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Equine arteritis virus (EAV) is an Alphaarterivirus (family Arteriviridae, order Nidovirales) that frequently causes
an influenza-like illness in adult horses, but can also cause the abortions in mares and death of newborn foals.
Once primary infection has been established, EAV can persist in the reproductive tract of some stallions.
However, the mechanisms enabling this persistence, which depends on testosterone, remain largely unknown.
We aimed to establish an in vitro model of non-cytopathic EAV infection to study viral persistence. In this work,
we infected several cell lines originating from the male reproductive tract of different species. EAV infection was
fully cytopathic for 92BR (donkey cells) and DDT1 MF-2 (hamster cells) cells, and less cytopathic for PC-3 cells
(human cells); ST cells (porcine cells) seemed to eliminate the virus; LNCaP (human cells) and GC-1 spg (murine
cells) cells were not permissive to EAV infection; finally, TM3 cells (murine cells) were permissive to EAV
infection without any overt cytopathic effects. Infected TM3 cells can be maintained at least 7 days in culture
without any subculture. They can also be subcultured over 39 days (subculturing them at 1:2 the first time at 5
dpi and then every 2-3 days), but in this case, the percentage of infected cells remains low. Infected TM3 cells
may therefore provide a new model to study the host-pathogen interactions and to help determine the mecha-
nisms involved in EAV persistence in stallion reproductive tract.

1. Introduction commonly encountered clinical signs include pyrexia, depression,
oedema (ventral trunk, limbs, or scrotum), conjunctivitis, nasal
discharge, and leukopenia (Carossino et al., 2017; Metz et al., 2014;

Pronost et al., 2010; Wada et al., 1996). However, EAV can cause

Equine arteritis virus (EAV) is an Alphaarterivirus (subfamily Equa-
rterivirinae, family Arteriviridae, order Nidovirales — which also contains

the Coronaviridae family) (Siddell et al., 2019) that was isolated for the
first time in Ohio (USA) in 1953. This virus is a 40-70 nm diameter
enveloped positive-strand RNA virus, which can be transmitted by the
respiratory, venereal, and congenital routes (Balasuriya et al., 2013;
Carossino et al., 2017; Metz et al., 2014; Pronost et al., 2010).

EAV is responsible for equine viral arteritis (EVA), a viral disease
affecting equids, and whose clinical signs, during primo-infection,
depend not only on the virulence of the strain, the path of infection,
and the dose of challenged viruses, but also on the age and the health
status of the infected animal (Balasuriya et al., 2013). The most

transitory infertility in stallions, fatal fulminating interstitial pneumonia
in newborn foals (Balasuriya et al., 2013; Pronost et al., 2010), and a
progressive pneumo-enteric syndrome in 1- to 6-month-old foals (Golnik
et al., 1981; Metz et al., 2014). EAV can also cause abortion in 10-70%
of pregnant mares (from 3 to 10 months of gestation) (Balasuriya et al.,
2013; Metz et al., 2014; Pronost et al., 2010; Wada et al., 1996).

Once the horse is infected, the virus is either eliminated within
28-34 days or, in some stallions, persists in the epididymis and in the
accessory glands (Carossino et al., 2017; Holyoak et al., 1993; Neu et al.,
1988). The virus is predominantly found in the ampullae of the vasa

Abbreviations: AR, androgen receptor; CK, chemokine; CPE, cytopathic effects; dpi, day(s) post-infection; EAV, equine arteritis virus; FCS, foetal calf serum; IFN,
interferon; MOI, multiplicity of infection; PBST, 1X PBS containing 0.1% Triton™ X-100; PBSTB, 1X PBS containing 0.1% Triton™ X-100 and 1% bovine serum

albumin; PFU, plaque-forming units; SD, standard deviation; SE, standard error.
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deferentia, but it can also be found elsewhere in the vasa deferentia, the
prostate, the bulbourethral glands, the epididymis, and the seminal
vesicles; it can also be found in the urinary bladder and the distal urethra
(Carossino et al., 2017; Holyoak et al., 1993; Neu et al., 1988). In cases
of viral persistence, stallions exhibit no clinical signs, but still shed the
virus in their semen and are therefore called shedder stallions. These
stallions can thus propagate the virus when they are used for repro-
duction (Metz et al., 2014; Pronost et al., 2010).

Although the persistence of the virus in stallions has been well
documented, the mechanisms involved in this viral persistence remain
largely unknown. However, recent studies have suggested that persis-
tent EAV infection in stallions is associated with an allele of the CXCL16
gene (Carossino et al., 2019; Sarkar et al., 2016). Interestingly, CXCL16S
expression, which is responsible for T cell susceptibility to EAV infec-
tion, is neither necessary nor sufficient for EAV persistence in stallions.
One study (Sarkar et al., 2016) showed that 25% of stallions (11/43)
expressing the CXCL16S protein do not exhibit long-term EAV persis-
tence. On the other hand, 14% of stallions (5/34) homozygous for the
CXCL16 protein resistance genotype did show long-term EAV persis-
tence. These data indicate that genetic susceptibility alone cannot
explain EAV persistence in stallions. Interestingly, it has been shown
that, following castration, the virus is no longer detected in the semen
and the accessory sex glands of shedder stallions (Holyoak et al., 1993;
Little et al., 1992; McCollum et al., 1994). In castrated stallions that are
supplemented with testosterone at a physiological concentration, viral
persistence does remain (Holyoak et al., 1993; Little et al., 1992;
McCollum et al., 1994). Moreover, other studies have demonstrated that
anti-GnRH vaccines, which suppress the synthesis of numerous hor-
mones including testosterone (Janett et al., 2009; Stout, 2005), can clear
EAV from the semen of shedder stallions (Burger et al., 2006; Stout,
2005). However, their effectiveness varies with individual stallions
(Burger et al., 2006; Janett et al., 2009; Stout, 2005). Taken together,
these results suggest a predominant role of testosterone in EAV persis-
tence in the stallion reproductive tract.

Thus, understanding the mechanisms behind EAV persistence in the
stallion reproductive tract is of major importance for developing inno-
vative treatments to eliminate EAV in persistently infected stallions.

Unlike other Arteriviridae, EAV is able to infect, in vitro, primary cell
cultures from several different species as well as different cell lines, such
as equine cells (dermal cells [E. Derm, also called NBL-6], endothelial
cells [EEC]), hamster cells (lung cells [HmLu], kidney cells [BHK-211),
human cervix cells (HeLa), rabbit kidney cells (RK13), and monkey
kidney cells (Vero, JINET, LLC-MK2, and MARC-145) (Fukunaga et al.,
1984; Golnik et al., 1981; Konishi et al., 1975; Lu et al., 2012; Zhang
et al., 2008). However, EAV cannot infect non-equid animals and no in
vitro model of persistently EAV-infected cells from the male reproductive
tract has been described yet. The aim of this work was to establish an in
vitro model of EAV infection in cells from the male reproductive tract

Table 1
Cell lines tested in this study.
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that express the androgen receptor to enable the study of the mecha-
nisms involved in EAV persistence in stallions.

