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Abstract

Orthohantaviruses are globally emerging zoonotic pathogens. Human infections are characterized
by an overt immune response that is efficient at counteracting virus replication but can also cause
severe tissue damage. In contrast, orthohantavirus infections in rodent reservoir hosts are persistent
and asymptomatic. The mechanisms facilitating asymptomatic virus persistence in reservoir hosts
are not well understood but could help to guide therapeutic strategies for human infections. Here we
report on a study using in vivo and in vitro experiments to investigate immune responses associated
with persistent Puumala orthohantavirus (PUUV) infections in the bank vole (Myodes glareolus), its
reservoir host. We examined adaptive cellular and humoral responses by quantifying changes in T-
cell related gene expression in the spleen and immunoglobulin (Ig) responses in blood, respectively.
Since existing Vero E6-cell adapted hantavirus isolates have been demonstrated to have lost their
wild-type infection characteristics, infections were conducted with a novel PUUV strain isolated on
a bank vole cell line. Whole virus genome sequencing revealed that only minor sequence changes
occurred during the isolation process, and critically, experimental infections of bank voles with the
new isolate resembled natural infections. In vitro infection of bank vole splenocytes with the novel
isolate demonstrated that PUUV promotes immunoregulatory responses by inducing interleukin-10,
a cytokine strongly associated with chronic viral infections. A delayed virus-specific humoral
response occurred in experimentally infected bank voles, which is likely to allow for initial virus
replication and the establishment of persistent infections. These results suggest that host

immunoregulation facilitates persistent orthohantavirus infections in reservoir hosts.

Importance

Orthohantaviruses are a group of global pathogens that regularly spillover from rodent reservoirs
into humans and can cause severe disease. Conversely, infections in reservoir hosts do not cause

obvious adverse effects. The mechanisms responsible for persistent asymptomatic reservoir
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infections are unknown, and progress has been hindered by the absence of an adequate experimental
system. Knowledge on these mechanisms could help provide strategies to treat human infections.
We developed and validated an experimental system based on an orthohantavirus isolated in cells of
its vole reservoir host. Using animal and cell culture experiments in the reservoir host system, we
demonstrated that infection suppresses immunity in the vole reservoir via specific mechanisms,

likely allowing the virus to take hold and preventing immune responses that can cause self-damage.

Introduction

Understanding how zoonotic pathogens are maintained and transmitted in nature is critical for
efforts to curtail human disease (1). Most investigations have focused on the identification of
wildlife reservoir hosts (2, 3), and to a lesser extent, the characterization of high-risk subgroups and
time periods, such as migration and breeding periods (4, 5), when transmission is greatest in
reservoir host populations and the risk of human exposure may therefore be elevated. However, it
remains largely unknown how zoonotic pathogens are maintained at an individual-level in wildlife
reservoirs, such as the molecular and cellular mechanisms of host-pathogen interactions that

promote clearance or persistence, and feed back onto these population-level dynamics.

Hantaviruses (genus Orthohantavirus, order Bunyavirales) provide one of the most clearly
described reservoir host-zoonotic pathogen relationships (6). Hantavirus species have been
identified across the globe, some of which cause Hemorrhagic Fever with Renal Syndrome (HFRS)
in Eurasia or Hantavirus Cardiopulmonary Syndrome (HCPS) in the Americas (7). These diseases
begin abruptly with a general febrile phase followed by signs of vascular leakage, predominantly
manifesting as transient kidney failure in HFRS or as life-threatening pulmonary complications in
HCPS (7, 8). The pathogenesis of both conditions is immune-mediated, with pronounced activation

of immune cells and pro-inflammatory cytokines during acute stages of disease. An intense
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hantavirus-directed immune response then results in efficient virus clearance in surviving patients

(8).

In contrast to human infection, hantavirus infections are thought to be persistent and asymptomatic
in their wildlife reservoirs (6). Each hantavirus species is carried by a specific reservoir host; for
example, Puumala orthohantavirus (PUUV), which is present in Europe and causes thousands of
human infections annually (9), is carried by the bank vole (Myodes glareolus). Based on
mitochondrial cytochrome b gene sequences different evolutionary lineages of the bank vole with
different glacial refugia were defined (10-13). In southern to central Finland the Eastern

evolutionary lineage has been identified (13).

Persistent infections are generally facilitated by host immune tolerance (14), and it has been
suggested that activation of regulatory T cells in reservoir hosts could also play a role in enabling
hantavirus persistence (15, 16). Deciphering the detailed molecular mechanisms by which reservoir
hosts become immune tolerant instead of attempting potentially costly virus clearance could
significantly increase our understanding of hantavirus pathogenesis and provide insights into

alternative treatment strategies.

A major issue hindering detailed research on the molecular mechanisms of hantavirus persistence in
reservoir hosts has been the absence of a standardized experimental infection system. Two main
experimental strategies have been employed by researchers to date: 1) lung homogenates from
naturally infected rodent hosts have been used as virus inoculum. However, this method suffers
from slowly developing infections and a lack of standardized infection loads (17, 18), and 2)

hantaviruses isolated and grown to high titers in cell culture. However, this method has been


https://doi.org/10.1101/831214
http://creativecommons.org/licenses/by-nc-nd/4.0/

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

bioRxiv preprint doi: https://doi.org/10.1101/831214; this version posted November 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

performed so far almost exclusively using Vero E6 cells, which generates cell culture-adapted

viruses with attenuated properties (19-22).

The purposes of this study are to develop an effective hantavirus experimental wildlife system and
to examine the immunologic responses that facilitate persistent hantavirus infections in a reservoir
host species. To these means we employed PUUV and its reservoir host, the bank vole. Our first
goal was to isolate PUUV from wild bank voles using a host-derived cell line, and to evaluate
genotypic changes during the isolation process using next-generation sequencing (NGS).
Experimental bank vole infections were then used to compare the viral RNA load and tissue
distribution and) of the novel isolate to the wild bank vole-derived PUUV—containing lung
homogenate (PUUV-wt), a Vero E6-cell attenuated PUUV-Kazan strain and to PUUV in naturally

infected wild voles.

