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Abstract Porcine deltacoronavirus (PDCoV) is a novel
enteropathogenic coronavirus in pigs. We have isolated and
passaged the PDCoV strain OH-FD22 in an LLC porcine
kidney (LLC-PK) cell line. Our study investigated the
pathogenicity of the tissue-culture-grown PDCoV (TC-
PDCoV) OH-FD22 at cell passages 5, 20 and 40 in LLC-
PK cells, in eight 14-day-old gnotobiotic (Gn) pigs. Pigs
(n = 3) were euthanized for pathologic examination at
post-inoculation day (PID) 3, and the remainder were
monitored for clinical signs, virus shedding, and serum
antibody responses until PID 28. All inoculated pigs
developed watery diarrhea and/or vomiting at PID 1-2 and
shed the highest amount of viral RNA in feces at PID 3-5,
accompanied by severe atrophic enteritis. They developed
high titers of PDCoV-specific IgG/IgA and virus-neutral-
izing antibodies in serum at PID 23-24. Histologic lesions
were limited to the villous epithelium of the jejunum and
ileum at PID 3. Two inoculated pigs tested at PID 23-24
had small to moderate numbers of PDCoV antigen-positive
cells in the intestinal lamina propria and mesenteric lymph
nodes, but not in enterocytes. An analysis of full-length S
and N genes of TC- and Gn-pig-passaged OH-FD22
revealed a high genetic stability in cell culture and pigs.
TC-PDCoV OH-FD22 (cell passages 5, 20 and 40) was
enteropathogenic, and the pathogenicity was similar to that
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of the original field virus. The TC-PDCoV OH-FD22 will
be useful for further pathogenesis studies and for evaluat-
ing if higher-level cell-culture passaged virus becomes
attenuated for vaccine development.

Introduction

Porcine deltacoronavirus (PDCoV), belonging to the genus
Deltacoronavirus of the family Coronaviridae [27], is a
porcine diarrheal pathogen that was initially reported in
Hong Kong in 2012 [28] and emerged in the United States
in 2014 [20, 25, 28]. Infected herds had clinical signs of
acute watery diarrhea in sows and nursing pigs, but mor-
tality was reported only in nursing pigs [4, 12, 25]. PDCoV
disease was reportedly milder than that caused by porcine
epidemic diarrhea virus (PEDV) and transmissible gas-
troenteritis virus (TGEV) in seronegative herds [13, 17].
Molecular surveillance studies indicated that PDCoV co-
infections are common, especially with rotavirus group C
(Rota C) and PEDV [7, 20]. To date, outbreaks have been
documented in more than 20 states in the United States and
in Canada, China, South Korea, and Thailand [6, 8, 15, 23].
A report from Jiangxi Province, China, indicated that the
prevalence of monoinfection by PDCoV was high
(33.7 %), and coinfection by PDCoV and PEDV was
19.7 % in diarrheic pigs [23].

Several investigators have described the molecular
detection and genetic analysis of PDCoVs [15, 16, 19,
22, 24]. Other studies confirmed that PDCoV is enter-
opathogenic in young pigs [4, 12, 17]. Our previous study
showed severe watery diarrhea and/or vomiting and severe
atrophic enteritis in 14-day-old gnotobiotic (Gn) pigs
inoculated with the PDCoV OH-FD22 original fecal sam-
ple [12]. Another study reported that a cell culture isolate
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of PDCoV, USA/IL/2014, caused clinical disease in con-
ventional 5-day-old piglets, accompanied by macroscopic
and microscopic lesions in the small intestine [4]. It was
also reported that a cell culture isolate of PDCoV, strain
Michigan/8977/2014 (MI), caused severe gastrointestinal
diseases in Gn and conventional 10-day-old piglets [17].

In our recent publication, we focused on the isolation of
PDCoV in cell culture. The PDCoV OH-FD22 strain
originated from intestinal contents from a diarrheic pig,
and it was successfully isolated in two cell lines of swine
origin, swine testicular (ST) and LLC porcine kidney
(LLC-PK) cells. It was serially passaged in LLC-PK cells
[7]. The aims of our current study were to investigate i) the
pathogenicity of the tissue-culture-grown PDCoV (TC-
PDCoV) strain OH-FD22 at passage 5 (P5), P20, and P40
on LLC-PK cells in 14-day-old Gn pigs compared with that
of the wild-type parent virus [12]; ii) Fecal PDCoV shed-
ding, viremia, and pathology tested at post-inoculation day
(PID) 1 to 23-24 or PID 28; iii) possible attenuation of TC-
PDCoV OH-FD22 P40, the highest passage in cell culture
among the passages tested; iv) serum-PDCoV-specific IgG
and IgA and virus neutralization (VN) antibody titers and
any differences in the titers among OH-FD22 PS5, P20, and
P40-inoculated pigs; and v) the genetic stability of TC- and
Gn-pig-passaged PDCoV OH-FD22 P5, P20, and P40 by
analysis of the complete spike (S) and nucleocapsid
(N) gene sequences.

Materials and methods
Cells and virus

The LLC-PK cell line (ATCC CL-101) was used to serially
passage the PDCoV OH-FD22 strain, which was isolated
from the intestinal contents collected from a diarrheic pig
from Ohio [7]. The TC-PDCoV OH-FD22 P5, P20, and
P40 strains were propagated on LLC-PK cells and har-
vested when the CPE was > 85 %. Virus titer was deter-
mined by using TagMan real-time quantitative RT-PCR
(qQRT-PCR) and by plaque assay as described previously
[7]. The propagated PDCoV culture was confirmed nega-
tive for other swine enteric viruses, including TGEV,
PEDV, Rota A to Rota C, and caliciviruses (noroviruses,
sapoviruses, and St-Valerien-like viruses), by using RT-
PCR as reported previously [1, 2, 14, 21, 26].