2. Materials and methods
2.1. Cell culture conditions

Seven cell lines (described in Table 1) were tested: 92BR, DDT1 MF-
2, ST, PC-3, TM3, GC-1 spg, and LNCaP cells. The rabbit kidney cell line
(RK13), highly permissive to EAV, is recommended by the World
Organisation for Animal Health (OIE) to reveal the presence of EAV in
stallion semen and to amplify the virus, and was used as a positive
control for EAV infection. The cell culture media of all cell lines were
supplemented with 50 units/mL penicillin and 50 ug/mL streptomycin
(Gibco, Invitrogen), and 25 mM HEPES (Gibco, Invitrogen) for RK13,
92BR, DDT1 MF-2, ST, PC-3, and GC-1 spg cells, or 15 mM HEPES
(Gibco, Invitrogen) for TM3 cells. Moreover, 1 mM sodium pyruvate
(Gibco, Invitrogen) was added to the culture media for RK13, 92BR, ST,
PC-3, and GC-1 spg cells, and 0.5 mM for TM3 cells. RK13, 92BR, and ST
cells were grown in Eagle’s minimum essential medium (MEM) (Gibco,
Invitrogen) supplemented with 1X non-essential amino acids (NEAA)
(Gibco, Invitrogen), and either 10% heat-inactivated foetal calf serum
(FCS) (Gibco, Invitrogen) for RK13 and ST cells, or 15% heat-inactivated
FCS (Gibco, Invitrogen) for 92BR cells. DDT1 MF-2 and GC-1 spg cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco,
Invitrogen) supplemented with, respectively, 5% and 10% heat-
inactivated FCS (Gibco, Invitrogen). TM3 cells were grown in DMEM:
Ham’s F-12 nutrient mixture (DMEM/F-12) (Gibco, Invitrogen) medium
supplemented with 5% heat-inactivated horse serum (Dominique
Dutscher) and 2.5% heat-inactivated FCS (Gibco, Invitrogen). LNCaP
cells were grown in Roswell Park Memorial Institute (RPMI) (Gibco,
Invitrogen) medium supplemented with 10% heat-inactivated FCS
(Gibco, Invitrogen). PC-3 cells were cultured in Ham’s F-12K (Kaighn’s)
(Gibco, Invitrogen) medium supplemented with 10% heat-inactivated
FCS (Gibco, Invitrogen). All cell lines were maintained at 37 °C in a
humid atmosphere with 5% COs.

2.2. Viral infection

The Bucyrus strain of EAV (ATCC® VR-796™) was used for cell in-
fections. 92BR, DDT1 MF-2, ST, PC-3, TM3, GC-1 spg, and LNCaP cells
were infected in suspension with a multiplicity of infection (MOI) of 10
to avoid overlooking low permissive cell lines, whereas RK13 cells,
already known to be highly permissive to EAV, were infected at an MOI
of 1, except for the plaque assays, described in subsection 2.3. The
infected suspensions were pre-incubated in 15 mL Falcon® tubes for 1 h
with 2 mL of medium at 37 °C in a humid atmosphere with 5% CO», to
help promote contact of the virus with the cells. Mock-infected cells

Cell line Source Cell type Morphology ~ Androgen receptor expression

RK13 ATCC® CCL- rabbit kidney epithelial negative (Shin et al., 2009)
37TM

92BR HPA 90011874 donkey testis fibroblast not described

DDT1 MF-2 ATCC® CRL- leiomyosarcoma of the ductus deferens of a Syrian golden hamster epithelial positive (characterized by the supplier)
1701™

ST ATCC® CRL- porcine testis (immature Sertoli cells) fibroblast positive (Ma et al., 2016)
1746™

PC-3 ATCC® CRL- human prostate adenocarcinoma cells derived from a metastatic site: epithelial positive, but androgen non-responsive (
1435™ bone Alimirah et al., 2006)

T™M3 ATCC® CRL- murine immature Leydig cells epithelial positive (characterized by the supplier)
1714™

GC-1 spg ATCC® CRL- murine immortalized type B spermatogonia epithelial positive (Wang et al., 2021)
2053™

LNCaP (Clone ATCC® CRL- human prostate carcinoma cells derived from a metastatic site: left epithelial positive (characterized by the supplier)

FGC) 1740™ supraclavicular lymph node
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were inoculated with RK13 cell culture medium without virus. Cells
were then seeded in plates, culture slides, or flasks.

Once the cells adhered to the plastic, usually after 4-5 h, cell culture
media were replaced with fresh media, except for LNCaP cells. For
immunofluorescence staining on slides, media were not replaced.

2.3. Plaque assays

Preformed confluent cell monolayers of the different tested cell lines,
grown in 6-well plates, were inoculated with 10-fold serial dilutions of
EAV (107! to 10°®): the EAV Bucyrus strain (ATCC® VR-796™) was
used to test the lytic effect of EAV on these cell lines.

To study EAV replication and production of infectious viral particles,
assays were performed in 6-well plates with 8 x 10° cells per well. Cells
were infected as described in subsection 2.2. Supernatants of the cell
lines were harvested at 1, 2, and 3 days post-infection (dpi) and their
infectivity was assessed using plaque assays on preformed RK13 cell
monolayers.

In both experiments, the inoculum was removed 4 h later and
replaced with fresh culture medium, reduced in serum (1:5), containing
0.75% carboxymethylcellulose. At 3 dpi, the cell monolayers were
stained with a 0.2% formalin-buffered crystal violet solution to visualize
cytopathic effects (CPE).

2.4. Cell survival assays

For cell survival assays, 2 x 10* cells per well (4 replicates for each
condition) were seeded in 96-well plates. Cell viability was assessed
using a luciferase-based viability assay, which evaluates the number of
living cells in culture, based on the quantification of ATP present in the
cell culture (CellTiter-Glo®; Promega). Briefly, in presence of ATP and
oxygen, luciferase oxidizes luciferin into a luminescent form. The
generated luminescence signal is proportional to the number of meta-
bolically active cells. ATP was quantified in control wells containing
either mock-infected cells or dead cells, after cell lysis with IGEPAL
(Sigma) diluted to 1:400. Before ATP quantification, the plate was
equilibrated at room temperature for 30 min. Half of the culture medium
was removed from each well and replaced by an equal volume of Cell-
Titer-Glo®. Plates were incubated for another 30 min at room temper-
ature under continuous gentle shaking (50 rpm). Lysates were analysed
with the TECAN Infinite® F200 PRO multimode microplate reader.
Luminescence was recorded for 1 s without attenuation.