To examine immunologic responses to PUUV in vole reservoir hosts, we measured T helper cell
differentiation pathways by assaying changes in mRNA expression of cytokines and transcription
factors (TF) related to T helper (Th) 1-, Th2- and regulatory T (Treg) cell activation. Comparisons
were made among voles infected with the novel PUUV isolate, PUUV-Kazan, PUUV-wt and mock
infected voles. Since no assays to detect PUUV-specific T cell responses are available for bank
voles, the bulk expression levels of T cell-related mRNAs in the spleen were studied both directly
in spleens of experimentally infected voles and using single-cell suspensions (splenocytes) from
PUUV-negative bank voles after in vitro infection with PUUV isolates. To gain further insights into
PUUV-specific and non-specific humoral responses to PUUV infections, we additionally measured
PUUV nucleocapsid (N)-specific and total immunoglobulin G (1gG) levels in vole blood following

infection.
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Results

Isolation of PUUV-Suo in epithelial bank vole cells

A renal epithelial cell line Mygla.REC.B of the Western evolutionary lineage of the bank vole was
generated to isolate a new PUUV strain named Suonenjoki (PUUV-Suo) from the lungs of a
PUUV-infected wild bank vole collected in Suonenjoki, Finland. Based on the detection of PUUV
N protein by immunofluorescence asssay (Fig. 1), 100% of cells were infected after approximately
20 cell passages post initial inoculation with the PUUV-containing lung homogenate. Cell
passaging did not influence virus infectivity, as confirmed by consistent detection of progeny

viruses in cell culture supernatants at 10* fluorescence focus forming units (FFFUs)/ml.

The isolation process resulted in eight nucleotide exchanges when compared to the consensus
sequence derived from the lung homogenate (Table 1). Two mutations occurred in non-

coding regions, three resulted in amino acid exchanges in the RNA-dependent RNA polymerase
(RARP, L segment), one resulted in an amino acid exchange in the N protein, and two were silent
mutations in the glycoprotein precursor (GPC; M segment) and RdRP coding regions . The new
virus isolate had a 95-99 % nucleotide sequence identity with partially sequenced PUUV strains
from bank voles in Konnevesi and from a fatal human case in Pieksdmaki (Supplementary Figs 1-3)

(23, 24), both located within 100 km of the vole trapping site in central Finland.

Replication of PUUV-Suo in Mygla.REC.B cells is resistant to immune stimulation

We hypothesized that the observed persistence of PUUV-Suo in bank vole cells would be a
consequence of either impaired host cell antiviral signaling or the ability of the virus to counteract
antiviral responses. Therefore, the antiviral function of Mygla.REC.B cells was assessed by relative
reverse transcription-real time quantitative polymerase chain reaction (RT-gPCR) quantification of

6
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the interferon-inducible myxovirus resistance protein 2 (Mx2) mRNA after exogenous activation of
non-infected and infected cells with the toll-like receptor 3 (TLR3) agonist polyl:C or with Sendai
virus (SeV, also known as Murine respirovirus). Firstly, supporting the immune competence of
Mygla.REC.B cells, a significant upregulation of Mx2 mRNA occurred in non-infected cells with
both stimulants (~100-fold and 2000-fold by polyl:C and Sendai virus, respectively, Fig. 2A).
Secondly, non- and polyl:C-stimulated PUUV-infected cells showed higher levels of Mx2 mRNA
than non-infected cells. PUUV and Sendai virus superinfection had a significant synergistic effect
on Mx2 mRNA production (Fig. 2A). These findings suggest that Mygla.REC.B cells are capable

of interferon signaling but that persistent PUUV-Suo infection does not impair this pathway.

We also investigated whether PUUV replication in Mygla.REC.B cells is susceptible to an
exogenously induced antiviral state. PUUV-infected cells, non-stimulated or stimulated with
polyl:C or Sendai virus, were assessed for PUUV S segment RNA levels by RT-gPCR at 1 and 3
days (d) post-stimulation. Neither polyl:C nor Sendai virus stimulation influenced PUUV S
segment RNA levels, which increased significantly from days 1 to 3 with and without stimulation
(Fig. 2B), indicating that PUUV-Suo infection in Mygla.REC.B cells is not affected by innate

immune pathway stimulation.

Experimental PUUV-Suo infection resembles natural infection in bank voles

Following experimental infection of bank voles with PUUV-Suo or a mock inoculum (PBS), the
amount of PUUV S segment RNA was measured in lungs, spleen, kidney and blood of voles at 3d,
and 1, 2 and 5 weeks (wks) post infection (pi). Viral RNA was similarly measured in the urine of
experimentally infected voles at 3d, and 1 and 2wks pi. As another control, virus RNA load and
RNA distribution in tissues were also assessed at 2 and 5wks pi from voles inoculated with UV-

inactivated PUUV-Suo isolate.
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PUUV RNA was detected in all organs of PUUV-Suo infected voles from 3 dpi onwards (Fig. 3A),
but not in mock-infected animals nor those inoculated with UV-inactivated virus (data not shown).
Highest PUUV RNA levels occurred in the lungs at 3d and 1wk pi and decreased thereafter, with
increased levels then observed in the spleen (at 2 and 5wk pi) and kidneys (at 5wk pi). PUUV RNA
was detected in the blood of one vole at 3 dpi, suggesting that if PUUV-Suo caused viremia it
occurred very early during infection. We also detected PUUV RNA in the urine of all tested PUUV-

Suo infected bank voles (n = 7), suggesting virus shedding.