Inoculation of Gn pigs with TC-PDCoV OH-FD22
The TC-PDCoV strains OH-FD22 P5, P20, and P40 in
LLC-PK cells were used for inoculation of Gn pigs. All

animal studies were performed as approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the
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Ohio State University. The Gn pigs were delivered asep-
tically by hysterectomy from specific-pathogen-free sows.
Prior to inoculation, pigs were confirmed negative for the
major swine enteric viruses by testing of fecal samples
using RT-PCR. Six 14-day-old Gn pigs (n = 2 for each
passage) were inoculated orally with TC-PDCoV OH-
FD22 PS5 (10.8 logyo genomic equivalents [GE] per pig),
P20 (10.2 log;y GE per pig), and P40 (10.1 log,o GE per
pig). Two pigs of the same age were used as negative
controls. Clinical signs were monitored at least twice daily
[12]. For each virus passage group, one of the two pigs was
euthanized for pathologic examination at 24-48 h after
onset of clinical signs [12]. Large-intestinal contents (LIC)
and small-intestinal contents (SIC) were collected and
tested by qRT-PCR for PDCoV and by RT-PCR for other
enteric viruses. The remaining pigs were monitored for
longer-term clinical signs, fecal virus RNA shedding, and
virus-specific serum antibodies until PID 28. Diarrhea was
assessed by scoring fecal consistency as follows:
0 = solid; 1 = pasty; 2 = semi-liquid; 3 = liquid, with
scores of 2 or more considered diarrheic [10].

Viral RNA detection by qRT-PCR

Rectal swabs were collected daily from each pig through-
out the experiment. Viral RNA was extracted from the
intestinal content suspensions, rectal swab fluids, serum,
and cell culture samples by using a 5 MagMAX-96 virus
isolation kit (Ambion by Life Technologies, USA) and the
RNA extraction robot MagMax Express (Applied Biosys-
tems, Foster City, CA) according to the manufacturer’s
instructions. Viral RNA titers were determined by qRT-
PCR (QIAGEN, Valencia, CA, USA) as reported [7]. The
detection limit of the gqRT-PCR was 10 GEs/reaction,
which corresponded to 4.6 and 3.6 log;y GE/mL of PDCoV
in fecal and serum samples, respectively.

Histopathology and immunofluorescence staining
for the detection of PDCoV antigen

Small (duodenum to ileum) and large (cecum and colon)
intestinal tissues and other major organs (lung, liver, heart,
kidney, spleen, and lymph nodes) were examined grossly
and histologically and fixed in 10 % neutral formalin for
1-2 days at room temperature [9]. They were embedded,
sectioned, and stained with Mayer’s hematoxylin and eosin
(H&E) for light microscopy examination. Mean jejunal
ratios of villous height and crypt depth (VH:CD) were
measured by using PAX-it software (PAXcam, Villa Park,
IL, USA) as described previously [11]. The prepared tis-
sues were tested by immunofluorescence (IF) staining for
the detection of PDCoV antigen using a swine hyperim-
mune antiserum (OH-DC97) against PDCoV [7, 12].
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Tissues from age-matched control pigs were tested for
histological comparisons and as a negative control for IF.

PDCoV 80 % plaque reduction neutralization test
(PRNT3,)

Neutralizing antibodies in the sera of PDCoV-inoculated
pigs were tested by PRNTjg, using ST cells in 6-well plates.
The swine hyperimmune antiserum OH-DC97 and the
mock-infected pig’s serum were used as positive and
negative serum controls, respectively. All sera were inac-
tivated at 56 °C for 30 min prior to testing and prepared
as 4-fold serial dilutions in MEM. Each sample was mixed
with an equal volume of TC-PDCoV OH-FD22 (60 plaque-
forming units [PFU]/300 pl in each well) and then incu-
bated at 37 °C for 90 min. The growth medium for ST cells
(100 % confluent) was replaced with maintenance medium
(without trypsin) as described [7]. Following 1 h of incu-
bation at 37 °C, cells were washed once with maintenance
medium. The virus-serum mixtures were added to the ST
cells, and the virus control wells were inoculated with 300
pl of PDCoV OH-FD22 (60 PFU/well). The negative
control wells received the maintenance medium only. After
adsorption for 1 h at 37 °C in an atmosphere of 5 % CO,,
the inoculum was removed, and cells were washed twice
with Dulbecco’s phosphate-buffered saline (DPBS) with-
out Mg?" and Ca”** (Sigma, St. Louis, MO). Two ml of
overlay medium (2 x MEM [Gibco, USA] containing 1 %
antibiotic-antimycotic, HEPES, NEAA, and 2 % pancre-
atin [Sigma, USA] and an equal volume of 3 % SeaPlaque
agarose [Lonza, Rockland, ME]) was added to each well.
The plates were incubated for 2 days in an incubator
(37 °C, 5 % CO,), and the plates were then stained with
0.01 % neutral red (Sigma) for 2 h at 37 °C. The plaques
were counted, and the PRNTg, was determined as the
reciprocal of the highest serum dilution that neutralized
80 % of the plaques as compared to that in the virus-only
control wells.

Serum PDCoV-specific antibody detection

An indirect enzyme-linked immunosorbent assay (ELISA)
was used to detect PDCoV-specific IgA and IgG antibodies
in the sera of PDCoV-inoculated pigs. The protein con-
centration in the TC-PDCoV OH-FD22 was determined by
a Bradford protein assay using bovine serum albumin
(BSA) as a standard [3]. The 96-well MaxiSorp plates
(Nunc, San Diego, CA) were coated with the TC-PDCoV
OH-FD22 (100 ng/well) in coating buffer (20 mM Na,.
CO3, 20 mM NaHCOj;, pH 9.6) at 4 °C overnight. The
mock-infected LLC-PK cells were processed in parallel as
above, and a similar concentration of antigen was used to
coat the negative control wells. The wells were washed

with phosphate-buffered saline (PBS) containing 0.05 %
Tween 20 (PBST) and then blocked with 4 % non-fat dry
milk in PBS. One hundred pl of serially diluted serum (4-
fold dilutions) was added to the antigen-coated or mock
antigen-coated wells and incubated for 1 h at 37 °C. The
plates were washed with PBST, and 100 pl of horseradish
peroxidase (HRP)-conjugated anti-pig IgA (AbD Serotec,
Raleigh, NC, USA) was added to each well at a dilution of
1:3,000 and incubated at 37 °C for 1 h. After washing with
PBST, 2, 2'-azino-bis (3-ethylbenzthiazoline-6-sulfonic
acid) (ABTS) substrate (KPL, Gaithersburg, MD, USA)
was added. Finally, the plates were read at an absorbance
of 405 nm using a SpectraMax ELISA reader (Molecular
devices, Union City, CA).