2.5. Immunofluorescence staining on slides

For immunofluorescence staining on slides, 5 x 10* cells per well
were seeded in Falcon® 8-well culture slides. The following antibodies
were used: a monoclonal antibody specifically recognizing the nucleo-
capsid protein (N) of the Bucyrus strain of EAV (VMRD, cat no 17D3,
mouse IgG1, 1:500 dilution), a monoclonal Alexa Fluor® 647-labeled
antibody raised against tubulin (Abcam, clone YOL1/34, rat mono-
clonal I1gG2a, 1:100 dilution). The Dylight® 488-conjugated goat anti-
mouse IgG secondary antibody was from Thermo-Scientific (cat no
35503, 1:200 dilution). The non-specific binding of the anti-N antibody
and the secondary antibody was evaluated on mock-infected cells.

Cells were fixed with cold 4% formaldehyde for 30 min at room
temperature and permeabilized with a cold solution of methanol:
acetone (50:50) for 10 min at room temperature. Cells were then washed
twice with 1X PBS containing 0.1% Triton™ X-100 (PBST). Cells were
incubated with the anti-N antibody for 1 h at room temperature, then
with the secondary antibody for 1 h at room temperature, and finally
with the anti-tubulin antibody overnight at 4 °C. After each incubation
step, cells were washed three times for 5 min with PBST. Coverslips were
mounted with Vectashield® mounting medium for fluorescence with
DAPI H-1200 (Vector Laboratories, Burlingame, CA) to stain DNA. Slides
were analysed by fluorescence microscopy using an EVOS® FL Cell
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Imaging System (Life technologies).
2.6. Immunofluorescence staining for flow cytometry

For flow cytometry analyses, 2 x 10° cells per T25 flask were seeded
for DDT1 MF-2, ST, PC-3, TM3, GC-1 spg, and LNCaP cells, and 3 x 10°
cells per T75 flask were seeded for RK13 and 92BR cells. For the EAV
dissemination study, the media of TM3 and PC-3 cell cultures were
changed after the third day of culture.

Cells were dissociated, then fixed in 4% formaldehyde for 30 min at
4°C. Amaximum of 10° cells were pelleted by centrifugation at 240 g for
3 min at 4 °C, then resuspended and permeabilized for 10 min on ice
with a cold solution of methanol:acetone (50:50). Then, 1X PBS con-
taining 0.1% Triton™ X-100 and 1% bovine serum albumin (PBSTB)
was added, and cells were centrifuged for 3 min at 240 g at 4 °C. Cells
were then washed in PBSTB and centrifuged as described above. After
blocking with PBSTB for 20 min on ice, cells were incubated with the
anti-N antibody (described in the subsection 2.5) for 30 min on ice. Cells
were then washed twice in PBSTB and centrifuged for 5 min at 835 g at
4 °C, before being incubated for 30 min on ice with the secondary
antibody described in the subsection 2.5. Cells were then washed twice
in PBSTB and resuspended in 2% formaldehyde. Samples were processed
by a Gallios flow cytometer (Beckman Coulter) and the results were
analysed using the Kaluza software (Beckman Coulter).

2.7. Preparation of viral RNA and RT-qPCR analysis

To study EAV replication, assays were performed in 6-well plates
with 8 x 10° cells per well. For relative gene expression assays of alpha
and beta interferons (IFN-a and IFN-f) in TM3 cells, 2 x 106 cells per
T25 flask were seeded.

RNAs were extracted from cells as follows. Cell monolayers in 6-well
plates and T25 flasks were first lysed with, respectively, 1 mL and 2.5 mL
of TRIzol (Ambion). RNA extractions were performed on 500 uL of
sample to which 100 pL of chloroform was added. The mix was vortexed
for 3 min, left 3 min at room temperature, and then centrifuged at
12000 g for 15 min at 4 °C. The aqueous phase was recovered,
approximately 200 pL, to which 300 pL of 70% ethanol was added. This
mix underwent RNA extraction using the RNeasy® Mini Kit (Qiagen) as
recommended by the manufacturer, with on-column DNase digestion
with 5 units of Turbo DNAse™ (Ambion) to remove genomic DNA. A
second elution step was performed to recover RNA from the cells.

Cell supernatant was centrifuged at 835 g for 10 min to eliminate
dead cells. RNA extraction was performed on 140 uL of centrifuged su-
pernatant with the QIAamp® Viral RNA kit (Qiagen), according to the
manufacturer’s instructions (a second elution step was carried out).

The detection of the EAV genome was performed using RT-qPCR
with the QuantiTect™ Virus + ROX Vial Kit (Qiagen). Primer and
probe sequences used for ORF7 gene amplification were from Balasuriya
et al. (2002). A set of copies of the EAV genome was used to quantify the
number of genome copies in the samples. To obtain this set of copies of
the EAV genome, a plasmid containing the ORF7 gene was transcribed
into RNA with T3 RNA polymerase (Thermo Scientific) according to the
manufacturer’s instructions. Data were acquired in triplicate on a
MasterCycler realplex* epgradient S (Eppendorf, Hamburg, Germany).
Cycling conditions were as follows: 20 min at 50 °C, 5 min at 95 °C, and
45 cycles of 15 s at 95 °C followed by 45 s at 60 °C. The quantity of
intracellular viral RNA was normalized to the quantity of total RNA
(measured using a Nanodrop 2000c spectrophotometer, Thermo
Scientific).

IFN-o and IFN-f gene expression was evaluated using RT-qPCR with
the QuantiFast® SYBR® Green RT-PCR kit (Qiagen). Primer sequences
used are described in Table 2 and were from Wu et al. (2016) (used on
Leydig, Sertoli, and male germ cells), except for the housekeeping gene
sequences, whose primers are described in Li et al. (2012) and Shen et al.
(2012) (used on Leydig and TM3 cells, respectively). The p-actin and
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Table 2
Primers and probe used in this study.
Target Type Sequence Concentration
gene used
EAV Forward 5’-GGCGACAGCCTACAAGCTACA-3' 0.4 uM
ORF7 primer
EAV Reverse 5'-CGGCATCTGCAGTGAGTGA-3' 0.4 uM
ORF7 primer
EAV Probe [6FAM]- 0.2 uM
ORF7 TTGCGGACCCGCATCTGACCAA-
[TAM]
IFN-a Forward 5'- 0.6 UM
primer TTCCTCAGACTCATAACCTCAGGA-3'
IFN-a Reverse 5-ATTTGTACCAGGAGTGTCAAGGC- 0.6 uM
primer 3
IFN-B Forward 5'-GACGTGGGAGATGTCCTCAAC-3' 0.75 uM
primer
IFN-B Reverse 5'-GGTACCTTTGCACCCTCCAGTA-3' 0.75 uM
primer
p-actin- Forward 5'-TCTGGCACCACACCTTCTA-3' 1M
TM3 primer
p-actin- Reverse 5’-AGGCATACAGGGACAGCAC-3 1M
T™M3 primer
GAPDH Forward 5'-CCAGGTTGTCTCCTGCGACTTCA- 1uM
primer 3
GAPDH Reverse 5'- 1uM
primer GGGTGGTCCAGGGTTTCTTACTCC-3'