We further compared the infection dynamics of the PUUV-Suo isolate to a Vero E6 cell-adapted
PUUV-Kazan isolate, PUUV-wt and to natural PUUV infections. Low levels of PUUV RNA were
detected following infection with PUUV-Kazan, mainly in the lungs of infected voles at 3d pi; after
this the virus was efficiently cleared, with viral RNA levels significantly decreased at 1wk pi (Fig.
3B). No virus replication was observed for PUUV-wt at 2wk pi, but three out of four voles were
positive at 5wk pi (Fig. 3C). At this time point, viral RNA loads were highest in the lungs, followed
by the spleen and kidneys. The amount and distribution of PUUV RNA seen in naturally PUUV-
infected wild bank voles (with unknown infection timepoint) resembled that seen in PUUV-Suo

infected voles during the first week and in voles inoculated with PUUV-wt at 5wk pi (Fig. 3D).

PUUV-Suo host cell range resembles natural infections

Both naturally and experimentally infected bank voles were examined by histology and
immunohistology for PUUV N protein. The two naturally infected voles did not exhibit any
histopathological changes and viral antigen expression was limited in its amount and distribution.
Besides endothelial cells in renal glomerula and in some capillaries of the liver, kidney, lungs and

heart (Fig. 4A, B), pneumocytes (mainly type I1) and macrophages in liver (Kupffer cells) and
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spleen (red pulp macrophages) were found to be occasionally positive (Fig. 4B). In one animal with
a higher number of positive cells, viral antigen was also detected in tubular epithelial cells in the

renal cortex and medulla.

None of the experimentally PUUV-Suo infected voles exhibited histopathological changes (two
voles analyzed at each time point). During the early stages of infection (< 1wk pi), the infection
pattern was similar to that seen in naturally infected bank voles. Capillary endothelial cells (also in
glomerular tufts), pneumocytes and macrophages (Kupffer cells in the liver, pulmonary alveolar
macrophages) occasionally exhibited viral antigen expression (Fig. 4C, D). At later time points (2
and 5wks pi), viral antigen was only found in macrophages, and almost exclusively in rare
macrophages of the splenic red pulp (Fig 4E). No PUUV N protein was detected in PUUV-Kazan-

infected voles, consistent with the low level of PUUV RNA in those animals (Fig. 3C).

Histological examination of the PUUV-wt infected voles at 5wks pi did not reveal any pathological
changes. Interestingly, when testing lungs, kidneys and spleen by immunohistochemistry, N protein
expression was only detected in one of three animals, and only in the lungs, where a few individual
pneumocytes and endothelial cells were positive (Fig. 4F). This animal also showed the highest

viral RNA levels in the lungs.

PUUV-specific immunoglobulin (Ig) responses are delayed during persistent infections

All PUUV-Suo and PUUV-Kazan infected voles, which were infected for at least one week,
seroconverted to produce PUUV-specific Ig but with contrasting kinetics (Fig. 5A; the assay does
not discriminate between Ig-subclasses). For PUUV-Suo, specific Ig-titers were low at 1wk but

peaked at 2wks pi. This was significantly different from PUUV-Kazan infected voles, in which
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highest PUUV-specific Ig titers were detected at 1wk pi. For PUUV-wt, only one of three infected

voles had seroconverted at 3 wks pi (Fig. 5A).

Next we measured total 1gG levels in the blood of experimentally infected voles. Compared to
mock-infected animals at 2wks pi, voles infected with PUUV-Suo showed elevated total 1gG levels,
while no difference was observed between voles infected with the PUUV-Kazan or the mock
inoculate at 1wk and 2wks pi (Fig. 5B). The two PUUV-wt infected voles analyzed had elevated
total 1gG levels when compared to mock-infected voles (Fig. 5B), despite only one showing a

PUUV-specific response (Fig. 5A).

To gain further insights into whether total 1gG levels were comprised predominantly of PUUV-
specific responses in experimentally infected voles, PUUV-specific Ig and total 1gG titers were
assessed also in naturally PUUV-infected voles. Despite detecting PUUV-specific responses at
levels comparable to experimentally PUUV-Suo infected voles, total 1gG in naturally infected voles
was not elevated when compared to non-infected voles (Fig. 5C), suggesting that the acute total 1gG

response towards PUUV-Suo infection involves PUUV non-specific 19G.

Minor effects of PUUV infection on splenic T cell related gene expression

To assess the potential effects of experimental PUUV infection on T cell differentiation, we assayed
pre-selected splenic T cell related mRNAs in mock-, PUUV-Suo and PUUV-wt infected voles for
transcriptional regulation (the same animals as those examined by PUUV-specific RT-PCR in Fig.
3). Transcription levels of cytokines associated with Thl, Th2 or Treg cell activation (interferon
{IFN}-y, interleukin {IL}-4, IL-10 or transforming growth factor {TGF}-B) did not differ
significantly between PUUV- and mock-infected voles (Fig. 6). Of key transcription factors for

Th1, Th2 and Treg pathways (Thet, Gata binding protein 3 {Gata3} or Forkhead box P3 {FoxP3},

10


https://doi.org/10.1101/831214
http://creativecommons.org/licenses/by-nc-nd/4.0/

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

bioRxiv preprint doi: https://doi.org/10.1101/831214; this version posted November 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

respectively), FoxP3 expression was significantly lower in PUUV-wt infected than in mock-
infected voles at 5 wks dpi. A similar trend, although not statistically significant, was observed for
PUUV-Suo at 2 and 5 wks dpi. Another significant change in immune gene regulation was
represented by the upregulation of Mx2 gene expression in response to PUUV-Suo infection in
comparison to mock infection at 5wks pi (Fig. 6B). A trend towards higher Mx2 mRNA levels in

response to PUUV-wt was also observed at the same time point (Fig. 6C).

