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Abstract

Equine coronavirus (ECoV) causes pyrexia, anorexia, lethargy, and sometimes diarrhoea. Infected horses excrete the virus in
their faeces, and ECoV is also detected in nasal samples from febrile horses. However, details about ECoV infection sites in
the intestinal and respiratory tracts are lacking. To identify the ECoV infection sites in the intestinal and respiratory tracts,
we performed an experimental infection study and analysed intestinal and respiratory samples collected from four infected
horses at 3, 5, 7, and 14 days post-inoculation (dpi) by real-time reverse transcription polymerase chain reaction (real-time
RT-PCR) and in situ hybridization (ISH). Two horses became febrile, but the other two did not. None of the horses had diar-
rhoea or respiratory signs, and severe cases were not observed in this study. None of the horses showed obvious abnormali-
ties in their intestinal or respiratory tracts. Real-time RT-PCR and ISH showed that ECoV RNA was present throughout the
intestinal tract, and ECoV-positive cells were mainly detected on the surface of the intestine. In one horse showing viremia
at 3 dpi, ECoV RNA was detected in the lung by real-time RT-PCR, but not by ISH. This suggests that the lung cells them-
selves were not infected with ECoV and that real-time RT-PCR detected viremia in the lung. The other three horses were
positive for ECoV RNA in nasal swabs but were negative in the trachea and lung by real-time RT-PCR and ISH. This study
suggests that ECoV broadly infects the intestinal tract and is less likely to infect the respiratory tract.

Introduction

Equine coronavirus (ECoV) belongs to the species Beta-
coronavirus 1 in the genus Betacoronavirus, which also
includes bovine coronavirus (BCoV) [1]. There have been a
number of outbreaks of ECoV infection in Japan [2-4] and
the United States [5, 6]. Infected horses show pyrexia, ano-
rexia, lethargy, and sometimes diarrhoea [5]. Experimental
infection studies have shown that infected horses excrete a
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large amount of ECoV in their faeces regardless of clini-
cal signs, and ECoV is considered to be mainly transmit-
ted by the faecal—oral route [7, 8]. In two clinical studies
on horses and a donkey that had died, it was reported that
ECoV was detected in the jejunum and colon, using immu-
nohistochemistry with antibodies against BCoV [9, 10].
These clinical signs and observations suggest that ECoV has
intestinal tropism, but it is unknown whether ECoV infects
intestinal tissues other than the jejunum and colon. BCoV,
which is genetically related to ECoV, infects both the intes-
tinal and respiratory tracts of cattle and causes enteric and
respiratory diseases [11]. ECoV has also been detected in
nasal swabs from febrile horses [7, 12—14], but it is unclear
whether ECoV infects other parts of the respiratory tract
as BCoV does. In this study, to identify infection sites of
ECoV in the intestinal and respiratory tracts, we performed
an experimental infection study and analysed intestinal and
respiratory samples collected from infected horses over time
by real-time reverse transcription polymerase chain reaction
(real-time RT-PCR) and in situ hybridization (ISH).
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Materials and methods
Horses and inoculum

Four 1-year-old Thoroughbred horses were used in this
study. All horses were healthy and did not have virus-
neutralizing antibodies against ECoV (strain NC99), i.e.,
the antibody titres were less than 1:8, at 0 days post-inoc-
ulation (dpi). Neutralization tests with strain NC99 were
performed as described previously [2]. An ECoV-positive
faecal sample was used as the inoculum; the inoculum was
watery diarrheic faeces collected from a 4-year-old female
draft horse during an ECoV outbreak in 2012 [4]. Using
bacterial culture testing, the inoculum was confirmed to be
negative for Clostridium perfringens, Clostridioides dif-
ficile, and Salmonella species potentially related to intesti-
nal diseases in horses [15]. The ECoV-positive sample was
stored at — 80 °C until inoculum preparation. The sample
was diluted 1:10 in phosphate-buffered saline (PBS), and
500 ml of this 10% faecal suspension was administered via
a transnasal catheter into the oesophagus of each experi-
mental horse under sedation [7]. The suspension contained
3.6x 10" copies of the ECoV nucleocapsid gene. Viral
copy numbers were determined as described below.