GAPDH genes were used as internal quantitative controls for the
amplification. Moreover, p-actin was used for gene expression normal-
ization. Samples were processed in triplicate and data were acquired
with a LightCycler® 480 II (Roche, Germany). Cycling conditions were
as follows: retrotranscription for 10 min at 50 °C, HotStarTaq Plus DNA
polymerase activation for 5 min at 95 °C, and 45 cycles of 10 s at 95 °C
followed by 30 s at 60 °C. Data were analysed using the 224¢" method
with AACt = (mean of IFN gene Ct - mean of actin gene Ct)infected cells
-(mean of IFN gene Ct - mean of actin gene Ct)mock-infected cells-

2.8. Subcultures of EAV-infected TM3 cells

TM3 cells were infected in suspension at an MOI of 10. 2 x 10° cells
were seeded in T25 flasks with complete medium and were incubated for
5 h at 37 °C with 5% CO,. The supernatant was then removed and
replaced with fresh medium. Cells were subcultured at 1:5 at 1, 2, or 3
dpi. To this end, cell monolayers were washed twice with 1X PBS and
then washed with 1X PBS containing 1:10 trypsin before being detached.
Then, at 1, 2, or 3 days post-subculturing, immunofluorescence staining
for flow cytometry was performed as described above in subsection 2.6.

In parallel, to attempt to maintain infected TM3 cells in culture, they
were subcultured several times at 1:2, 1:5, 1:10, 1:20, or 1:100, every
1-6 days of culture.

2.9. Statistical analysis

Data are expressed as mean +/- standard error (SE) for cell survival
assays, or +/- standard deviation (SD) for immunofluorescence staining
for flow cytometry, the quantification of EAV replication, and the
quantification of infectious viral particle production. For the quantifi-
cation of EAV replication and of the infectious viral particle production,
two-tailed unpaired Student’s t-tests were carried out to compare the
cell lines when indicated.

For cell survival assays, when data were normalized to the results of
mock-infected cells, the statistical significance of the results was eval-
uated using a one-tailed one-sample Student’s t-test: infected cell results
were compared with the theoretical mean of 100% (mean based on
mock-infected cells). When data were normalized to the results obtained
at 1 dpi, the statistical significance of the results was evaluated using a
one-tailed paired Student’s t-test.

Correlations between the percentage of infected cells and the number
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of viral genome copies, and between the percentage of infected cells and
type I interferon gene expression, were assessed using a one-tailed
Pearson’s correlation test.

3. Results
3.1. Cell line permissiveness to EAV infection

To assess the permissiveness of the different cell lines to EAV infec-
tion, preformed confluent cell monolayers of each cell line were incu-
bated with 10-fold serial dilutions of EAV Bucyrus strain to distinguish
between permissive, low permissive, and non-permissive cell lines. The
plaque assays performed with highly permissive cells, such as RK13
cells, showed CPE at 3 dpi. The same pattern was found for 92BR and
DDT1 MF-2 cells, with cell monolayers totally destroyed respectively at
dilutions 10_4, 10‘3, and 1072 of an EAV Bucyrus solution (Fig. 1A).
Plaque-forming units (PFU) were detectable from a 107° dilution for
RK13 cells, from 10~ to 10° dilutions for 92BR cells, and from 102 to
10~ dilutions for DDT1 MF-2 cells (Fig. 1A). CPE was weaker in ST cells,
with tiny plaques on cell monolayers after 3 dpi with the EAV Bucyrus
solution diluted to 1:10 (10° 1) (Fig. 1B). The last group of cell lines
tested, including PC-3, TM3, GC-1 spg, and LNCaP cells, did not exhibit
any CPE on cell monolayers at 3 dpi regardless of the EAV Bucyrus
concentration used (Fig. 1A, B, and data not shown).

In addition to plaque assays, CPE associated with EAV infection was
quantified at 1 and 3 dpi by measuring cell survival using a luciferase-
based viability assay that relied on ATP quantification. Cell viability
assessed at 3 dpi in RK13 cells infected at an MOI of 1 or 10 (data not
shown) revealed a cell survival rate of approximately 7% (Fig. 1C). This
survival rate reached around 43% and 12% for the DDT1 MF-2 and 92BR
cell lines infected at an MOI of 10, respectively (Fig. 1C), and confirmed
the results obtained by plaque assays. The survival rates recorded for
GC-1 spg, LNCaP, and ST cells, infected at an MOI of 10, revealed that no
cell death was associated with EAV infection (Fig. 1C). Although no
PFUs were observed in plaque assays for TM3 and PC-3 cells, the cell
survival assay indicated that EAV infection may cause cell death or slow
down cell growth, because survival rates recorded at 3 dpi were around
89% and 69% in TM3 and PC-3 cells, respectively.

To better characterize EAV infection in the different cell lines,
immunofluorescent staining with monoclonal antibodies was used to
detect the viral N protein and tubulin. Viral protein expression was
detected as early as 1 dpi in RK13, 92BR, DDT1 MF-2, ST, PC-3, and TM3
cells, but not in GC-1 spg and LNCaP cells (Fig. 2A). Moreover, N protein
expression was still detectable after 3 dpi in RK13, 92BR, DDT1 MF-2,
PC-3, and TM3 cells, but not in ST cells, and remained undetectable in
GC-1 spg and LNCaP cells (Fig. 2B). Flow cytometry experiments
confirmed that more than 90% of RK13 and 92BR infected cells
expressed the viral N protein as of 1 dpi (Fig. 2C). Conversely, only 6% of
the infected DDT1 MF-2 cells expressed the N protein at 1 dpi. However,
the viral infection spread rather quickly to reach around 85% of infected
cells at 3 dpi (Fig. 2C). Similarly to DDT1 MF-2 cells, only 2% and 3.2%
of PC-3 and TM3 cells were infected at 1 dpi, respectively. Viral
spreading also occurred in these two cell lines with 24% and 31.5% of
PC-3 and TM3 cells, respectively, infected at 3 dpi without overt CPE
(Fig. 2C). Surprisingly, no infected cells were detected with flow
cytometry in the ST cell line neither at 1 dpi nor at 3 dpi (Fig. 2C). No
infected cells were revealed by flow cytometry for LNCaP and GC-1 spg
cells following EAV infection (Fig. 2C).