For IgG detection, plates were prepared as above, the
4-fold serially diluted sera were incubated for 1 h, and the
plates were washed with PBST. Biotinylated anti-pig 1gG
(KPL, Gaithersburg, MD, USA) was added at 100 pl per
well at a dilution of 1:5,000 and incubated for 1 h at 37 °C.
The plates were washed, and peroxidase-conjugated
streptavidin  (1:10,000) (Roche, Indianapolis, IN, USA)
was added and incubated at room temperature for 1 h.
Plates were washed again, and ABTS substrate was added.
Finally, the plates were read at an absorbance of 405 nm by
using a SpectraMax ELISA reader.

Six controls were included: a coating-buffer-only group;
a mock LLC-PK cell lysis diluted with coating buffer
group; a negative-serum (serum obtained from the mock-
infected pig of the same age and serum samples collected
pre-inoculation from all pigs) group; a positive-serum
(hyperimmune PDCoV serum OH-DC97) group; a sec-
ondary-antibody-free group; and a blocking buffer group.
Mock-antigen-coated wells did not show a background
reaction. Positive samples were those with an absorbance
equal to or greater than the cutoff that was determined as
the average value of the absorbance of negative control
samples plus three times the standard deviation. The anti-
body titers were calculated and expressed as the reciprocal
of the highest serum dilution that was positive for PDCoV
IgA or IgG antibodies.

Complete S and N gene sequencing and phylogenetic
analysis of TC- and Gn-pig-passaged PDCoV OH-
FD22

The LIC of Gn pigs inoculated with TC-PDCoV OH-FD22
P5, P20, and P40 were designated Gn pig OH-FD22 P5
(DC124), Gn pig OH-FD22 P20 (DC175), and Gn pig OH-
FD22 P40 (DC225), respectively. The complete S and N
genes of TC-PDCoV OH-FD22 P5 and P40 as well as the
Gn-pig-passaged TC-PDCoV OH-FD22 P5, P20, and P40
in the LIC were amplified, cloned and sequenced, and the
sequence data were assembled and subjected to
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phylogenetic analysis according to our previously reported
methods [7]. The complete S and N genes of TC-PDCoV
OH-FD22 P5, P40, Gn pig OH-FD22 P5 (DC124), Gn pig
OH-FD22 P20 (DC175), and Gn pig OH-FD22 P40
(DC225) were deposited in GenBank under accession
numbers KT945050, KT945051, and KT371500 to
KT371507.

Results

Clinical observations and PDCoV RNA titers
in the feces and sera of TC-PDCoV OH-FD22-
inoculated Gn pigs

All Gn pigs that were orally inoculated with TC-PDCoV
OH-FD22 developed typical clinical disease, characterized
by acute and severe watery diarrhea, vomiting, and mild
dehydration. Clinical signs developed at PID 1-2, regard-
less of the cell culture passage level of the viral strains
tested (Table 1). The pigs monitored for long-term clinical
signs showed moderate to severe diarrhea for about
6-8 days (Fig. 1A). All inoculated pigs exhibited an onset
of clinical disease that was similar or later by 1 day than
that after inoculation of Gn pigs with the original PDCoV
OH-FD22 (Table 1) [12]. The negative control pigs
showed no clinical signs during the study period. The RT-
PCR tests showed no contamination of the diarrheic fecal
samples from the Gn-pig-passaged TC-PDCoV with other
detectable enteric viruses (PEDV, TGEV, Rota A/C, and
caliciviruses).

The kinetics of fecal RNA shedding are shown in
Table 1 and Fig. 1B. As reported [12], the original PDCoV
OH-FD22-inoculated pigs showed clinical signs at about
PID 1, and fecal viral RNA was detected on PID 1, whereas
for the TC-PDCoV OH-FD22-inoculated pigs, fecal viral
RNA was detected later on PID 2, and the pigs showed
clinical signs at PID 1 to 2. Fecal viral RNA peaked on PID
3 to 5 and then decreased gradually thereafter. Similar to
the original PDCoV OH-FD22 inoculation, fecal virus
shedding in the TC-PDCoV OH-FD22 P5- or P20-inocu-
lated pigs was still detectable at PID 18 and 20, and then
negative at PID 19 and 21, respectively. The TC-PDCoV
OH-FD22 P40-inoculated pig had PDCoV-RNA-positive
feces until PID 15. The negative control pigs did not shed
detectable PDCoV viral RNA in the feces throughout the
experiment.

PDCoV RNA was detected in the inoculated pigs’ sera
by qRT-PCR (Table 1). Only the PID 3 sera of the TC-
PDCoV OH-FD22-inoculated pigs were PDCoV positive,
but the viral RNA titer was very low, with a range of 4.8-
5.5 log;o GE/ml. The original PDCoV OH-FD22-inocu-
lated pigs were negative for PDCoV RNA in the sera [12].
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No infected pigs had detectable viral RNA prior to inoc-
ulation in the prebled serum samples.

Gross and histologic lesions and PDCoV-antigen-
positive cells in Gn pigs inoculated with TC-PDCoV
OH-FD22

Two duodenal, 8-10 proximal, middle, and distal jejunal,
two ileal, and two cecal/colonic tissues and other major
organs were collected and tested for all pigs. By macro-
scopic examination, inoculated Gn pigs 1 (P5), 3 (P20) and
5 (P40) tested at PID 3 exhibited extensive thin and
transparent intestinal walls and accumulation of large
amounts of yellowish fluid in the small and large intestinal
lumen. The other internal organs appeared normal. The
other inoculated pigs, pigs 2 (P5), 4 (P20) and 6 (P40),
tested at PID 23-24 or 28, and negative control pigs 7 and 8
did not show gross lesions.