Clinical observation and sampling

Clinical signs and rectal temperatures were recorded daily.
Rectal temperatures exceeding 38.6 °C were defined as
fever. Faecal samples, nasal swabs, serum, and EDTA
blood samples were collected daily. Faecal samples were
homogenized in a disposable homogenizer (BioMasher
Standard, Takara bio, Kusatsu, Japan) at a ratio of 1:10
(w/v) in homogenization buffer comprising Dulbecco’s
modified Eagle’s medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 200 units of penicillin, 200 ug
of streptomycin, and 0.5 pg of amphotericin B per mil-
lilitre (Antibiotic-Antimycotic; Thermo Fisher Scientific,
Waltham, MA, USA). Nasal swabs were collected and
immersed in PBS supplemented with 0.6% tryptose phos-
phate broth (Sigma-Aldrich) with 500 units of penicillin,
500 pg of streptomycin, and 1.25 pg of amphotericin B per
millilitre (Antibiotic-Antimycotic; Thermo Fisher Scien-
tific). Faecal suspensions and nasal swabs were centrifuged
at 21,500 g for 5 minutes and 860 g for 15 minutes, respec-
tively, and the supernatant was used for RNA extraction.
EDTA blood samples were diluted 1:1 (v/v) in PBS for
extraction of viral RNA. Horses were euthanized at 3 dpi
(horse #1), 5 dpi (horse #2), 7 dpi (horse #3), and 14 dpi
(horse #4), and the intestinal tract (duodenum, jejunum,
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ileum, caecum, colon, and rectum), trachea, lungs, and
lymph nodes (cranial mesenteric, caecal, colonic, caudal
mesenteric, and pulmonary lymph nodes) were collected
for real-time RT-PCR and histopathological analysis. Tis-
sue samples were homogenized at a ratio of 1:10 (w/v) in
homogenization buffer and centrifuged in the same manner
as faecal samples for real-time RT-PCR. For histopatho-
logical analysis, tissue samples were fixed in 10% neutral
buffered formalin and then embedded in paraffin.

Real-time RT-PCR

Viral RNA was extracted from the faecal samples, nasal
swabs, diluted EDTA blood samples, and tissue samples
(400 ul for each sample), using an automated nucleic acid
isolation machine (MagLEAD; Precision System Science,
Matsudo, Japan), and eluted into 100 pul of elution buffer.
Real-time RT-PCR was performed using specific primers
(ECoV-380f 5> TGGGAACAGGCCCGC-3’ and ECoV-522r
5’-CCTAGTCGGAATAGCCTCATCAC-3’) and a TagMan
MGB probe (ECoV-436p 5°-6-FAM-TGGGTCGCTAAC
AAG-MGB-3’) (Thermo Fisher Scientific) to detect the
nucleocapsid gene [16], using TaqPath 1-Step RT-qPCR
Master Mix, CG (Thermo Fisher Scientific) according to
the manufacturer’s instructions. Thermal cycling conditions
were as follows: an initial hold at 25 °C for 2 minutes, 50 °C
for 15 minutes and 95 °C for 2 minutes, and then 40 cycles
of 95 °C for 3 seconds and 60 °C for 30 seconds. To produce
a standard curve, control ECoV RNA was synthesized for us
by Fasmac (Atsugi, Japan). This corresponded to a portion
of the nucleocapsid gene including the target region of the
real-time RT-PCR assay. Samples were judged to be posi-
tive if they contained more than 10 copies per reaction. Ten
copies per reaction corresponded to 6.3 103 (10*%) cop-
ies per gram of faecal and tissue samples, 6.3 x 10% (10>%)
copies per millilitre of nasal swab suspension, and 1.3 x 10
(10*1) copies per millilitre of EDTA blood samples. Real-
time RT-PCR reactions were performed in triplicate, and
average copy numbers were determined.

To confirm that the extraction from samples was prop-
erly performed, a housekeeping gene (beta-2-microglobulin)
was used as an internal control, using specific primers and
a probe kit (Assay ID: Ec03468699_m1, TagMan Gene
Expression Assays; Thermo Fisher Scientific).

Haematoxylin and eosin (HE) staining and in situ
hybridization (ISH) for ECoV

HE staining was performed using routine procedures as
described previously [17]. ISH to detect ECoV RNA in
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formalin-fixed, paraffin-embedded tissues was performed
using RNAscope technology (Advanced Cell Diagnostics
Inc., Newark, CA, USA) according to the manufacturer’s
instructions. The probe (Advanced Cell Diagnostics) tar-
geted the nucleoprotein gene of strain NC99 (accession
number EF446615) [18]. After staining, ECoV-positive cells
in 20 randomly selected fields at 400X magnification were
counted using PatholoCount ver. 1.2.0 (Mitani Corporation,
Tokyo, Japan). The average number of ECoV-positive cells
per field was calculated. As negative controls, intestinal
samples collected from a 1-year-old horse that had not been
inoculated with ECoV were also used for HE staining and
ISH.