3.2. EAV replication and production of infectious viral particles in the
different cell lines

EAV replication was evaluated by measuring the viral genome copy
number produced in the supernatant as well as within the infected cell
lines following EAV infection (Fig. 3A and C). The EAV genome copy
number measured in the supernatant of RK13 and 92BR cells increased
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Fig. 1. Determination of the lytic effect of EAV on different cell lines. (A) Representative results of plaque assays performed with serial dilutions of EAV. (B) Photos of
representative cell monolayer patterns obtained during plaque assays performed with EAV serial dilutions. (C) CellTiter-Glo® assays. The RK13 cell line was infected
at an MOI of 1. The other cell lines were infected at an MOI of 10. After 1 and 3 dpi (D1 and D3, respectively), the luminescence signal obtained was normalized to the
luminescence signal obtained for the mock-infected cells. Results are from 3 to 7 independent experiments (mean +/- SE). A one-tailed one-sample Student’s t-test
compared the infected cell results to the theoretic mean of 100% (mean of mock-infected cells). * p < 0.05, ** p < 0.01, *** p < 0.001.

as early as 1 dpi to reach a maximum of approximately 10! genome
copies per mL of supernatant for a period of 3 days (Fig. 3A). These two
cell lines also exhibited the same amount of EAV genome copies within
the cells (~107-10% genome copies/ng total RNA) between 1 and 3 dpi
(Fig. 3C). At 1 dpi, DDT1 MF-2, ST, PC-3, and TM3 cells produced be-
tween 10% and 10° EAV genome copies per mL of supernatant, and 10° to
10° EAV genome copies per ng of RNA within cells (Fig. 3A and Q).
Interestingly, at 1 dpi, the number of viral genome copies detected
within infected TM3 cells was 10-fold higher than those detected within
PC-3 and DDT1 MF-2 cells (Fig. 3C) (p =0.0390 and p = 0.0475,

respectively), whereas these cell lines exhibited a weak percentage of
infection: 3.2%, 2%, and 6.4%, respectively (Fig. 2C). At 3 dpi, infected
DDT1 MF-2 cells produced as many viral genome copies in the super-
natant and within cells as RK13 and 92BR cells (Fig. 3A and C). This viral
genome detection seemed correlated with the percentage of infected
cells. Indeed, only 6% of DDT1 MF-2 cells were infected at 1 dpi,
compared with 90% for RK13 and 92BR cells. This percentage was
around 85% for the RK13, 92BR, and DDT1 MF-2 cell lines at 3 dpi.
Pearson’s correlation coefficients between the percentage of infected
cells and the viral genome copy number in the supernatant or within
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Fig. 2. Detection of the EAV nucleocapsid protein (N) in infected cells. (A and B) Representative images of immunofluorescence staining on slides after 1 dpi (A) and
3 dpi (B). The RK13 cell line was infected at an MOI of 1 and the other cell lines were infected at an MOI of 10. The colour code used is shown. Scale bars represent
100 pm. (C) Percentages of infected cells obtained by flow cytometry after 1 and 3 dpi (D1 and D3, respectively). The RK13 cell line was infected at an MOI of 1 and
the other cell lines were infected at an MOI of 10. ND, no infected cells were detected. Results are from 2 to 5 independent experiments (n = 2 for RK13 cells, 92BR
cells, GC-1 spg, and LNCaP cells, n = 3 for DDT1 MF-2 cells, n = 4 for PC-3 cells, and n = 5 for TM3 cells) (mean +/- SD).

cells were 0.9347 and 0.8419, respectively (p < 0.0001 and p < 0.0001,
respectively). However, the TM3 cell line also produced a high quantity
of EAV genomes with 1010 genome copies per mL of supernatant and 107
genome copies per ng of total RNA, detected respectively in the super-
natant and within the cells, at 2 dpi. At 3 dpi, TM3 cells infected at 30%
produced only 10-fold fewer viral genome copies in the supernatant and
within cells than RK13 cells infected at 90% (p = 0.0609 and
p = 0.0139, respectively). Surprisingly, after 3 days of EAV infection,
PC-3 and ST cells both produced fewer than 10° copies of EAV genome

per mL of supernatant, and fewer than 10> EAV genome copies per ng
RNA within cells, which is respectively 1 and nearly 2 log;g less than
infected TM3 cells (Fig. 3A and C), even though this difference is not
statistically significant (p = 0.2 and p = 0.46, respectively). Indeed, no
EAV infection was observed in ST cells at 3 dpi using immunofluores-
cence staining, whereas PC-3 cells presented approximately the same
percentage of infected cells as TM3 cells (Fig. 2B and C). However, this
absence of infection detected with immunofluorescence in ST cells at 3
dpi can be correlated with a decrease in the number of EAV genome
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Fig. 3. EAV replication and viral production in different cell lines. (A) Quantity of EAV genome copies in the supernatant of the different cell lines tested from 0 dpi
(DO) to 3 dpi (D3). Results are from 2 to 4 independent experiments (n = 2 except for LNCaP cells [n = 3] and TM3 cells [n = 4]) (mean +/- SD). (B) EAV infectious
viral particles (PFU/mL) present in the supernatant of the different cell lines tested from 1 dpi (D1) to 3 dpi (D3). Results are from 2 to 4 independent experiments
(n = 2 except for LNCaP cells [n = 3] and TM3 cells [n = 4]) (mean +/- SD). (C) Quantity of EAV genome copies within the cells from 1 dpi (D1) to 3 dpi (D3).
Results are from 2 to 4 independent experiments (n = 2 except for TM3 cells [n = 4]) (mean +/- SD).

copies within cells since 1 dpi. Finally, no production of EAV genome
copies was detected after infection of LNCaP and GC-1 spg cells, either in
the supernatant or within cells (Fig. 3A and C). The number of genome
copies was higher in LNCaP cell cultures than in GC-1 spg cell cultures,
because the inoculum in LNCaP cell cultures could not be removed due

to adherence difficulties in this cell line.

In addition to the production of viral genome copies, the release of
infectious viral particles following EAV infection of the different cell
lines was assessed using plaque assays on RK13 cell monolayers. Be-
tween 10% and 10° PFU per mL of supernatant were recovered at 3 dpi
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from the cell culture media of the RK13, 92BR, and DDT1 MF-2 cell lines
(Fig. 3B). At 3 dpi, viral production was evaluated at between 10° and
10° PFU per mL of supernatant in ST and PC-3 cells, and at around 107
PFU per mL of supernatant for TM3 cells (Fig. 3B) (p = 0.0742 and
p = 0.0651, respectively). Conversely to viral genome copy number, the
number of PFU per mL of supernatant of RK13, 92BR, and LNCaP cells
decreased as early as 2 dpi (Fig. 3A and B).