PUUV-Suo promotes immunoregulation via cytokine IL-10

Splenocytes isolated from PUUV-negative wild-caught bank voles were inoculated in vitro with
PUUV-Suo, PUUV-Kazan and UV-inactivated PUUV-Suo and assessed for changes in T cell-
related gene expression. IFN-y mRNA levels were higher in PUUV-Kazan infected splenocytes
than in PUUV-Suo infected splenocytes (~11-fold vs. ~3-fold increase in comparison to non-
infected controls, respectively; Fig. 7). In contrast, IL-10 mRNA expression was significantly
upregulated in response to PUUV-Suo when compared to PUUV-Kazan and UV-inactivated
PUUV-Suo (~6-fold vs. 2-3-fold increase in comparison to non-infected controls, respectively). No
other significant differences in transcription levels of other genes (TGF-B, Mx2, T-bet, Gata3) were
observed. However, we were unable to measure IL-4 and FoxP3 mRNA, likely due to the generally
lower RNA levels in single-cell suspensions than in tissue samples. The PUUV-specific RT-PCR
confirmed that live viruses (PUUV-Suo and Kazan), but not UV-inactivated viruses replicated in
bank vole splenocytes at a comparable level; however the level of infection varied significantly

among splenocyte donors (data not shown).

Discussion

In this study we established and validated an experimental hantavirus rodent reservoir model. Using

a virus newly isolated on a bank vole cell line, we conducted standardized experimental in vivo and
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in vitro infections to examine immune responses at cellular and organismic levels, gaining insight
into the mechanisms of PUUV persistence in the reservoir host. These experiments revealed that
activation of the immunoregulatory cytokine IL-10 differentiates wild-type PUUV from attenuated
isolates, which is likely to be a key factor in hantavirus persistence. Experimentally infected voles
also exhibited a delayed PUUV-specific humoral response, suggesting that PUUV has developed

mechanisms to evade host immune recognition.

The isolation of hantaviruses in cell culture is rare and has so far typically been achieved using
interferon type 1-deficient cells (Vero E6 cells) derived from African green monkeys (25), which
result in attenuated wild-type properties of the virus (19-22). The PUUV-Suo strain is the first
hantavirus isolated on a cell line of the respective natural reservoir host. The isolation process of
PUUV-Suo in bank vole renal epithelial cells resulted in a significantly lower nucleotide
substitution frequency (0.06 %) when compared to a PUUV-Kazan strain on Vero EG6 cells (21, 26)
and persistent cell culture infections that were refractory to exogenous stimulation of innate
immune pathways. Importantly, the PUUV-Suo isolate caused persistent vole infections without
obvious pathological effects. Target cell patterns and viral RNA loads, particularly during the early
stages of infection, were consistent with those seen in naturally infected voles and were
considerably different from experimental infections conducted with the attenuated PUUV-Kazan
isolate. The MyGla.REC.B cell line used to isolate PUUV-Suo is derived from the Western
evolutionary lineage, which is different from the Eastern bank vole lineage present in central
Finland (27) and used as the source and target of PUUV-Suo isolate. The efficient replication of the
Eastern bank vole lineage-derived PUUV-Suo strain in Western lineage bank vole-derived cell line
is in line with results from a field study in Germany demonstrating transmission of Western lineage-
associated PUUV to sympatrically occurring bank voles of the Eastern and Carpathian lineages

(28). Further in vitro studies are needed to determine whether heterologous bank voles evolutionary
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lineages could support PUUV isolation and/or infection. These future investigations may profit
from the recent establishment of permanent bank vole cell lines from different evolutionary lineages

of the bank vole (29).

The viral target cell pattern observed for PUUV-Suo is similar to, but less widespread than in
weanling and suckling bank voles that were inoculated with lung homogenates from PUUV-positive
bank voles (17). Experimental infections conducted with Sin Nombre orthohantavirus (SNV) in
deer mice yielded comparable, though apparently more intense viral antigen expression (18). In
naturally infected deer mice, however, only pulmonary and cardiac vascular endothelial cells were
found to be positive, with an expression intensity that resembled that observed in the present study
(30). Interestingly, only PUUV-Suo appears to infect renal tubular epithelial cells, which would
account for more intense virus shedding in urine. This could reflect different primary transmission

routes for PUUV and SNV, with PUUV suggested to be shed more in urine and SNV in the saliva

(6).

In support of the ability of PUUV to evade T cell immune responses, we detected no significant
upregulation in mMRNA expression (including transcription factors Tbet, Gata3, FoxP3 and
cytokines IFN-y, IL-4, IL-10 and TGF-B) in the spleens of bank voles infected with PUUV-Suo or
wild PUUV-containing lung homogenates (PUUV-wt). Instead, a decrease in FoxP3 levels in
PUUV-wt infected voles is contrary to the suggested role of the Tregs in mediating virus
persistence, as detected in other experimental hantavirus-reservoir host interactions (31, 32). These
discrepant results could be explained by differences in experimental setups. While we measured
bulk FoxP3 mRNA levels in the spleen, others have looked either at splenic antigen-specific (31) or
lung-resident (32) Treg responses. It is possible that the decrease in FoxP3 mRNA and associated

Treg levels in the spleen reflects the recruitment of these cells into peripheral sites of infection in
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our experimental setup. However, inherent differences in the persistence mechanisms among PUUV

and other hantaviruses cannot be ruled out and needs to be further evaluated.

An interesting finding was that PUUV-Suo induced IL-10 mRNA expression in bank vole
splenocyte cultures. This was not observed with attenuated PUUV-Kazan, which instead induced
IFN- v. IL-10 is well-known for its ability to hinder pro-inflammatory responses (33) and could
explain the lack of IFN-y induction in PUUV-Suo infected splenocytes. The fact that we did not
observe elevated IL-10 mRNA levels in the spleen of PUUV-Suo (or PUUV-wt) infected voles
could be explained by a higher multiplicity of infection (m.o.i.) achieved in an in vitro environment
using cultured splenocytes. It is also possible that a potential increase in I1L-10 transcription does
occur in the spleen of infected voles, but is short-lived and thus difficult to observe using samples

collected with several day intervals.