Results

Two out of four horses had temperatures above 38.6 °C, one
at 2 dpi (39.5 °C, horse #1) and one at 3 dpi (38.9 °C, horse
#2) (Fig. 1). The other two (horses #3 and #4) did not show
a fever during the study period. None of the four horses
showed clinical signs other than fever, such as diarrhoea,
colic, or respiratory disease.

The ECoV RNA copy numbers in faecal samples, nasal
swabs, and EDTA blood samples are shown in Figure 2.
ECoV RNA was detected in faecal samples collected from
horses #1, #2, and #3 from 3 dpi to the day of euthanasia (at
3,5, and 7 dpi, respectively), and in horse #4 at 2—11 and
13 dpi. ECoV RNA was detected in nasal swabs from horse
#2 at 4-5 dpi, horse #3 at 6-7 dpi, and horse #4 at 3-7, 9,
11, and 13 dpi. ECoV RNA was detected in EDTA blood
samples from horse #1 at 2-3 dpi, and horse #4 at 2-9 and
11 dpi.
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Fig.1 Body temperatures of four experimentally infected horses.
Body temperatures of horses #1, #2, #3, and #4 were recorded until
3, 5,7, and 14 days post-inoculation, respectively. The horizontal line
indicates 38.6 °C
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Fig.2 Detection of equine coronavirus RNA in nasal swabs, faecal sam-
ples, and EDTA blood samples of infected horses by real-time reverse
transcription polymerase chain reaction. The copy numbers of equine
coronavirus RNA per gram (faecal samples) or millilitre (nasal swabs and
EDTA blood samples) are shown as the logarithm to the base 10. Samples
that had more than 6.3x 10 (10*®) copies per gram in faeces, 6.3 10?
(10%®) copies per millilitre in nasal swabs, and 1.3x 10* (10*!) copies per
millilitre in EDTA blood samples were considered positive for ECoV
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Table 1 Copy numbers of equine coronavirus RNA in each tissue
collected from experimentally infected horses

Tissue Horse no. (collection day)
#1 (3dpi) #2(5dpi) #3 (7dpi) #4 (14 dpi)
Duodenum - 8.5 8.2 -
Jejunum 9.8¢ 8.6 7.0 4.2
Tleum 10.3 9.5 6.6 44
Caecum 9.0 11.6 10.1 5.9
Colon 6.0 10.7 7.8 6.0
Rectum - 11.0 9.0 -
Trachea - - - -
Lung 6.2 - - -
Cranial mesenteric 9.7 6.2 6.7 6.2
LN
Caecal LN 5.4 7.3 6.4 5.1
Colonic LN - 4.0 7.9 5.3
Caudal mesenteric 5.2 - 4.1 -
LN
Pulmonary LN - - - -

—, negative; LN, lymph node

“The copy numbers of equine coronavirus RNA per gram are shown
as the logarithm to the base 10. Samples that had more than 6.3 x 103
(10*3) copies per gram in tissues were considered positive for ECoV

The ECoV RNA copy numbers in each tissue are shown
in Table 1. Real-time RT-PCR showed that, at 3 dpi, ECoV
RNA was detected from the jejunum to the colon and in
the cranial mesenteric, caecal, and caudal mesenteric lymph
nodes. Notably, a large quantity of ECoV RNA was observed
from the jejunum to the caecum and in the cranial mesen-
teric lymph nodes. At 5 and 7 dpi, ECoV RNA was broadly
detected from the duodenum to the rectum and was observed
in the largest quantities in the caecum. At 14 dpi, ECoV
RNA was detected from the jejunum to the colon. ECoV
RNA was also detected in the cranial mesenteric, caecal,
and colonic lymph nodes at 5, 7, and 14 dpi, as well as in
the caudal mesenteric lymph nodes at 7 dpi. The quantities
of ECoV RNA in intestinal tissues other than the colon were
lower at 14 dpi than at 3, 5, and 7 dpi. In the respiratory
tract, only lung tissue collected at 3 dpi was positive for
ECoV RNA, and lung tissue collected at 5, 7, and 14 dpi
was negative. ECoV RNA was not detected in the trachea
in this study.