Histologic lesions were limited to villous epithelial cells,
but not the crypts, of the small and large intestines, and
mainly, the jejunum and ileum, as tested at the early stage of
infection at PID 3, but not at PID 23-24 or 28 (Table 2). TC-
PDCoV OH-FD22 P5-inoculated pig 1 and OH-FD22 P20-
inoculated pig 3 tested at PID 3 (17 days of age) had diffuse,
severe villous atrophy in the jejunum (mean VH:CD
ratio £ SDM, 1.3 &£ 0.2 for pig 1 and 1.4 + 0.2 for pig 3)
and ileum, with frequent fusion of atrophied villi and dif-
fuse, mild cytoplasmic vacuolation of enterocytes located at
the upper half to the tip of the severely atrophied villi. Other
major histologic changes in pigs 1 (P5) and 3 (P20) included
a diffuse, mild vacuolation of superficial cecal and colonic
epithelial cells. On the other hand, TC-PDCoV OH-FD22
P5-inoculated pig 2 tested at PID 28 (42 days of age) and
OH-FD22 P20-inoculated pig 4 tested at PID 24 (38 days of
age) had no histologic lesions or evident villous atrophy in
the jejunum (mean VH:CD ratio & SDM, 5.0 £ 0.8 for pig
2 and 4.3 £ 0.6 for pig 4) and ileum, similar to the negative
control pig 7 euthanized at 17 days of age (mean jejunal
VH:CD ratio & SDM, 5.6 &+ 0.5) or negative control pig 8
euthanized at 38 days of age (mean jejunal VH:CD
ratio £ SDM, 4.0 & 0.2). No villous atrophy or histologic
lesions were evident in the remainder of the small intestine,
duodenum, and other organs of the inoculated pigs 1-4 and
negative control pig 7 at the time points tested.

TC-PDCoV OH-FD22 P40-inoculated pig 5 tested at
PID 3 (17 days of age) had diffuse, moderate villous atro-
phy in the jejunum (mean VH:CD ratio &+ SDM, 2.7 &+ 0.6)
and ileum, with frequent fusion of adjoining atrophied villi
and diffuse, mild to moderate cytoplasmic vacuolation of
enterocytes lining the epithelium of atrophied jejunal and
ileal villi (Fig. 2A). Pig 5 had no histologic lesions in the
large intestine. The TC-PDCoV OH-FD22 P40-inoculated
pig 6 tested at PID 23 (37 days of age) had no histologic



3425

Experimental infection with porcine deltacoronavirus

oY) Jo Y] UONAIIRP ‘Tw/gD 0130 9'¢> pue *ajdures [2093 10§ YO-LAb Ay Jo N UORIAAP ‘TW/AD 01301 94> (AD-L¥b) WO-LA saneInuenb swmn-ear uebe], Sutsn £q pajosreq
paytodar se Zzdd-HO ACDAd TeUISHIO 9U) JIIM Paje[nooul a1am sSIq *[]] 90UIofa1 99s ‘Joy

paziueying |

oidwres winiads 10j YDOJ-LYb

&

I

(pazrueyina Fid) orqeordde jou “yN oy uonemoounsod ‘Hid ‘sAep uonemoounsod ‘q[d ‘Siuereamnbe swouasd ‘o

9¢> WON  9F>  9F>  9F> 9r> 9F>  9r> 9t> 9P> 9> D 8
9> auoN - - 9> 9> 9v> 9> D) L
[onuod ®>ﬁ.NM®Z

9¢>  (pz-17) Sumwonseayumiq VN VN 88 T8 ¥8 o> '8 ([Puido) 7zad-HO LPD € 19
9¢>  (bz-17) SumwosEeuumd 996 I'L-6S 9LT9 9L 19 ¥8 S8 T9 9t g8 ([PuidLo) 7zAd-HO AP T3
9> ($2-17) Suniwoa/eayareiq L9 YL €L T8 9t 9p> '8  ([pu1suo) 7zAd-HO LD 110
'S (8y-bo) Sunmwoawoyumeld  9v> v'S-9% €L9S  OL  TL 88 L9 9t>  9p> 101 0¥d-Z2A4-HO 1 9
¢S (8t-47) Bumwonjeoyureiq VN VN L8 €L 9t> 9> 10l 0¥d-22A4-HO (CAORS
0S  (8yb7) SumwormeuumId  6'S-9F SL-€S ¥SIL 68 88 ¥8 8%  9r>  9t> zo1 02d-22A4-HO &) ¥
TS (8p-b7) Sumwonseeyumiq VN VN 08 TL 9t> 9> zo1 02d-224-HO D €
8 (8p-b7) SumwosmoyLEId  99-6F $9-9F L98S 8S SL 8L 8L 9P> 9> 801 $d-72A4-HO DT
(67 (8p-47) Suniwoa/edyeiq VN «VN ,§8 9L 9t> 9> 801 $d-T2a4-HO D 1
parendour-Ao0Ddd

" (D wﬁmmoﬁ 0z-91 SI-IT 019  § ¢ € T I 0 . HomEo0u1 38 (5K8p)

19 YN Wniog

(+HId ‘19suQ) susSis [esrur[)

»(Id £q “Tuy/gD O'S0[ ‘SuIppays YN [BIIA [B99]

‘wnynoout [eI1Q

SNIIA UOT)E[NOOU]

a3e pue ‘ou 31g

(0¥d ‘02d ‘Sd) TTdd-HO umoi3-armno-anssy pue [euldtio AoD(d Ym sSid onoiqojous jo uone[nooul 19ije SUIppays YN [BIIA [B9) pue sugIs [edIUI[d Jo ATewuing | J[qe],

pringer

A



3426

H. Hu et al.

Fig. 1 Diarrhea scores (A) and A
prolonged fecal viral RNA

shedding (B) of Gn pigs 47
inoculated with TC-PDCoV
OH-FD22. Fourteen-day-old Gn
pigs were inoculated orally with
10.1-10.8 log;o GEs/ml of TC-
PDCoV strains OH-FD22 P5,
P20, and P40. Pigs (n = 1 for
each passage) were monitored
for long-term clinical signs and
fecal viral RNA shedding.

