment,
viral RNA was found in the nasal washes collected in a
higher number of animals infected with the Tk/H5N1
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Table 2 Results of the pathogenicity and by contact transmission experiment
Virus Sample Day pi/pc Infected Sentinels
RRT-PCR Ct+SD Vi RRT-PCR Ct Vi
Os/H7N1 Lungs 3 +2/2 2622+ 1.1 +2/2 - - nt
4 +2/2 22.33+0.08 +2/2 +1/2 2824 +1/1
Nasal wash 3 +1/2 3213 - - - nt
4 +1/2 30.57 - +1/2 35 -
Brain 3 +1/2 30.01 - - - nt
4 - - nt - - nt
Spleen 3 +2/2 28+35 +1/2 - - nt
4 - - nt - - nt
Kidney 3 +1/2 296 - - - nt
Tk/H5N1 Lungs 2° +1/1 20.22 +1/1 nt nt nt
+2/2 2219+2 +2/2 - - nt
4 +2/2 273+34 +2/2 +1/2 24.03 +1/1
Nasal wash 28 +1/1 26.95 - nt nt nt
3 +2/2 29+2.1 +2/2 - - nt
4 +2/2 347 +£0.1 - - - nt
Brain 28 - - nt nt nt nt
3 - - nt - - nt
4 +1/2 3348 - - - nt
Spleen 28 +1/1 33.12 - nt nt nt
3 - - nt - - nt
4 - - nt - - nt

pi: post-infection; pc: post-contact; Ct: quantification cycle; SD: standard deviation; VI: virus isolation; °dead vole with clinical signs on day 2 pi; —: all samples tested

negative; nt: not tested.

RRT-PCR (mean of Ct values + SD) and virus isolation results of the different organs and nasal washes collected from infected voles and in contact sentinels on

days 3 and 4 pi/pc.

virus than in those infected with the Os/H7N1 strain. Al-
though the oral-fecal route of transmission could not be
ruled out in this experiment, these findings suggest that
the respiratory route may be the predominant mode of
transmission of both HPAI viruses in this species. In fact,
the viable virus was isolated from the lungs and nasal
washes of infected voles, while no evidence of positiv-
ity and/or viral replication was observed in any of the
intestines collected. However, further experiments using
the oral route of inoculation will be necessary to clarify
whether influenza viruses are able to replicate in the
gastrointestinal tract of voles, and if infected animals

are able to shed viruses to the environment by means
of the feaces.

Importantly, voles infected with both HPAI viruses were
able to infect in contact voles. No clinical signs of disease
were observed in any of the sentinels, although virological
(lungs and nasal washes) positivity was confirmed on day
4 pc in 2 and 1 sentinels from the Os/H7N1 and Tk/
H5N1 groups, respectively. Although both the selected
HPALI strains harboured the PB2 E627K mutation; which
is correlated with higher pathogenicity, adaptation and
transmission in mammals [40,41]; the Os/H7N1 virus dis-
played a higher rate of transmission than the Tk/H5N1

Table 3 Results of seroconversion of the pathogenicity and contact transmission experiment

Virus Inoculated Sentinels
Clinical signs Mortality Seroconversion Clinical signs  Mortality =~ Seroconversion
ELISA HI ELISA HI
Os/H7N1 Not observed 0% (0/8) 75% (6/8) 75% (6/8)° Not observed 0% (0/8) 50% (4/8) 50% (4/8)°
Tk/H5N1 Severe respiratory signs (1/8) 12.5% (1/8) 100% (7/7) 100% (7/7)° Not observed 0% (0/8) 12.5% (1/8) 0% (0/8)

®HI titers: 1:10 (n=1), 1:20 (n=3), 1:40 (n = 2); PHI titers: 1:10 (n=1), 1:20 (n=1), 1:40, (1 =2); “1:10 (n=3), 1:20 (N =4).
Clinical signs, mortality and seroconversion by means of ELISA and HlI tests of inoculated and in contact sentinel voles on days 30 pi and 29 pc, respectively.
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virus, since seroconversion was confirmed in 50% (4/8)
and 12.5% (1/8) of sentinels at the end of the experiment,
respectively.