Gross pathology revealed no obvious abnormalities in
the intestinal or respiratory tracts in any of the horses, but
all horses had swelling of the cranial mesenteric, caecal,
and colonic lymph nodes. Microscopic investigation of the
jejunum at 3 dpi showed atrophy of villi, detachment of
epithelial cells, and macrophage accumulation at the tips
of the villi and in the lamina propria (Fig. 3A, B). Similar
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findings were also observed in the jejunum at 5 and 7 dpi
and in the ileum at 3, 5, and 7 dpi. At 14 dpi, lymphocytes
and plasmacytes were accumulated in the lamina propria
in the ileum (Fig. 3C, D). Accumulation of lymphocytes
and plasmacytes was also observed in the jejunum at 7 and
14 dpi and in the ileum at 7 dpi. Follicular hyperplasia was
observed in the cranial mesenteric, caecal, and colonic
lymph nodes at 3, 5, 7, and 14 dpi; in addition, follicular
hyperplasia was also observed in caudal mesenteric lymph
nodes at 5, 7, and 14 dpi. No abnormalities in the respiratory
tract were revealed by microscopic examination. Addition-
ally, no abnormalities were found in the jejunum (Fig. 3E)
and ileum (Fig. 3F) collected from a horse that had not been
inoculated with ECoV.

The results of ISH are shown in Table 2 and Figure 4.
At 3 dpi, ECoV-positive cells were detected in the tips of
villi from the jejunum (Fig. 4A, B) to the caecum and in
the cranial mesenteric lymph nodes (Table 2), and epithelial
cells in the jejunum were detached in lesions infected with
ECoV (Fig. 4A, B). ECoV-positive cells were detected from
the duodenum to the rectum at 5 dpi (Fig. 4C, D) and were
detected in all parts of the intestinal tract other than the jeju-
num at 7 dpi (Table 2). At 3, 5, and 7 dpi, there were ECoV-
positive signals in the epithelial cells and macrophages of
the lamina propria (Fig. 4B, D), but there were no ECoV-
positive cells in lymph nodules related to the gastrointestinal
tract. In contrast, at 14 dpi, ECoV RNA was detected in
the lymph nodules from the jejunum (Fig. 4E) to the colon
(Table 2). Although there were fewer ECoV-positive cells at
14 dpi than at 3, 5, and 7 dpi, ECoV-positive cells were also
observed at the tips of the villi in the jejunum. No ECoV-
positive cells were observed in the trachea or lungs of any
of the horses (Fig. 4F and Table 2). There were no ECoV-
positive cells in the jejunum (Fig. 4G) and rectum (Fig. 4H
of the horse that was not inoculated with ECoV.

Discussion

In this study, intestinal and respiratory tract samples were
collected at different time points from horses that were
experimentally inoculated with ECoV to investigate the
tissue tropism of this virus. Real-time RT-PCR and ISH
showed that infected lesions were distributed from the small
intestine to the large intestine and enteric lymph nodes fol-
lowing a time course. Corresponding to the detection of
ECoV RNA by real-time RT-PCR, swelling of enteric lymph
nodes was observed in gross pathological analysis. Histolog-
ical analysis showed that lymphocytes and plasmacytes had
accumulated in the lamina propria and that macrophages had
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Fig. 3 Haematoxylin and eosin
staining of the jejunum at 3 days
post-inoculation (dpi) (panels A
and B) and the ileum at 14 dpi
(panels C and D). The boxes

in panels A and C indicate the
areas shown in panels B and D,
respectively. Atrophy of villi,
detachment of epithelial cells,
and macrophage accumulation
(arrows) at the tips of the villi
were observed in the jejunum

at 3 dpi (A and B). Lympho-
cytes (open arrowheads) and
plasmacytes (arrowheads) had C
accumulated in the lamina
propria in the ileum at 14 dpi
(C and D). The jejunum (E) and
ileum (F) of a horse that was
not inoculated with ECoV were
used as negative controls

phagocytized ECoV. These results show that ECoV broadly
infects the intestinal tract.