The increase in 1L-10 expression due to PUUV in bank vole splenocytes is not surprising given the
established role of this cytokine in promoting chronic infections (34, 35). Lymphocytic
choriomeningitis virus (LCMV) infection in mice is the best-studied non-human model for
persistent virus infections. For this mammarenavirus, IL-10 blocking experiments have been shown
to lead to virus clearance, demonstrating the key role of IL-10 in driving persistent infections (36-
38). The immunomodulatory effects of IL-10 are exerted through antigen presenting cells (APCs)
which, in response to IL-10, inhibit effector Th1 cell function and downregulate inflammation (33).
Our results demonstrating early induction of IL-10 in PUUV-infected splenocytes together with
findings of virus-infected macrophages in vivo indicate a similar scenario in PUUV-infected bank
voles; virus reverts early macrophage responses from a typical inflammatory milieu towards
immunomodulation with subsequent inhibition of IFN-y expression, Th1 cell activation and virus

clearance. In fact, corroborating the differential response between human and reservoir host APCs
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to hantavirus infection, human dendritic cells have been shown to decrease IL-10 expression while
elevating pro-inflammatory responses when in contact with Andes orthohantavirus-infected

endothelial cells (39).

Inadequate humoral responses have not been previously considered as a mechanism of persistent
hantavirus infections in reservoir hosts. This is due to observations of strong virus-specific IgG
responses and high neutralizing antibody titers in hantavirus infected wild rodents (36-38).
Therefore, our finding that PUUV-specific Ig responses were significantly delayed in voles infected
with PUUV-Suo was unexpected, as was the lack of seroconversion in two of three bank voles
infected with PUUV-wt. Interestingly, an acute increase in total 1gG levels that cannot be solely
explained by the PUUV-specific Ig response was observed for PUUV-Suo and PUUV-wt. An
increase in total Ig levels, i.e. hypergammaglobulinemia, is strongly associated with other persistent
viral infections in both humans and rodents (40-42). The mechanisms by which
hypergammaglobulinemia facilitates persistent infections are currently unknown but could involve
virus-mediated polyclonal activation of B cells and subsequent exhaustion of specific B cell
responses (41). These could allow sufficient time for the virus to establish systemic infection that,

despite later robust virus-specific humoral responses, the host is unable to clear.

Our results show that a hantavirus isolated using allogeneic reservoir host cells may retain wild-type
characteristics better than a Vero E6-adapted virus, and should be considered as the preferred
method for future hantavirus isolations and experimental infections. Using these techniques, we
demonstrated that immune regulatory mechanisms are likely to facilitate persistent PUUV
infections in bank voles, which provide insights into other difficult to study wildlife-hantavirus

systems and may help guide novel therapeutic strategies for human infections.
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Materials and methods

Ethics statement

All vole trapping and experimental procedures performed in Finland were approved the Animal
Experimental Board of Finland (license number ESAV1/6935/04.10.07/2016). Wild bank voles

representing the Eastern evolutionary lineage were captured in Ugglan live traps around central

Finland. To generate the Mygla.REC.B cell line, an adult bank vole of the Western evolutionary
lineage was taken from the breeding colony at the Friedrich-Loeffler-Institut, Greifswald-Insel

Riems, Germany.

Establishment of the permanent cell line

The bank vole from the breeding colony was anaesthetized with isoflurane and euthanized by using
CO,. During dissection the kidney was removed and shipped in transport medium on ice to the
Institute of Virology in Bonn, where the cell line was established. Briefly, the kidney was washed in
sterile PBS and minced with a blade. Tissue was resolved with 37°C Dulbecco’s minimum essential
medium-high glucose (DMEM; Sigma Aldrich) supplemented with 10 % inactivated fetal calf
serum (FCS), 100 1U/ml Penicillin, 100 pg/ml Streptomycin, 2mM L-glutamine and a mix of non-
essential amino acids (Sigma Aldrich), containing in addition 1% Ofloxain (Tarivid), and seeded
into 6-well plates. After 5-7 days, primary cell growth could be observed, and medium was
renewed. Primary cells were immortalized when confluency of 40-50% was reached by using a
lentiviral system carrying the large T antigen of SV40, as described previously (43). Once an

increase in cell proliferation was observed, cells were further passaged and cryoconserved.

Virus isolation and propagation
For virus isolation, a serologically confirmed PUUV-infected bank vole from Suonenjoki, Finland

and representing Eastern evolutionary lineage, was euthanized and lung samples were collected and
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frozen at -70 °C. The frozen lungs were then homogenized with a mortar and pestle in 1 ml of
phosphate-buffered saline (PBS) over dry ice. After thawing, 500 ul of the homogenate was
incubated for 1 h with semi-confluent Mygla.REC.B cells, which were grown similarly as described
above. Mygla.REC.B cells were passaged at 3-day intervals until 100% of cells were found to be
infected with PUUV via immunofluorescence assay as described below. We named the newly
isolated hantavirus PUUV-Suonenjoki (PUUV-Suo) due to the geographical location of the bank

vole trapping site.

An attenuated PUUV isolate, PUUV-Kazan strain (21), which was previously isolated and
propagated in VVero EG6 cells (green monkey kidney epithelial cell line; ATCC no. CRL-1586),
served as comparison for experimental PUUV-Suo infections. PUUV-Kazan was grown in VVero E6
cells using Minimum Essential Medium (MEM; Sigma Aldrich) and supplemented with 10 %
inactivated FCS, 100 IU/ml of Penicillin and 100 pg/ml of Streptomycin and 2mM of L-glutamine.
Both PUUV-Suo and PUUV-Kazan strains were purified from supernatants of infected cells
through a 30 % sucrose cushion by ultracentrifugation and resuspended in corresponding growth
medium. Virus titers were measured by incubating diluted virus stocks with VVero E6 cells for 24 h
at 37 °C, followed by acetone fixation and staining with a rabbit polyclonal antibody specific for
PUUV N protein and AlexaFluor488-conjugated secondary antibody. Fluorescent focus-forming
units (FFFU)/ml were counted under a UV microscope (Zeiss). UV inactivation of virus

preparations was carried out using a Stratalinker UV crosslinker (300,000 pJ/cm?2).

