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In the light of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
pandemic, we have developed a porcine respiratory coronavirus (PRCV) model for in
depth mechanistic evaluation of the pathogenesis, virology and immune responses of this
important family of viruses. Pigs are a large animal with similar physiology and immunology
to humans and are a natural host for PRCV. Four PRCV strains were investigated and
shown to induce different degrees of lung pathology. Importantly, although all four strains
replicated equally well in porcine cell lines in vitro and in the upper respiratory tract in vivo,
PRCV strains causing more severe lung pathology were also able to replicate in ex vivo
tracheal organ cultures as well as in vivo in the trachea and lung. The time course of
infection of PRCV 135, which caused the most severe pulmonary pathology, was
investigated. Virus was shed from the upper respiratory tract until day 10 post infection,
with infection of the respiratory mucosa, as well as olfactory and sustentacular cells,
providing an excellent model to study upper respiratory tract disease in addition to the
commonly known lower respiratory tract disease from PRCV. Infected animals made
antibody and T cell responses that cross reacted with the four PRCV strains and
Transmissible Gastroenteritis Virus. The antibody response was reproduced in vitro in
organ cultures. Comparison of mechanisms of infection and immune control in pigs
infected with PRCVs of differing pathogenicity with human data from SARS-CoV-2
infection and from our in vitro organ cultures, will enable key events in coronavirus
infection and disease pathogenesis to be identified.
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INTRODUCTION

Respiratory viruses are a major threat to global health, with
coronaviruses (CoVs) being responsible for three major human
epidemics since 2003, including the ongoing Covid-19 pandemic
caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2). In each case, CoV emergence in humans has
been associated with zoonotic transmissions from animals. Many
livestock species including pigs are infected with CoVs with
variable morbidity and mortality associated with lung disease
and immunological impairment, which may lead to substantial
economic losses. Porcine respiratory CoV (PRCV) are globally
endemic in pigs and with the emergence of porcine epidemic
diarrhoea virus (PEDV) and the detection of porcine delta
coronavirus (PDCoV) in humans, better understanding of the
fundamental biology and disease mechanisms of these CoVs is
essential (1, 2).

PRCV was first reported in Belgium in the early 1980’s and
subsequently found to be a respiratory variant of the
alphacoronavirus Transmissible Gastroenteritis Virus (TGEV)
(3). TGEV, was described in 1946 causing enteric disease
characterised by acute diarrhoea, vomiting and dehydration
with high mortality in neonatal piglets (4). In contrast PRCV
infection is mild and often sub-clinical inducing mild broncho-
interstitial pneumonia and neutrophil infiltration (5, 6). Since the
emergence of PRCV, the impact of TGEV has been greatly
reduced due to cross protective immunity (7). Investigation of
the PRCV genome identified the presence of an approximately
600 nucleotide (nt) deletion within the 5’ end of the S gene,
resulting the loss of at least 200 amino acids within the N-
terminal region of the S protein accounting for the loss of enteric
tissue tropism and altered disease presentation (8). PRCV is
thought to be unable to bind to sialic acid, preventing infection of
the gastroenteric tract (9, 10). The deletion, however, does not
affect the ability to bind to the TGEV host receptor
aminopeptidase N (APN) (11, 12). Additionally, PRCV
contains deletions in accessory gene 3, resulting in the loss of
both or either 3a and 3b proteins, which may affect in vivo tissue
tropism and clinical disease (8, 13–15). The relationship between
TGEV and PRCV is complex with several strains/variants of
PRCV identified globally each containing different sized
deletions in the S and 3a/b genes with potential to influence
disease outcome (16).

Although the majority of PRCV infections are subclinical
unless accompanied by secondary infections, pneumonia
following acute PRCV infection could resemble those of severe
acute respiratory syndrome (SARS) patients (5, 17). However,
the lesions and severity vary depending on the PRCV strain (18).
PRCV ISU-1 strain induced pathology was proposed as a model
to evaluate the effect of the corticosteroid dexamethasone
treatment on SARS-CoV-induced pneumonia. Dexamethasone
alleviated the pneumonia during early infection but continued
use exacerbated the later stages of infection (5). Less systemic
pro-inflammatory cytokines were detected in pigs infected with
PRCV compared to influenza virus, consistent with the usually
mild clinical signs (6).
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Currently mouse, ferret, hamster and non-human primate
models have been developed to study SARS-CoV-2, but these are
not natural host species for infection, and it is not clear which
best recapitulate human disease (19, 20). In contrast the pig is a
natural host for several porcine CoVs and is physiologically
anatomically and immunologically similar to humans (21–23).
As with SARS-CoV-2, PRCV infection can be mild or
asymptomatic, but in some instances can lead to pneumonia.
Better understanding of mechanisms that lead to mild or severe
disease is essential for developing new control strategies for
emerging severe coronavirus diseases of livestock or humans.
However, little is known about the mechanisms of PRCV
pathogenicity and protective immunity in pigs. Here we
evaluated the in vitro growth characteristics and in vivo
clinical, virological, pathological and immunological responses
to four PRCV strains with differing pathogenicity in pigs, the
natural host for PRCV. The long-term aim of this programme of
work will be to understand the coronavirus genomic changes that
result in enhanced disease and to understand local and systemic
protective immune responses to respiratory coronaviruses.
MATERIALS AND METHODS