Gross pathological analysis revealed no major abnormali-
ties in the intestinal tract. The histopathological analysis also
showed that ECoV was localized on luminal surfaces, and
significant damage was not observed within intestinal tis-
sues. This would be one of the reasons why the infected
horses in this study showed only mild clinical signs. Most
horses that are naturally infected with ECoV in the field have
only mild clinical signs, and this study is likely to reproduce
such cases. This suggests that, in the majority of infected
horses, although ECoV infects intestinal surfaces through-
out the intestinal tract, it does not cause significant damage
to the intestinal tract. Nevertheless, although rare, severe
cases can occur, and there has been a report of ECoV infect-
ing the cytoplasm of deep gland enterocytes in the jejunum
and causing hyperammonemia in severe cases of necrotizing

enterocolitis and encephalitis [9]. Such differences in the
distribution of ECoV within the intestinal tissues between
the current study and previous studies may be associated
with the severity of clinical signs. Other additional factors
may be necessary for the worsening of clinical signs. Our
current study could not reproduce severe cases, and further
studies will be required to address unknown factors causing
the difference in viral distribution within intestinal tissues
and in disease severity.

In this study, none of the four horses showed respira-
tory signs, such as cough or nasal discharge, and none
showed any abnormalities by gross pathology and micro-
scopic investigation. At 3 dpi, ECoV RNA was detected
in the lung by real-time RT-PCR but was not detected by
ISH. Horse #1 showed viremia at 3 dpi, and the lung was
found during post-mortem examination to contain a large
amount of blood. These observations suggest that the lung
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Fig.4 Analysis of in situ
hybridization using the jejunum
collected from the infected
horse at 3 days post-inoculation
(dpi) (A and B), the rectum at

5 dpi (C and D), a lymph node
in the jejunum at 14 dpi (E), and
the lung at 3 dpi (F). Panels B
and D are higher magnifications
of panels A and C, respectively.
Macrophages are indicated by
arrows (D). The jejunum (G)
and rectum (H) of a horse that
was not inoculated with ECoV
were used as negative controls

cells were not infected with ECoV and that ECoV RNA
was detected in the lung by real-time RT-PCR because
of viremia. In the other three horses, ECoV RNA was
detected from nasal swab samples from 3 dpi onward, but
not in the trachea or the lung by either real-time RT-PCR
or ISH at 5, 7, and 14 dpi. The highest copy number of
ECoV RNA in nasal swabs was 5.8 x 10° copies at 5 dpi in
horse #2, and that in faecal samples was 3.2 x 10° copies at
4 dpi in horse #2. The copy numbers in nasal swabs were
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all at least one order of magnitude lower than the copy
numbers in faecal samples collected on the same days, and
this is consistent with our previous experimental infection
study [7]. It is likely that horses’ noses touched ECoV-
positive faeces on the floor, introducing ECoV into their
nasal cavity. An experimental infection study using calves
inoculated orally with BCoV showed that BCoV infected
the respiratory tract and induced epithelial damage in
the nasal turbinates, trachea, and lungs, and interstitial
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Table 2 Distribution of equine coronavirus positive cells in intestinal
and respiratory tissues analysed by in situ hybridization

Tissue Horse no. (collection day)
#1 (3 dpi) #2 (5dpi) #3 (7dpi) #4 (14 dpi)
Duodenum —a +? + —
Jejunum +4€ + — +
Ileum ++ + + +
Caecum + ++ ++ +
Colon - ++ ++ +
Rectum - ++ + -
Trachea — — — -
Lung - — - -
Cranial mesenteric + - — —
LN
Caecal LN - - - _
Colonic LN — - - —
Caudal mesenteric — - - —
LN
Pulmonary LN - - - -

dpi, days post-inoculation; LN, lymph node
“—, The average number of ECoV-positive cells per field was < 1
b4, The average number of ECoV-positive cells per field was > 1

“++, The average number of ECoV-positive cells per field was > 50

pneumonia, even though the respiratory tract was not inoc-
ulated directly with BCoV [19]. In another study, involv-
ing experimental exposure by direct contact with infected
calves, it was reported that the level of BCoV RNA in
nasal swabs was more than 1 x 10° copies at the maximum
and was sometimes higher than in faecal samples collected
on the same days [20]. In contrast, the experimental ECoV
infection of horses via the oral route in this study did not
result in damage to the respiratory tract or massive viral
replication, as described above, suggesting that ECoV is
less likely to infect the respiratory tract.

In conclusion, this experimental infection study sug-
gests that ECoV broadly infects the intestinal tract and is
less likely to infect the respiratory tract in horses.
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