Evolutionary lineage determination of bank voles and cell line
The lineage determination was based on an established protocol using amplification of a partial
cytochrome b gene segment and comparison to prototype sequences of the various bank vole

lineages (28, 44)
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Next-generation sequencing

Prior to RNA extraction, the bank vole lung homogenate and Mygla.REC.B cell culture supernatant
were treated with a cocktail of micrococcal nuclease (New England BioLabs) and benzonase
(Millipore) for 1 h at +37°C. RNA was extracted with Trizol and ribosomal RNA was removed
using a NEBNext rRNA depletion kit (New England BioLabs), according to manufacturer
instructions. The sequencing library was prepared using a NEBNext Ultra Il RNA library prep kit
(New England BioLabs) and quantified using a NEBNext Library Quant kit for lllumina (New
England BioLabs). Pooled libraries were then sequenced on a MiSeq platform (Illumina) using a
MiSeq v2 reagent kit with 150 bp paired-end reads. Raw sequence reads were trimmed and low-
quality (quality score <30) and short (<50 nt) sequences were removed using Trimmomatic (45).
Thereafter, de novo assembly was conducted using MegaHit, followed by re-assembly against the
de-novo assembled consensus sequences using BWA-MEM implemented in SAMTools version 1.8

(46).

Phylogenetic analysis

The complete L-, M- and S-segment sequences were downloaded from GenBank and aligned using
MUSCLE program package (47). Substitution model was estimated using jModeltest2 (48).
Phylogenetic trees were then constructed using the Bayesian Markov chain Monte Carlo (MCMC)
method, implemented in Mr Bayes version 3.2 (49) using a GTR-G-1 model of substitution with 2
independent runs and 4 chains per run. The analysis was run for 500 000 states and sampled every

5,000 steps.

Cell cultures
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PUUV-infected cells, grown on a black 96-well plate (Nunc), were detected by
immunofluorescence assay after acetone fixation using a polyclonal rabbit anti-PUUN serum
diluted 1:1000 in PBS followed by AlexaFluor488-conjugated donkey anti-rabbit secondary
antibody (Thermo Scientific). Nuclei were stained using Hoechst 33420 diluted 1:5000 in PBS.
Images were taken using a Leica TCS SP8 X confocal microscope (Biomedicum Imaging Unit core

facility, Medicum, University of Helsinki).

Non- and PUUV-Suo infected Mygla.REC.B cells were exogenously stimulated with TLR-3 ligand
polyl:C (10 pg/ml, Sigma Aldrich) or Sendai virus (multiplicity of infection 1; received from Prof.
Ilkka Julkunen; National Institute of Health and Welfare, Helsinki, Finland). Cells were collected at
1 and 3-d post-treatment and RNA expression analysis was performed as described below. All

experiments were conducted in duplicate.

Experimental infections

Wild-captured voles from PUUV endemic region in Central Finland were transported to the
University of Helsinki BSL-3 facility and acclimatized to individually ventilated biocontainment
cages (1SOcage, Scanbur) for two days with ad libitum water and food (rodent pellets and small
pieces of turnip every second day). Prior to any treatments, a small blood sample was collected
from the retro-orbital sinus of each animal, and their PUUV infection status was determined by

immunofluorescence assay (see below).

PUUV seronegative voles were divided into five treatment groups and subcutaneously injected
with: 1) 100 pl of PBS (mock infection; n = 2 per time point), 2) 10,000 FFFUs of PUUV-Suo (n =
4 per time point), 3) UV-inactivated PUUV-Suo (n = 2 per time point), 4) 10,000 FFFUs of PUUV-

Kazan (n = 2-3 per time point), or 5) a pooled homogenate prepared from the lungs of five PUUV-
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seropositive wild bank voles (PUUV-wt; n = 4 per time point). A total of 43 individual voles were
used across the different time points and experimental treatments. The lung homogenate was
obtained after grinding frozen lung tissue from naturally PUUV-infected voles (confirmed by
PUUV-specific RT-PCR) with mortar and pestle in 1 ml PBS on dry ice. The PUUV-Suo and
PUUV-wt were derived from voles captured from the same geographical area in Central Finland
and together with voles used for experimental infections represent the Eastern bank vole
evolutionary lineage. Blood samples from all treatment groups were collected from the retro-orbital
sinus at 1wk intervals pi. Urine samples were collected from PUUV-Suo infected voles at 3d, and 1
and 2wks pi. Voles were sacrificed using isoflurane anesthesia, followed by cervical dislocation at
3d piand 1 (7d), 2 (14-16d), and 5wks (35-38d) pi to collect samples for viral RNA load and

distribution analyses, immunohistology and gene expression assays.

Virus quantification

Following euthanasia and dissections, RNA extractions on bank vole tissues and urine were
performed using Trisure (Bioline) according to the manufacturers’ instructions, with 10 pg/ml
glycogen as carrier. RNA was directly subjected to PUUV S-segment RT-qPCR analysis based on a
previously described protocol (50), with TagMan fast virus 1-step master mix (Thermo scientific)

using AriaMx instrumentation (Agilent).

Histological and immunohistochemistry examinations

Two wild-trapped, naturally PUUV-infected adult bank voles were dissected and samples from
brain, heart, lung, liver, kidneys and spleen were fixed in 10% neutral-buffered formalin. Similarly,
lung, liver, spleen and kidney samples were collected and formalin-fixed from each two PUUV-Suo
infected voles euthanized at 3d, 1wk, 2wks, and 5wks pi and two PUUV-wt infected bank voles

euthanized at 5wks pi. The latter two voles were initially frozen at -80 °C, and tissue fixation was
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achieved by slowly thawing the organ samples in ice-cold formalin. After 4-7 days in formalin,
tissue specimens were transferred to 70% ethanol, trimmed and routinely paraffin wax embedded.
Consecutive sections (3-5 um) were prepared and routinely stained with hematoxylin-eosin (HE) or

subjected to immunohistology for the detection of PUUV N antigen in tissues.