(A) Clinical signs were
monitored daily, and diarrhea
(fecal consistency) was scored
for each pig as follows:

Pigs diarrhea scores

Diarrhea scores in gnotobiotic pigs inoculated with the
original and cell culture PDCoV OH-FD22 strains

—6— OH-FD22(original) (n=1)
—8- OH-FD22-P5 (n=1)

—— OH-FD22-P20 (n=1)

——  OH-FD22-P40 (n=1)

0 = solid; 1 = pasty;

2 = semi-liquid; 3 = liquid,
with scores of 2 or more
considered diarrheic. (B) Rectal
swabs were collected daily from
each animal throughout the B
experiment. The PDCoV fecal

RNA shedding titers were 9.6 -
determined by qRT-PCR

8.6 1
7.6 1

6.6 1

swab fluid (GE/mL)

5.6 -

log,, genomic equivalents/rectal

4.6 L4

01 2 3 45 6 7
Post - inoculation Days (PID)

8 9 10 12 14 16 18 20

PDCoV fecal RNA shedding in gnotobiotic pigs inoculated the
with original and cell culture PDCoV OH-FD22 strains

-o- OH-FD22 (original) (n=1)
-0- OH-FD22-P5 (n=1)
-&- OH-FD22-P20 (n=1)
-% OH-FD22-P40 (n=1)

lesions or villous atrophy in the jejunum (mean VH:CD
ratio = SDM, 3.4 £ 0.8) and ileum compared to negative
control pig 8 euthanized at 38 days of age (mean jejunal
VH:CD ratio & SDM, 4.0 &+ 0.2) (Table 2). No villous
atrophy or other histologic lesions were evident in the
remainder of the small intestine, duodenum, and other
organs of inoculated pigs 5 and 6 and negative control pig 8.

As determined using formalin-fixed, paraffin-embedded
tissues, IF-stained cells were observed mainly in the atro-
phied villous epithelium of the small intestine (Fig. 2B),
proximal jejunum to ileum, and occasionally, in the duode-
num and cecum/colon of pigs 1 (P5), 3 (P20) and 5 (P40)
tested at PID 3 (Table 2), as reported previously [4, 12]. The
fluorescence was confined to the cytoplasm of the villous
epithelial cells. Pigs 1 (P5), 3 (P20) and 5 (P40) also had a
few IF-stained cells in the mesenteric lymph nodes. No other
internal organs of the infected pigs tested at PID 3 showed IF-
positive staining. When tested at PID 23-24, no IF-stained
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Post - inoculation Days (PID)

cells were detected in the villous epithelium of the small or
large intestine of inoculated pigs 4 (P20) and 6 (P40).
However, small numbers of IF-stained cells were observed in
the lamina propria of the villi and crypts of the proximal
jejunum to ileum (Fig. 2C), and to a lesser extent, in duo-
denum and cecum/colon. Moderate numbers of IF-stained
cells were also detected in Peyer’s patches (Fig. 2C). Pigs 4
(P20) and 6 (P40) also had small to moderate numbers of IF-
stained cells in the mesenteric lymph nodes (Fig. 2D);
however, no other internal organs of infected pigs showed
IF-positive staining. No [F-stained cells were detected in the
negative control pigs 7 and 8 (Fig. 2E and F).

Serum antibody responses to PDCoV
Serum samples were collected at PID 1, 7, 14, and 23/24 to

test for PDCoV-specific IgG and IgA antibodies by indirect
ELISA (Table 3). All inoculated pigs developed PDCoV-
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Fig. 2 Histopathology and localization of PDCoV antigens by
immunofluorescence (IF) staining in the small intestine and mesen-
teric lymph node of gnotobiotic pigs inoculated with TC-PDCoV OH-
FD22. Pigs were inoculated with TC-PDCoV OH-FD22 (n = 2 for
each passage). One pig in each group was euthanized for pathologic
examination at PID 3, and the remainder were euthanized at PID
23-24 or 28. (A) Hematoxylin and eosin-stained jejunum of inocu-
lated pig 5 at post-inoculation day (PID) 3, showing diffuse, moderate
atrophic enteritis, with diffuse, mild vacuolation of enterocytes lining
the epithelium of atrophied villi. (B) IF staining of the jejunum of
inoculated pig 5 at PID 3, showing PDCoV antigen in the epithelial

specific IgG antibodies at PID 14, with IgG antibody titers
of 16 for the TC-PDCoV OH-FD22 P5 and P20 groups, and
of 64-256 for the TC-PDCoV OH-FD22 P40 and the
original inoculated pigs. At PID 23, the TC-PDCoV OH-
FD22 P5, P40 and the original inoculated pigs had the
highest IgG antibody titers (1024), while the TC-PDCoV
OH-FD22 P20 induced the lowest IgG antibody titer of
256. The negative control pig was negative for PDCoV-
specific IgG antibodies at all experimental time points.

@ Springer

cells lining the atrophied villi. (C) IF staining of ileum of inoculated
pig 6 at PID 23, showing small to moderate numbers of IF-stained
cells in the lamina propria of villi and crypts and Peyer’s patches.
Note that no IF-stained cells were evident in the villous epithelium.
(D) IF staining of mesenteric lymph node of inoculated pig 6 at PID
23, showing moderate numbers of [F-stained cells in the lymphoid
follicle. (E) IF staining of ileum of uninoculated, negative control pig
8 at PID 24 (38 days of age), showing no IF-stained cells in the
lamina propria of villi and crypts or Peyer’s patches. (F) IF staining of
mesenteric lymph node of the uninoculated, negative control pig 8 at
PID 24, showing no IF-stained cells. Original magnification, all x200

PDCoV-specific IgA antibodies in sera were also
determined by indirect ELISA (Table 3). Titers of IgA
antibodies were detected at PID 14 in all the inoculated
pigs’ sera, with a lower IgA antibody titer of 16 for the TC-
PDCoV OH-FD22 P5 and P20 groups, and higher (64) for
the TC-PDCoV OH-FD22 P40 and the original inoculated
pigs. The highest IgA antibody titers were detected at PID
23/24. TC-PDCoV OH-FD22 P40 elicited the highest IgA
antibody titer (1024) at PID 23, whereas TC-PDCoV OH-
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Table 3 Detection of PDCoV-specific IgA, IgG and neutralizing antibody titers in the sera of Gn pigs inoculated with original and tissue-

culture-grown PDCoV OH-FD22

Pig no. Inoculation virus PID* 1 PID 7 PID 14 PID 23/24
IgA IeG VN* IgA IgG VN IgA IgG VN IgA IgG VN
2 OH-FD22-P5 <4 <4 <4 <4 <4 64 16 16 256 256 1024 1024
OH-FD22-P20 <4 <4 <4 <4 <4 64 16 16 256 256 256 1024
6 OH-FD22-P40 <4 <4 <4 <4 <4 256 64 64 1024 1024 1024 4096
2* OH-FD22 (original) <4 <4 <4 <4 <4 64 64 256 256 256 1024 1024
8 - <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4 <4