In summary, GC-1 spg and LNCaP cells did not seem to be permissive
to EAV infection, and EAV infection in ST cells was not detectable at 3
dpi. Infection of the 92BR and DDT1 MF-2 cell lines was cytopathic
within 3 days. Only the PC-3 and TM3 cell lines were permissive to EAV
infection without overt CPE at 3 dpi. Therefore, we subsequently
focused on the description of PC-3 and TM3 cell infections by EAV up to
7 dpi.

3.3. Characterization of EAV infection of the PC-3 and TM3 cell lines at
up to 7 days

EAV spreading was studied in PC-3 and TM3 cells up to 6 dpi,
because no overt CPE was observed after 3 dpi. These two cell lines were
infected at an MOI of 10, and only 2-3.2% of the cells were infected at 1
dpi (Fig. 4B) compared with 92.2% for the highly permissive RK13 cells,
infected at an MOI of 1. Interestingly, the percentage of infected cells
increased steadily from 1 dpi to 3 dpi to reach around 25% for PC-3 cells
and around 30% for TM3 cells. Then, from 4 to 6 dpi, the proportion of
infected cells decreased from around 20% to around 8% for PC-3 cells
and from around 30% to around 15% for TM3 cells (Fig. 4B), whereas
RK13 cells died due to the viral CPE.

To confirm our first results indicating that EAV infection did not
induce a major CPE in TM3 and PC-3 cells, a growth and survival assay
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was performed on these two models by measuring the ATP level present
in each condition over a 7-day period. The survival assay performed at 1,
2, 3, 4, and 7 dpi on RK13 cells, which are highly permissive to EAV,
showed that as of 2 dpi, EAV cytopathogenic features were characterized
by 74% cell death, which reached 90% at 3 dpi and more than 95% at 4
dpi and 7 dpi (Fig. 5A). Regarding PC-3 cells, EAV infection seemed to
impair cell growth because at 3 dpi, a survival rate of 92 +/— 15% was
recorded for infected cells compared with 157 +/— 33% for mock-
infected cells (Fig. 5B). Cell death associated with EAV infection star-
ted at 4 dpi and continued until 7 dpi with recorded survival rates of
62 +/— 12% and 34 +/— 14%, respectively. Interestingly, EAV infec-
tion of TM3 cells did not modify either the cell mortality rate or cell
growth, when compared with mock-infected cells over the 7-day period
(Fig. 5C). However, the infection seemed to interfere slightly with cell
growth at 3 dpi. These results encouraged us to pursue our study using
infected TM3 cells.

3.4. EAV infection-induced interferon gene expression in TM3 cells

During the 7-day infections, TM3 cells did not present overt CPE and
only 30% of the cell population was infected. We hypothesized that
some antiviral molecules, such as interferons (IFN), may interfere with
viral spread in the TM3 cell cultures. Thus, type I IFN (IFN-I) gene
expression was assessed at 1, 2, 3, and 4 dpi. Relative gene expression of
IFN-a and IFN-f in infected TM3 cells was detected at 2 dpi and reached
a peak at 3 dpi. EAV infection induced a strong overexpression — up to
17-fold — of these two immune-antiviral molecules (Fig. 6A and B). The
maximum IFN-a and IFN-p gene expressions at 3 dpi were correlated
with the highest percentage of infected cells (Fig. 4B). Pearson’s corre-
lation coefficients between the percentage of infected cells and IFN-« or
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Fig. 4. Spreading of EAV in RK13, PC-3, and TM3 cell cultures. (A) Representative dot-plots for the gating of infected and non-infected cell populations at 1 dpi for
the RK13 cell line and 3 dpi for the PC-3 and TM3 cell lines. (B) Percentages of infected cells obtained by flow cytometry until 6 dpi (D6). The medium was changed at
3 dpi for PC-3 and TM3 cells. Infected RK13 cells die after 3 dpi. Results are from 2 to 5 independent experiments (n = 2-4 for RK13 cells, n = 3-5 for PC-3 cells,

n = 4-5 for TM3 cells) (mean +/- SD).
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IFN-p gene expression were 0.9936 and 0.9715, respectively
(p = 0.0032 and p = 0.0143, respectively).

3.5. Subcultures of EAV-infected TM3 cells

During the 7-day infections without subculturing, the percentage of
infected TM3 cells reached about 30% after 3 dpi (Fig. 4B). Interestingly,
subculturing (P1) infected TM3 cells at 1 or 2 dpi, this percentage of
infection was over 70% (Fig. 7A). Subculturing cells at 3 dpi did not
increase the percentage of infected cells: the infection rate remained at
about 30% at 4 dpi (Fig. 7A).

Six assays were performed to try to maintain the infected TM3 cells
in culture by subculturing them several times at 1:2, 1:5, 1:10, 1:20, or
1:100, every 1-6 days of culture (data not shown). Most of these assays
could not be continued after 14 days of culture (2-4 passages). During
one assay, we successfully maintained infected TM3 cells in culture for
over 39 days (3 days after 14 passages) subculturing them at 1:2 the first
time at 5 dpi and then every 2-3 days. However, although EAV was still
present in the culture, the percentage of infected cells was remained low
(0.7%) (Fig. 7B) and we decided to freeze them.

4. Discussion

Mechanisms involved in EAV persistence in the reproductive tract of
some stallions remain largely unknown. Recent studies have shown EAV
antigen-positive “T cells” (Carossino et al., 2017). However, the authors
performed single staining of some “T cell markers”, but not of TCR, the
main marker of T cells, whereas they were staining outside lymphoid
organs, whose structural organization is well-known. Unfortunately, it
has been demonstrated in different species that myeloid cells, the first
target of EAV, can express CD8, CD4, CD2, CD5, CXCL16, and even CD3
(Crawford et al., 1999; Gibbings and Befus, 2009; Rodriguez-Cruz et al.,
2019; van Lieshout et al., 2009; Yin et al., 2017). NKT cells also express
T cell markers. Moreover, no viral antigens were detected in “CD4" T
cells” in the ampullae — the main tissue reservoir of EAV — of persis-
tently infected stallions (Carossino et al., 2017), whereas Go et al.
(2012) showed a majority of EAV susceptible cells are CD4 " rather than
CD8". Furthermore, viruses known to infect lymphocytes in humans,
such as HIV, EBV, Measles virus, and HCV, are present in the whole
organism, and especially in lymphoid organs, contrary to EAV.

It has been hypothesized that EAV induces lymphocyte homing in the
stallion reproductive tract (Carossino et al., 2019, 2017), because, in



L. Martin-Faivre et al.

>

cell passage

cell passage

100

65.60

90 77.84 90

80 80
70 70
60 60
50 50

40 40

17.98

30 30
20

3.44

o mmem

D1

10

Percentage of infected cells

AN \\\\»

Post-infection days

uP0 @P1 at D1 of PO = PO

Post-infection days

&@P1 at D2 of PO

Journal of Virological Methods 319 (2023) 114756

100 cell passage

'
90

53.48

80

24.71

17.98

TR

.