Anti-PUUV N protein antiserum was generated by immunization of a single rabbit with PUUV N
protein produced via baculovirus-mediated expression. The same batch of PUUV N protein was
used in an earlier diagnostic study (51) and the immunization by BioGenes GmbH (Berlin,
Germany) was as described in (52). Immunohistology was performed in an autostainer (Dako) using
the custom-made rabbit polyclonal antiserum and the horseradish peroxidase (HRP) method.
Briefly, sections were deparaffinized and rehydrated through graded alcohol. Antigen retrieval was
achieved by 20 min incubation in citrate buffer (pH 6.0) at 98°C in a pressure cooker. This was
followed by incubation with the primary antibody (diluted 1:1,000 in dilution buffer; Dako) for 60
min at room temperature (RT), a 10 min incubation at room temperature (RT) with peroxidase
blocking buffer (Dako) and a 30 min incubation at RT with Envision+System HRP Rabbit (Dako).
The reaction was visualized with diaminobenzidin (DAB; Dako). After counterstaining with
hematoxylin for 2 sec, sections were dehydrated and placed on a coverslip with Tissue-Tek Film
(Sysmex). A formalin-fixed and paraffin embedded pellet of VVero E6 cells infected with PUUV for
14 days served as a positive control (infected cells exhibit a finely granular to coarse cytoplasmic

staining).

PUUV-specific and total IgG assays
Immunofluorescence assays, using PUUV Sotkamo strain-infected Vero EG6 cells fixed to
microscope slides with acetone, were used to evaluate PUUV-specific Ig in bank vole blood (53).

After incubating slides with blood diluted in PBS (1:10), bound Igs were detected with Fluorescein

21


https://doi.org/10.1101/831214
http://creativecommons.org/licenses/by-nc-nd/4.0/

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

bioRxiv preprint doi: https://doi.org/10.1101/831214; this version posted November 5, 2019. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

isothiocyanate (FITC)-conjugated rabbit anti-mouse Ig antibody (Dako Cytomation). To quantify
total 1gG levels, an enzyme-linked immunosorbent assay kit detecting mouse IgG (Mabtech) was
used, replacing the mouse IgG standard with bank vole IgG 4G2 (specific for the PUUV

glycoprotein) (54). One PUUV-wt infected vole had high total IgG levels already at the beginning

of the experiment and was removed from the analysis.

Splenocyte stimulations

To directly assess the effect of PUUV infection on immune cells, we extracted single cell
suspensions from the homogenized spleens of 3 wild-caught PUUV-seronegative bank voles by
washing the homogenate through 70 uM cell strainers (Sigma Aldrich) with 10 ml PBS. After
pelleting through centrifugation, cells were incubated in 3 ml of Ammonium-Chloride-Potassium
(ACK) lysing solution to lyse the red blood cells, washed in PBS and frozen in CryoStor CS10
(Sigma Aldrich) at -130°C until further investigation. After thawing and washing in PBS,
splenocytes were suspended in RPMI-1640 supplemented with 10% inactivated FCS, 100 1U/ml of
Penicillin, 100 pg/ml of Streptomycin, 2mM of L-glutamine and 25 mM Hepes pH 7.4. For
stimulations, 1 million cells were either: 1) untreated, 2) treated with 20 pg/ml lipopolysaccharide
(LPS), or 3) infected with virus at a m.o.i. of 0.01 in 250 pl of medium. Cells were collected after 3
days of incubation at 37 °C and subjected to RT-gPCR as described below. As an indicator of
splenocyte viability after thawing, we used only splenocytes that showed a minimum of 5-fold
increase in IFN-y mRNA levels in response to LPS when compared to untreated, non-infected

controls.

Transcription factor and cytokine assays
To analyze bank vole gene expression profiles, RNA extracted from spleens and cell cultures was

reverse transcribed to complementary DNA (cDNA) using random hexamers and RevertAid reverse
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transciptase (Thermo Scientific). Relative quantitative PCR was performed with Maxima SYBR

Green master mix (Thermo Scientific) using AriaMx instrumentation (Agilent).

Primers used to measure the mRNAs levels of the interferon-inducible gene Mx2, a marker of
innate immunity activation towards virus infection (55), and actin, used for normalization of mMRNA
levels between samples, are described in (56). Primers used to amplify bank vole mRNAs of Thbet,
Gata3, FoxP3, IFN-y, TGF-, and IL-10 were originally designed for field voles and are described
in (57). Primers to detect IL-4 mRNA (Forward: 5"-GCT CTG CCT TCT AGC ATG TAC T-3" and
Reverse: 5°-TGC ATG GCG TCC CTT TTT CT-3") were designed based on the annotated mMRNA
sequence of the prairie vole (Microtus ochrogaster). All primers were validated for the
corresponding bank vole sequence based on the expected amplicon sizes in agarose gels. Samples
were excluded from further analysis when the PCR did not produce the expected single peak
melting curve. Fold changes of individual mMRNA expression levels relative to mock-infected

controls were performed by the comparative CT method (58).

Statistical analyses
Statistical differences between groups were assessed by one- or two-way ANOVA with Dunnett’s
or Sivak’s multiple comparison tests as indicated in the figure legends. Analyses were conducted

using GraphPad Prism version 8.1.2.
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Supplementary figures

Supplementary Figure 1. Phylogenetic analysis of the complete PUUV-Suo S segment. Analysis of
both the original bank vole lung (lung homogenate) and Mygla.REC.B.-isolated (cell culture

supernatant) are included and marked as red.

Supplementary Figure 2. Phylogenetic analysis of the complete PUUV-Suo M segment. Analysis of
both the original bank vole lung (lung homogenate) and Mygla.REC.B.-isolated (cell culture

supernatant) are included and marked as red.