* PID, postinoculation days; VN, virus neutralization

# See reference [12]. Pig 2 was inoculated with the original PDCoV OH-FD22 as reported

Note: PDCoV-specific IgG and IgA antibodies in serum were determined by indirect ELISA using cell culture PDCoV OH-FD22 as the coating
antigen. The neutralizing antibody titers were tested by the 80 % plaque reduction neutralization test (PRNTg). PRNTg, was determined as the
reciprocal of the highest serum dilution that neutralized 80 % of the plaques as compared to that in the virus-only control wells. The IgA, IgG and
VN antibody titers of hyperimmune PDCoV serum OH-DC97 (positive control serum) were 1024, 4096 and 4096, respectively

FD22 PS5, P20 and the original PDCoV OH-FD22 induced
IgA antibody titers of 256 at PID 24. The negative control
pig was negative for PDCoV-specific IgA antibodies at all
experimental times.

PDCoV-neutralizing antibodies

To investigate if PDCoV-neutralizing antibodies were
induced, a plaque reduction PDCoV neutralization assay
(PRNTgg) was performed. Serum samples at PID 1, 7, 14,
and 23/24 were tested for PDCoV neutralizing antibody
titers (Table 3). All inoculated pigs tested at the later
stage of infection (PID 23/24) exhibited high PDCoV-
neutralizing titers. Regardless of the cell culture passage
number of the virus strains used, serum virus neutraliza-
tion (VN) antibodies were first detected in all of the
original and TC-PDCoV OH-FD22-inoculated pigs at PID
7 (64-256), and thereafter, the titers increased gradually
and peaked at PID 23/24. TC-PDCoV strain OH-FD22
P40 induced the highest VN titer at the time points tested
(PID 7, 14 and 23), which was 4 times higher than that of
the other groups. There were no differences in VN anti-
body titers among the Gn pigs inoculated with the TC-
PDCoV strains OH-FD22 P5 and P20, and original
PDCoV OH-FD22. No neutralizing antibodies were
observed for the control pig serum.

Phylogenetic analysis of the S and N genes of TC-
and Gn pig-passaged PDCoV OH-FD22

To examine if genetic changes occurred in the major
structural genes of PDCoV OH-FD22 during serial pas-
sages in LLC-PK cells and Gn pigs, the complete S and N
genes of TC- and Gn- pig-passaged PDCoV OH-FD22 PS5,
P20 and P40 were sequenced and compared with those of
the original PDCoV OH-FD22. The S genes of Gn-pig-

passaged PDCoV OH-FD22 PS5, P20 and P40 strains
shared 99.8 % to 100 % nucleotide sequence identity, and
they shared 99.7 % to 100 % nucleotide sequence identity
with the original PDCoV OH-FD22 and TC-PDCoV OH-
FD22 (P5, P11, P20 and P40). All of the PDCoV OH-
FD22-related S genes shared 98.4 % to 100 % nucleotide
sequence identity with other PDCoV strains available in
GenBank (Fig. 3). When comparing the TC-PDCoV OH-
FD22 PS5 strain with the original OH-FD22 strain, only
one nucleotide change was found in the S gene at position
466 nt (nucleotides and amino acids are numbered
according to the S gene of the PDCoV OH-FD22
sequence [GenBank accession no. KP995358]), which
resulted in an amino acid (aa) change (Val changed to
Phe at position 163 aa). This was subsequently found in
the following sequenced TC-PDCoV OH-FD22 passages
(P20 and P40) [7] (Table 4). The TC-PDCoV OH-FD22
P11 (passage 11 in LLC-PK cells) and P20 had five
nucleotide changes (at positions 430, 466, 1191, 2456,
and 3331 nt) in the S gene when compared to the original
OH-FD22 strain, which also resulted in amino acid
changes [7]. In the current study, the S genes of TC-
PDCoV OH-FD22 P40, pig-passaged OH-FD22 P20 and
P40 had the same changes (Table 4). When comparing
the S gene of TC-PDCoV OH-FD22 P40 with the original
virus and TC-PDCoV OH-FD22 (P5 and P20), one
nucleotide change was found in the S gene at position 991
nt, which resulted in an aa change (Asn changed to Asp at
position 331 aa). The Gn-pig passaged TC-PDCoV OH-
FD22 P40 (DC225) had the same change in this position
(Table 4). Only one nucleotide change was found in the S
gene of pig-passaged PDCoV (OH-FD22 P20 [DC175]
and OH-FD22 P40 [DC225]) when compared with the
corresponding TC-PDCoV OH-FD22 P20 and P40 at
position 2,842 nt of the S gene. This nucleotide change
resulted in an amino acid change (Ala changed to Thr at

@ Springer
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Fig. 3 Phylogenetic analysis of
complete S and N gene
nucleotide sequences of TC-
and Gn-pig-passaged PDCoV
OH-FD22 (indicated by
triangles) and other published
PDCoV sequences. Reference
sequences obtained from
GenBank are indicated by strain
names and accession numbers
(in parentheses). The trees were
constructed by using the
maximum-likelihood method
with MEGAG6.06 software
(http://www.megasoftware.net/
). Bootstrap analysis was carried
out on 1,000 replicate data sets,
and values are indicated adja-
cent to the branching points.
Bars represent 0.001 nucleotide
substitutions per site
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position 948) (Table 4). Phylogenetic analysis of the S
genes showed that all of the US PDCoV strains (including
the OH-FD22 strains) clustered in one group, which had a
more distant relationship to the Hong Kong PDCoV
strains (HKU15-44 and HKU15-155) and the mainland
China strains. Furthermore, all PDCoV OH-FD22 strains
clustered into a subclade, while other US PDCoV strains
were clustered separately (Fig. 3).