19.43

12.71

3.44

o

D1

1
i
1
1
|
|
1
1
1
|
i
1
i
1
1
1
1
1

2850 |
1
|
|
1
1
i
1
1
1
|
1
|
1
1
i
|
1
i

D4

D4

D5

D2 D3 D6

Post-infection days

u PO OP1 at D3 of PO

Fig. 7. Subcultures of EAV-infected TM3 cells. (A) Percentages of infected TM3 cells obtained by flow cytometry before (P0) and after (P1) cell passage. Infected TM3
cells were subcultured (P1) at 1:5 after 1, 2, or 3 dpi of PO (n = 2). (B) Representative images of immunofluorescence staining on slides of EAV-infected TM3 cells
successfully maintained in culture for over 39 days (EAV nucleocapsid [N] protein in green and cell nucleus in blue) after 6 subcultures (P6, 18 days of culture) and

12 subcultures (P12, 32 days of culture).

carrier stallions, infected lymphocytes are found only there (Carossino
et al., 2017), and upregulation of CCL5, CXCL9, and CXCL10 expression
was observed (Carossino et al., 2019). However, these three chemokines
(CK) have all been described as inflammatory CK, not as homeostatic CK.
Inflammatory CK are produced during infections to recruit circulating
immune cells to the infection sites, whereas homeostatic CK, involved in
homing processes, are constitutively and locally produced at steady
state, without any infection occurring (Chen et al., 2018; Murphy and
Weaver, 2016; Thelen and Uguccioni, 2016). After T cell recruitment to
the infection sites, antigen recognition by effector T cells retains them
there (Murphy and Weaver, 2016). Moreover, T cells are recruited until
the pathogen is eliminated. EAV elimination occurs in the lungs, one
portal of entry of EAV, but not in the reproductive tract of certain stal-
lions. Therefore, the continuous recruitment of lymphocytes as potential
susceptible host cells is not sufficient for viral persistence, contrary to
what Carossino et al. (2017) suggested.

It has been demonstrated that EAV persistence depends on the
presence of testosterone. The inhibitory effect of testosterone on the
immune system does not explain this dependence, contrary to what
Carossino et al. (2017) suggested, since not all viruses persist in the
stallion reproductive tract. However, since the androgen receptor (AR) is
also expressed in reproductive tract cells, testosterone may have a direct
effect on EAV replication, especially because the AR is predominantly
found in the glandular epithelia and scattered stromal cells (Carossino
et al., 2019), and EAV has been found in stromal cells (fibrocytes and
possibly macrophages) in the reproductive tract of persistently infected
stallions (Carossino et al., 2017). For this reason, to study EAV
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testosterone-dependent persistence, we need an in vitro model of EAV
infection of cells from the male reproductive tract that express the AR.
Given that no cell lines derived from the stallion reproductive tract were
available, we tested several cell lines from the male reproductive tract of
other animal species. Among them, TM3 cells express the androgen re-
ceptor (Hwang et al., 2011) (characterized by ATCC, the supplier).

We described three distinct infection patterns: fully cytopathic
(RK13, 92BR, and DDT1 MF-2 cells), without overt CPE at 3 dpi (PC-3
and TM3 cells), and non- or poorly permissive (ST, GC-1 spg, and LNCaP
cells). At 0 dpi, there were 10-fold fewer viral genome copies in the
supernatant of RK13 cells than in the other cell lines, probably because
RK13 cells were infected at an MOI of 1, which is 10-fold lower than the
MOI of 10 used for the other cell lines. At 2 dpi, viral production in RK13
and 92BR cells stopped and the virus infectivity decreased because most
cells were infected and started to die due to viral infection. The delay in
viral production observed in DDT1 MF-2 cells, compared with RK13 and
92BR cells, can be explained by a difference in the permissiveness to
EAV infection of these cell lines. DDT1 MF-2 cells were much less
infected at 1 dpi than were RK13 and 92BR cells, but reached the same
percentage of infection as RK13 and 92BR cells at 3 dpi. These results
indicate that viral entry is the key step for DDT1 MF-2 cell infection by
EAV, whereas viral replication and the production of infectious viral
particles did not seem to be inhibited within this cell line. Moreover,
following the initial steps of infection, the virus spread rather quickly,
suggesting viral adaptation to this cell line for infection.

The only cell lines that did not seem to be permissive to EAV infec-
tion were GC-1 spg cells and LNCaP cells. Nearly no viral genome copies
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were detected in GC-1 spg cells upon infection, suggesting the possible
absence of the receptor needed for viral entry. In LNCaP cells, no pro-
duction of viral genome copies was detected, and no N proteins were
detected. Thus, the detection of viral RNAs in the supernatants of LNCaP
and GC-1 spg cells is due to the viral inoculum used for infection, and
differences in the number of viral genome copies detected in the su-
pernatants of LNCaP and GC-1 spg cells can be explained by the distinct
infection protocols. LNCaP cells were left in presence of the virus for the
length of the experiments to trigger infection, instead of the 5 h for the
other cell lines, mainly to prevent LNCaP cells from detaching from the
well bottoms. Also, viral RNAs detected within LNCaP cells may come
from viral particles attached to the surface of LNCaP cells. Therefore,
either LNCaP cells were not infected, or infection was aborted: the virus
can enter the cells but cannot replicate. On the other hand, in ST cells, at
1 dpi, we detected less than 1% of infected cells by immunofluorescent
staining on slides, whereas no infected cells were detected when ana-
lysed by flow cytometry. However, the virus was removed from the cell
cultures at 5 h post-infection for flow cytometry experiments, whereas it
was left with cells until fixation for immunofluorescent staining on
slides. This modification in the protocol may explain the slight differ-
ence observed. Nevertheless, in both experiments, no ST cells were
immunofluorescent-positive at 3 dpi, which seems to suggest that either
ST cells eliminated the virus from the cell culture, or the virus killed the
few infected cells. Alternatively, ST cells blocked the expression of the
viral proteins.

Interestingly, the infection of TM3 cells without subculture led to a
fully productive infection, with only 10-fold less infectious viral parti-
cles produced than with RK13 cells, although, at 3 dpi, around only 30%
of TM3 cells were infected versus over 90% for RK13 cells. In compar-
ison, the persistent EAV infection of Hela-H cells, a human female
reproductive tract cell line, produced at 3 dpi around 10° PFU/mL with
around only 20% of infected cells (Zhang et al., 2008), which is 500-fold
less infectious viral particles than with their RK13 cells.