Although our experimental design did not include the
sampling of nasal washes on day 1 pi, it was demon-
strated that both LPAI and HPAI viruses replicate in the
upper respiratory tract (in particular, in the nasal turbi-
nates) of mice [28,42,43] and other mammals [21,44] as
early as day 1 pi. Moreover, we also excluded the possi-
bility that the natural infection of sentinels was due to
residual inoculums in the nasal cavity of the inoculated
voles, since sentinels were put in contact with the in-
fected animals after the recommended period of 6 h post
inoculation to avoid any contamination [45].

The present study demonstrated that the bank vole is
susceptible to infection with highly pathogenic H5N1 and
H7N1 viruses of avian origin without prior adaptation,
shedding viable virus in the environment, and transmit-
ting the virus to contact voles. Interestingly, infection with
the same HPAI strains demonstrated high pathogenicity
and 100% of mortality in BALB/c mice [38], while infected
voles were more resistant to the clinical condition and dis-
played zero or very low mortality rate. These important
findings may suggest that wild rodents could play a role as
silent hosts in IA virus epidemiology, contributing to the
spread of HPAI virus infections during an outbreak. If this
occurs under natural conditions, the circulation of IA vi-
ruses in these rodents may provide opportunities for the
acquisition of mammalian adaptive mutations, which
could minimize the barriers to interspecies transmission
of these viruses. However, the study of synanthropic wild
mammals, and in particular wild rodents, is a critical and
important gap in our knowledge of how IA viruses may
evolve in new hosts [22], considering that these species
share the same ecological habitats as waterfowl and live
commensally around domestic poultry farms [32], thus
running the risk of being exposed to IA viruses.

Bank voles are geographically distributed in central
Europe, in the South to Northern Spain and Italy, the
Balkans, Western and Northern Turkey, as well as in
Britain and Ireland [46], sharing a wide variety of habi-
tats (woodland, river and stream banks, scrub and park-
land) with the wild reservoirs of all avian IA strains
and other terrestrial mammals. Importantly, voles are
well identified as natural hosts for viruses of zoonotic
interest, such as hantavirus Puumala virus [47], flavivirus
tick borne encephalitis virus [48], orthopoxvirus cowpox
virus [49], and parechovirus Ljungan virus [50]. The trans-
mission of most of these viruses from rodents to humans
is believed to occur through inhalation of aerosols con-
taminated by viruses shed in excreta, saliva and urine of
infected animals; and several outdoor activities, such as
camping and cleaning rodent infestations are considered
important risk factors associated with their transmission
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[51]. In addition, multiple infections in voles with zoonotic
pathogens such as Borrelia and Bartonella [52], as well as
the presence of other pathogens as Leptospira, Babesia
and Anaplasma have been reported [53]. All these find-
ings demonstrate that voles are potentially susceptible to
be infected by several pathogens with zoonotic potential,
which could be transmitted directly or indirectly to other
wild rodents and mammals.

Further investigations are needed to address the viro-
logical presence and the natural seroprevalence of IA vi-
ruses in free-living bank voles and other wild rodents, in
the hope that a more conclusive epidemiologic scenario
of IA infections in these synanthropic species may be
provided, especially when avian and wild mammalians
populations overlap in nature [22]. In addition, it would
be important to understand whether the infection with
IA viruses in synanthropic mammalian species may have
a substantial impact on the public health, and if these
species could be involved in the A transmission to other
synantropic populations of rodents, domestic poultry
and mammals.

Two non-rodent adapted HPAI viruses caused asymp-
tomatic infection in bank voles, which shed viable infec-
tious particles capable of infecting in-contact sentinels.
Infection of BALB/c mice with the same strains in previ-
ous experiments caused 100% mortality and severe clinical
signs, thus suggesting that voles are more resistant to the
disease caused by HPAI viruses, but still potentially cap-
able of transmitting the virus. Additional studies are
needed to elucidate the potential role of wild rodents in
the epidemiology of HPAI infections.
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