@ Springer

PDCoV CH-SXD1-2015(KT021234)

The N genes of the pig-passaged and the corresponding
TC-PDCoV OH-FD22 shared 100 % nucleotide sequence
identity and were also 100 % identical to the original PDCoV
OH-FD22 N gene. They shared 98.9 % to 99.9 % nucleotide
sequence identity with the other PDCoV strains available in
GenBank. Phylogenetic analysis of the N genes of the pig-
passaged and corresponding TC-PDCoV OH-FD22 revealed
that they belonged to the same group (Fig. 3).
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Fig. 3 continued
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0.001
Discussion

Our study demonstrated similar clinical diseases and
pathologic lesions in all 14-day-old Gn pigs inoculated
with the TC-PDCoV OH-FD22 P5, P20, and P40 strains
when compared with previous observations in Gn pigs of
the same age inoculated orally with the original field
PDCoV OH-FD22 [12]. However, the following differ-
ences were identified: i) earlier onset of clinical signs and
fecal virus shedding by PID 1 in original virus-inoculated

pigs (Table 1) [12]; ii) frequent detection (6/6; 100 %) of
transient viremia (viral RNA) in serum in TC-PDCoV OH-
FD22-inoculated pigs on PID 3, while no viremia was
detected in the original virus-inoculated pigs at PID 3 and
other time points (Table 1) [12]; and iii) in addition to
PDCoV antigen-positive enterocytes in the small and large
intestines at the early stage of infection (Fig. 2B), a few to
moderate numbers of PDCoV-antigen-positive cells were
also detected by IF in the intestinal lamina propria and
mesenteric lymph nodes of the TC-PDCoV OH-FD22-
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Table 4 Nucleotide and amino acid changes in the S gene/protein of PDCoV OH-FD22 passaged in cell culture and in Gn pigs

w 430 nt** 466 nt 991 nt 1191 nt 2456 nt 2842 nt 3331 nt
Virus (aa** 144) (aa 156) (aa 331) (aa 397) (aa 819) (aa 948) (aa 1111)
PDCoV OH-FD22 (original) G (Glu) G (Val) A (Asn) T (Asn) C (Thr) G (Ala) G (Ala)
Gn pig-passaged PDCoV OH-

G (Glu) G (Val) A (Asn) T (Asn) C (Thr) G (Ala) G (Ala)
FD22 (DC44)
TC-PDCoV OH-FD22 P5 G (Glu) T (Phe) A (Asn) T (Asn) C (Thr) G (Ala) G (Ala)
Gn pig-passaged TC-PDCoV

G (Glu) T (Phe) A (Asn) T (Asn) C (Thr) G (Ala) G (Ala)
OH-FD22 PS5 (DC124)
TC-PDCoV OH-FD22 P20 * C (Gln) T (Phe) A (Asn) A (Lys) T (Ile) G (Ala) A (Thr)
Gn pig-passaged TC-PDCoV

C (Gln) T (Phe) A (Asn) A (Lys) T (1le) A (Thr) A (Thr)
OH-FD22 P20 (DC175)
TC-PDCoV OH-FD22 P40 C (Gln) T (Phe) G (Asp) A (Lys) T (1le) G (Ala) A (Thr)
Gn pig-passaged TC-PDCoV

C (Gln) T (Phe) G (Asp) A (Lys) T (1le) A (Thr) A (Thr)

OH-FD22 P40 (DC225)

* nucleotides and amino acids are numbered according to the S gene of the PDCoV OH-FD22 sequence (GenBank accession no. KP995358) [7]

** pt, nucleotide; aa, amino acid

# See reference [7]

inoculated pigs when tested at PID 3 and PID 23-24
(Fig. 2C and D; Table 2). In this study, no attenuation of
the TC-PDCoV OH-FD22 P40 strain (cell passage 40) in
pigs was evident, since severe clinical disease and lesions
were reproduced in the two inoculated Gn pigs. Further
studies are needed to investigate if higher levels of cell-
culture passaged TC-PDCoV OH-FD22 are attenuated.

In our study, 14-day-old Gn pigs inoculated with 10.1-
10.8 log;o GE (&~ 9 log;o PFU per pig [7]) of TC-PDCoV
OH-FD22 P5, P20, and P40 all (6/6, 100 %) showed severe
diarrhea and/or vomiting at PID 2, which coincided with
the first detection of viral RNA in feces (Fig. 1B and
Table 1). Fecal PDCoV shedding titers peaked at PID 3 to
5 (Fig. 1B and Table 1). Another study using conventional
5-day-old pigs and a cell-culture-adapted PDCoV USA/IL/
2014 strain (passage 11) reported onset of mild diarrhea
(soft feces) at PID 5 in five pigs that were orally inoculated
with 3 x 10* TCIDs, of the virus, which was later than or
coincided with the first detection of viral RNA in feces at
PID 4 (3/5 pigs tested) or 5 (2/5 pigs tested) [4]. In another
study of a cell-culture-grown PDCoV Michigan/8977/2014
strain and an Ohio wild-type field CVMI1 strain using
10-day-old conventional or Gn pigs, moderate to severe
diarrhea occurred in pigs orally inoculated with 10°
genomic RNA copies or PFU/pig of each strain at PID 1-3.
The Gn pigs inoculated with the CVMI1 field strain
exhibited more-severe clinical disease or histologic lesions
compared to Gn or conventional pigs inoculated with the
cell-culture-adapted Michigan/8977/2014 strain (cell pas-
sage 15) [17]. These discrepant observations may be due
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to: 1) differences in the PDCoV strains used, inoculation
doses, and cell passage level; ii) conventional vs. Gn pigs
used and different ages of pigs used; and iii) selective pig
euthanization that could influence fecal virus shedding
titers in the remaining pigs at the later stages of infection.
The two strains, USA/IL/2014 (GenBank accession no.
KP981395) and Michigan/8977/2014 (GenBank accession
no. KMO012168), shared 100 % identical sequences for the
complete S gene. The S gene of the original PDCoV OH-
FD22 strain (GenBank accession no. KP995358) had
99.7 % nucleotide sequence identity with that of the USA/
IL/2014 and Michigan/8977/2014 strain.