Interestingly, infection in TM3 cells without subculture did not
modify cell viability compared with mock-infection of TM3 cells, except
at 3 dpi that showed a slight difference. Because 3 dpi is the day with the
highest percentage of infected cells, there may be lysis of only few cells
or a slight slow-down in cell growth. However, in this case, there would
be an equilibrium between cell lysis and cell growth, which may be due
to faster growth of TM3 cells than of all the other cell lines tested in this
study. Non-infected TM3 cells were subcultured twice a week at
1:20-1:30 versus 1:3 for PC-3 cells and 1:4-1:6 for RK13 cells. This fast
growth may explain the decrease in metabolic activity in infected and
mock-infected TM3 cells after 3 dpi when they are not subcultured for
one week. Therefore, TM3 cell infection may mimic a chronic focal
infection.

There are several mechanisms of in vitro viral persistence. Persistent
infections can be non-productive, such as latent infections, in which the
virus genome persists within cells either intra-chromosomally or extra-
chromosomally, without production of viral particles (Boldogh et al.,
1996; Mahy, 1985). The virus is transmitted vertically: its genome is
replicated at the same time as the host cell genome and divided among
daughter cells (Boldogh et al., 1996; Mahy, 1985). Persistent infections
can also be productive, such as chronic infections, which include chronic
diffuse infections and chronic focal infections. Chronic diffuse in-
fections, also called steady-state infections, are infections in which most
of cells are infected and viral particles are continuously produced
without lysis of the host cells (Boldogh et al., 1996; Mahy, 1985).
Chronic focal infections, also called carrier-state infections, have been
described for positive-strand RNA viruses, such as group B coxsack-
ieviruses (Crowell and Syverton, 1961; Pinkert et al., 2011; Rehren
et al., 2013; Schnurr and Schmidt, 1984) and foot-and-mouth disease
virus (FMDV) (de la Torre et al., 1988; de la Torre and Domingo, 1988;
Martin-Acebes et al., 2010), for double-stranded RNA viruses, such as
infectious pancreatic necrosis virus (IPNV) (Garcia et al., 2011) and
reovirus type 3 strain Dearing (T3D) (Dermody et al., 1993), and for
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DNA viruses, such as adenoviruses (Boldogh et al., 1996). Chronic focal
infections are infections in which only a small proportion of cells is
infected, from less than 1% to 70%, and releases high titres of infectious
virus particles (10° to 10° PFU/mL) before being killed. The viruses thus
released only infect a small proportion of the other cells (Crowell and
Syverton, 1961; Dermody et al., 1993; Garcia et al., 2011; Mahy, 1985;
Pinkert et al., 2011; Rehren et al., 2013; Schnurr and Schmidt, 1984).
However, through the equilibrium between cell growth and cell lysis,
the global cell population survives, and is continuously infected, because
the virus spreads through the medium or by direct contact between cells
(Boldogh et al., 1996; Mahy, 1985; Pinkert et al., 2011). Thus, in certain
circumstances, EAV infection in TM3 cells may lead to an equilibrium
between cell growth and cell death. This was the case when infected
TM3 cells were kept in culture for over 39 days with a low percentage of
infected cells. This equilibrium between cell growth and cell death, in
carrier-state cultures, is either permitted by the presence of inhibitory
factors in the culture medium, such as interferons (Boldogh et al., 1996;
Garcia et al., 2011) and antibodies (Boldogh et al., 1996; Crowell and
Syverton, 1961), or can be explained by a virus-host cell coevolution due
to a difference in the susceptibility of the cells to the viral infection.
Susceptibility differences can be due to mutations in the “viral” receptor,
to a reduction in its expression (Pinkert et al., 2011), or to an intracel-
lular blocking of the virus uptake process (Dermody et al., 1993) or of
virus replication (de la Torre et al., 1988). Because we observed over-
expression of the IFN-a and IFN-$ genes in our TM3 cell model of EAV
infection, interferons may play a role in this carrier-state like infection.
Despite the capacity of some EAV non-structural proteins (nspl, nsp2,
and nsp11) to decrease the induction of IFN-f gene expression (Go et al.,
2014; Han et al., 2014), in our TM3 cell infection model, EAV infection
did not prevent IFN-I gene expression. IFN-a and IFN-$ gene expression
levels were at their maximum at 3 dpi in the infection of TM3 cells
without subculture and this was correlated with the highest percentage
of infected cells. This production of interferons may explain why the
production of viral particles also peaked at 3 dpi, and why the per-
centage of infected cells did not increase when infected TM3 cells were
subcultured at 3 dpi, whereas it did increase when infected TM3 cells
were subcultured at 1 or 2 dpi. When that virus replication-cell survival
equilibrium is out of balance, it can lead either to the elimination of the
virus (Schnurr and Schmidt, 1984) or to the death of the cell culture. The
imbalance in the equilibrium brought about by the excessive virus
replication compared with cell growth can depend on the initial MOI
and on the virulence of the strain. For example, one study (Rehren et al.,
2013) showed that the coxsackievirus B3 (CVB3) Nancy strain at an MOI
of 0.01-0.1 TCID50/cell leads to a persistent carrier-state infection,
whereas another strain (CVB3 PD, a strain derived from CVB3 Nancy) at
an MOI of 1-100 TCID50/cell leads to acute lytic infection. Moreover,
another study (Pinkert et al., 2011) showed that the HL-1 mouse atrial
cardiomyocyte cell line infected at an MOI of 10, 1, or 0.1 does not
present overt cell lysis at 3 dpi, but after having been subcultured at 2
dpi, only the cells infected at an MOI of 0.1 are able to grow to a
confluent cell monolayer. In an older study (Crowell and Syverton,
1961), at the 7 passage, the infected cells did not grow to a confluent
cell monolayer, but some infected cells were maintained in culture for 9
months without any passages. Likewise, our infected TM3 cells sub-
cultured at 1:5 at 1 or 2 dpi showed an increase in the percentage of
infected cells and did not grow to a confluent cell monolayer, whereas
infected TM3 cells could be kept in culture for over 39 days when they
were subcultured at 1:2 the first time at 5 dpi and then every 2-3 days.

5. Conclusion

In summary, we established an in vitro model of EAV infection in a
male reproductive tract cell line. Among the several mechanisms of in
vitro viral persistence, EAV TM3 cell infection is a chronic focal infec-
tion. This is the first chronic focal EAV infection of a male reproductive
tract cell line. The EAV TM3 cell infection may be an interesting model
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for the study of host-pathogen interactions, because this infection can be
maintained at least 7 days in culture, without any subculture, whereas
infected RK13 cells can be kept only 2 days in culture before dying.
Moreover, for short-term studies, the percentage of infected TM3 cells
can be increased by subculturing them at 1 or 2 dpi. Infected TM3 cells
can also be subcultured for over 39 days, but in this case the percentage
of infected cells remains low. TM3 cell infection can help to better un-
derstand the mechanisms involved in EAV persistence in the stallion
reproductive tract, notably the possible direct impact of testosterone on
EAV replication.
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