Supplementary Figure 3. Phylogenetic analysis of the complete PUUV-Suo L segment. Analysis of
both the original bank vole lung (lung homogenate) and Mygla.REC.B.-isolated (cell culture

supernatant) are included and marked as red.
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Figures

Figure 1. Immunofluorescence image showing successful isolation of PUUV-Suo in a bank vole
cell line. Non-infected (mock) or PUUV-Suo infected bank vole kidney epithelial cells
(Mygla.REC.B) were stained for nuclei (DNA) using Hoechst 33420 (blue) and for PUUV
nucleocapsid protein (PUUN) using PUUN-specific rabbit polyclonal antibody followed by

AlexaFluor488-conjugated secondary antibody (green).

Figure 2. Interaction between PUUV-Suo infection and innate immune pathway stimulation in
Mygla.REC.B cells. (A) Non-infected (mock) or PUUV-Suo infected Mygla.REC.B cells were
either non-stimulated (No stim), stimulated with polyl:C or infected with Sendai virus (Sendai) for
1 day. RNA was isolated from cells and subjected to relative quantification of Mx2 mRNA using
RT-gPCR. (B) PUUV-Suo infected Mygla.REC.B cells were either non-stimulated, stimulated with
polyl:C or infected with Sendai virus for 1 and 3 days. RNA was isolated from cells and subjected
to relative quantification of PUUV S segment RNA using RT-gPCR. ** (p < 0.01) or **** (p <

0.001). ns, not significant. Bars represent mean +/- standard deviation (n = 2).

Figure 3. Viral RNA load analysis of experimentally and naturally infected bank voles. The lungs,
spleen and kidneys of bank voles infected with PUUV-Suo (A, n = 4), PUUV-Kazan (B, n = 3) or
PUUV-wt (C, n = 3) were collected at indicated times post infection to quantify PUUV copy
numbers by PUUV S segment-specific gPCR. In addition, seropositive naturally PUUV-infected
bank voles with unknown infection timepoints were included as reference (D, n = 27-38). Bars

represent mean + standard deviation.
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Figure 4. PUUV target cell analysis in experimental and natural infections. (A) Kidneys of naturally
infected bank voles: Viral antigen expression is apparent in occasional glomerular endothelial cells
(arrowheads) and occasional vascular endothelial cells (inset: arrows). (B) Lungs and spleen of
naturally infected bank voles: A variable number of vascular/capillary endothelial cells (arrows) and
pneumocytes (arrowheads) express viral antigen in the lungs. Very few cells in the splenic red pulp,
consistent with macrophages, are also found to express viral antigen (inset: arrow). (C) Kidney of
PUUV-Suo infected bank vole at 1 wk pi show scattered glomerular endothelial cells with viral
antigen expression. (D) PUUV-Suo infected vole at 3 d exhibit occasional positive alveolar
epithelial cells in the lungs (arrowhead, also in top inset), and scattered positive Kupffer cells in the
liver (bottom inset: arrow). (E) The spleen of PUUV-Suo infected voles at 2 wks pi show very
limited viral antigen expression, which is restricted to individual macrophages, for example in the
splenic red pulp (arrowheads). (F) The lungs of PUUV-wt infected bank vole at 5 wks pi show viral
antigen expression restricted to occasional vascular endothelial cells (left, arrow) and scattered
pneumocytes in the lungs (right, arrowhead). The images are representative of two voles analyzed
by immunohistochemistry for PUUV N protein expression in naturally infected voles and at each

time point of PUUV-Suo or PUUV-wt infections. Haematoxylin counterstain. Bars = 10 pm.

Figure 5. Assessment of PUUV-specific Ig and total 1gG responses in blood of experimentally and
naturally infected bank voles. (A) PUUV-specific Ig titers in blood of PUUV-Suo (n = 4), PUUV-
Kazan (n = 3-5) and PUUV-wt (n = 3) infected voles at indicated time points. (B) Total 1gG levels
in blood of PUUV-Suo (n = 4-12), PUUV-Kazan (n = 2) and PUUV-wt (n = 2) infected voles at
indicated time points. As a comparison, blood of mock- (n = 2-8) and UV-inactivated PUUV-Suo (n
= 2) infected voles were also assessed at the indicated time points. (C) PUUV-specific Ig titers and

total 1gG levels in blood of naturally PUUV-infected or non-infected bank voles with unknown
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infection timepoints (n = 8). Bars represent mean +/- standard deviation. * indicates statistically

significant difference (p < 0.05).

Figure 6. Comparison of T-cell related transcription factor and cytokine mRNA levels in
experimentally PUUV-infected voles. The spleens of mock (A, n = 2), PUUV-Suo (B, n =4), and
PUUV-wt (C, n = 3) infected voles were subjected to relative mRNA expression level analysis by
RT-gPCR at indicated time points. Statistically significant differences were assessed separately for
each gene between mock- and PUUV-infected voles. * (p < 0.05). Bars represent mean +/- standard

deviation.

Figure 7. Comparison of cytokine mRNA responses in bank vole splenocytes infected with PUUV-
Suo and PUUV-Kazan isolates. Splenocytes were isolated from PUUV-negative bank voles and
either infected with UV-inactivated or live PUUV isolates or not infected (n = 3 for PUUV-Suo; n
= 2 for PUUV-Kazan; multiplicity of infection 0.01 for both). Quantification of mMRNAs was
conducted relative to non-infected splenocytes using RT-qPCR. * (p < 0.05) or ** (p < 0.01). Bars

represent mean +/- standard deviation.
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Table 1. Comparison between the consensus nucleotide sequences and amino acid sequences of the
PUUV-Suo strain at the pre-isolation stage in the lungs of a naturally infected bank vole and after
isolation in Mygla.REC.B cells.

Segment | Nucleotide Nucleotide | Nucleotide | Amino acid | Amino acid | Codon
position in in original in isolate in original | in isolate position
anti-genomic | virus virus
orientation

L 66 A G no change 3rd
411 G A Methionine Isoleucine  3rd
5700 A G Isoleucine ~ Methionine 3rd
5942 C U Alanine Valine 2nd

M 89 U C no change Ist
3544 U C non-coding

S 136 G U Valine Leucine Ist
1625 C U non-coding
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