In our study, we detected PDCoV RNA in the feces of
TC-PDCoV OH-FD22 P5 or P20-inoculated Gn pigs col-
lected until PID 18-20, indicating prolonged fecal virus
RNA shedding in PDCoV-infected pigs. However, a
shorter duration of fecal viral RNA shedding by 3-5 days
was noted in a TC-PDCoV OH-FD22 P40-inoculated pig
that shed until PID 15 (Fig. 1B). Since the pig exhibited
moderate to severe clinical signs and gross and histologic
lesions (intestinal villous atrophy) and high serum antibody
titers to PDCoV, based on a single pig, it is unclear if the
shorter duration of fecal RNA virus shedding is related to
any reduced virulence of TC-PDCoV OH-FD22 P40.
Higher passage levels of the TC-PDCoV OH-FD22 strain
should be tested for attenuation in additional pigs in a
future study. In addition, low PDCoV RNA titers were
detected in sera collected in the acute stage from the TC-
PDCoV OH-FD22 inoculated pigs at PID 3, which coin-
cided with previous studies, showing frequent detection of
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PDCoV RNA in serum collected at early stages of infection
[4, 17], although sera from the parental PDCoV OH-FD22-
inoculated pigs were PDCoV RNA negative at PIDs 3-7
[12]. In the previous study, the infectious titer of the wild-
type PDCoV in the fecal sample was unknown because it
does not grow in tissue culture. However, the viral RNA
titer of the wild-type PDCoV OH-FD22 was determined by
gRT-PCR. Three 14-day-old Gn pigs were inoculated
orally with 8.8 log;y GE of the virus [12], which was
approximately 2 log;y GE lower than that of the inoculum
of TC-PDCoV OH-FD22 used in the current study. Based
on titer differences in the virus inocula, we speculate that
the lower titer of the inoculation dose might be an expla-
nation for lack of detection of viremia (viral RNA) in the
wild-type PDCoV OH-FD22 inoculated pigs.

Relative to PDCoV infection, higher titers of PEDV
RNA in serum were detected during the acute stage of
infection [11, 18]. Further studies are needed to determine
whether PDCoV present in serum remains infectious in
pigs.

The severity of clinical disease and histologic lesions
(intestinal villous atrophy) in all TC-PDCoV OH-FD22 PS5,
P20, and P40-inoculated Gn pigs was similar to that in Gn
pigs inoculated with the original field PDCoV OH-FD22 in
our previous study conducted under similar experimental
conditions [12]. At the early stage of infection (PID 3), the
majority of PDCoV antigen-positive cells were in intestinal
villous epithelial cells in jejunum and ileum. A few mac-
rophage-like cells located in the lamina propria and Peyer’s
patches of the jejunum and ileum were also positive for
PDCoV antigen by IF. In contrast, after recovery at PID
23-24, when no fecal virus RNA shedding or clinical dis-
ease was detected, moderate to large numbers of PDCoV-
antigen-positive cells were found by IF in the intestinal
lamina propria, Peyer’s patches and mesenteric lymph
nodes, in what appeared to be macrophage-like cells.
Because there was no detectable fecal virus RNA shedding
at this time, PDCoV antigens on the surface or within the
cells may not indicate replicating virus, but possibly anti-
gen that was taken up.

In PEDV-infected pigs, serum PEDV-specific antibody
was first detected at about PID 7 to 10 [5, 18]. There is no
information on the development of PDCoV-specific anti-
bodies in serum of PDCoV-infected pigs, and to our
knowledge this is the first report of development of an
assay for PDCoV serology. In our study, 14-day-old
inoculated Gn pigs had detectable serum IgG/IgA anti-
bodies at PID 14 and VN antibodies at PID 7 (Table 3).
Thereafter, PDCoV-specific IgG, IgA and VN antibody
titers increased and remained high at the end of the
experiment at PID 23/24, when the pigs were fully recov-
ered from clinical disease and fecal virus RNA shedding.
Compared to TC-PDCoV OH-FD22 P5- or P20-inoculated

pigs, the TC-PDCoV OH-FD22 P40-inoculated pig had
higher serum PDCoV-specific VN antibody titers at the
time points tested. Because of the limited number of pigs
tested, it is unclear whether these observations were related
to the shorter duration (by 5 days) of fecal shedding of
virus RNA.

CoVs have high mutation rates and can easily undergo
recombination and deletion events, leading to altered tissue
tropism, transmission routes, and host specificity [17]. In
our study, a comparative analysis of the sequenced S genes
of TC- and Gn-pig-passaged TC-PDCoV OH-FD22
showed that only one nucleotide change occurred in the S
gene of the Gn-pig-passaged TC-PDCoV OH-FD22 P20
(DC175) and P40 (DC225) when compared with the cor-
responding TC-PDCoV OH-FD22 P20 and P40. Because
TC-PDCoV OH-FD22 P20 or P40-inoculated pigs showed
severe clinical disease and histologic lesions, the single
nucleotide change likely does not reflect changes related to
the pathogenicity of TC-PDCoV OH-FD22. However, a
nucleotide change in the TC-PDCoV OH-FD22 P5 and five
subsequent nucleotide changes in the TC-PDCoV OH-
FD22 P11 and the conservation of these changes in pas-
sages (P20 and P40) might reflect changes related to
adaptation of PDCoV to cell culture.

In conclusion, our study reproduced and confirmed the
enteropathogenicity of TC-PDCoV OH-FD22 PS5, P20 and
P40 strains. The virulence appeared to be similar to that of
the original field PDCoV OH-FD22 strain, as evident by
severe diarrhea/vomiting, atrophic enteritis, and high levels
of serum IgG, IgA and VN antibodies in the Gn pigs. These
findings suggest that the TC-PDCoV OH-FD22 strains
tested in this study will be useful for PDCoV pathogenesis
studies and evaluation of higher-cell-culture passaged TC-
PDCoV OH-FD22 strains to verify attenuation and vaccine
potential.
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