Cells and Viruses
Swine testis (ST) cells were purchased from ATCC (ATCC CRL-
1746) and were propagated using advanced minimum essential
media (MEM; Gibco) supplemented with 5% foetal bovine serum
(FBS), 2 mM L- glutamine and 10,000 units (U) per ml of
penicillin and 10,000 µg/ml streptomycin (Life Technologies).
LLC-PK1 cells, a porcine kidney epithelial cell line, were
provided by the central services unit (CSU) at The Pirbright
Institute and were propagated using 199 media (Sigma)
supplemented with 10% FBS and 10,000 U/ml penicillin and
10,000 µg/ml streptomycin. HEK293T cells provided by CSU at
The Pirbright Institute were maintained in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% FBS, 1%
sodium pyruvate solution (Sigma-Aldrich) and 10,000U/ml of
penicillin and 10,000 µg/ml streptomycin, from here called
cDMEM-10. All cells were maintained at 37°C, 5% CO2.

PRCV strain AR310, abbreviated to 310, was purchased from
ATCC (ATCC VR2384) and ISU-1 from Bei Resources (NR-
43286). 310 was originally isolated from the small intestine of a
pig within a TGEV endemically infected herd located in
Arkansas, USA (24) ISU-1, GenBank accession number
DQ811787.1, was isolated from nasal swabs collected from pigs
in Indiana, USA (25). PRCV strains 86/137004 (abbreviated to
137) and 86/135308 (abbreviated to 135) were both isolated in
1986 from pigs in the UK and were gifts from S. Cartwright (26)
(Animal and Plant Health Agency, APHA). Both 135 and 137
were isolated from infected respiratory tract tissue. The TGEV
strain FS772/70 was a gift from S. Cartwright (27). All viruses
were propagated on ST cells using PRCV medium (EMEM
supplement with 0.02% yeast extract, 10% TPB, 2 mM L-
glutamine, 10,000 U/ml penicillin and 10,000 µg/ml
streptomycin) and quantified via titration, also in ST cells.
March 2022 | Volume 13 | Article 867707

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Keep et al. Pig Model for SARS-CoV-2
Full Genome Sequencing of PRCV 135,
137, 310 and ISU-1
RNA was extracted from PRCV strains 135, 137, 310 and ISU-1
propagated on ST cells using the Qiagen viral RNA kit following
the manufacturer’s instructions, including addition of carrier
RNA. RNA quality was analysed using an RNA screentape on a
Tapestation 4200 (Agilent, Santa Clara) and a Qubit RNA BR kit
(Qiagen, Hilden). cDNA and library preparation were carried
out in duplicate for each sample. Sequencing library preparation
was performed with an input of 200 ng total RNA for each
sample, using the NEBNext directional Ultra II RNA-Seq kit
(NEB, Ipswich, MA). Library quality control was performed
using the Tapestation DNA1000 kit and Qubit BR kit, prior to
pooling. Sequencing pools were quantitated using the NEBNEXT
Illumina library quantitation kit (NEB, Ipswich, MA) before
dilution for sequencing. All libraries were run on an Illumina
MiSeq, using a MiSeq reagent v3 600 cycle cartridge (Illumina,
San Diego). The data generated were subjected to quality control
checks on the raw fastq files using FastQC. Filtered reads for
standard quality score threshold were aligned to the reference
genome PRCV ISU1 (GenBank: DQ811787) using both BWA-
MEM (version 0.7.12-r1039), and Bowtie2 (version 4.1.2) for
comparison. A consensus sequence was generated for each
sample and the duplicate samples compared. The consensuses
generated by each duplicate were identical and therefore a single
consensus was considered for further analysis and submitted to
NCBI GenBank, accession numbers OM830318 (PRCV 135),
OM830319 (PRCV 310), OM830320 (PRCV 137) and
OM830321 (PRCV ISU-1). Sequence alignments of the S and
3b genes were performed with Snapgene, version 5.2.3
(Supplementary Figures 1,2).

Plaque Assays in ST Cells
ST cells were seeded in 12 well sterile tissue culture plates and
incubated until confluent. Ten-fold serial dilutions were
prepared using PRCV medium. Cells were washed with
phosphate buffer saline (PBS) prior to inoculation with 250 µl
per well of virus in either duplicate or triplicate. After 1 h
incubation at 37°C, the inoculum was removed and 2 ml N,N-
Bis(2-hydroxyethyl)-2aminoethanesulphonic acid) medium
containing 1% agar (suitable for cell culture; Sigma) was
added. Plaques were visualized 96 hpi using 0.1% crystal violet
(H2O) following fixation with 3.3% formaldehyde (PBS), and the
number of plaque forming units (PFU) per ml calculated.

Growth Kinetic Assays
ST or LLC-PK1 cells were seeded in 6 well sterile tissue culture
plates and incubated until confluent. Cells were washed twice
with PBS prior to infection with 104 PFU of either PRCV or
TGEV strains in 500 µl PRCV medium. Mock infected cells were
inoculated with medium only. Inoculated cells were incubated
for 1 h, 37°C after which the inoculum was removed, the cells
washed once with PBS, and 3 ml PRCV medium added per well.
At defined intervals supernatant was harvested and titrated in
either duplicate or triplicate in ST cells to determine the quantity
of infectious progeny. RNA was extracted from the infected cells
Frontiers in Immunology | www.frontiersin.org 3
using RNeasy mini kit (Qiagen) including an on column DNAse
treatment; viral RNA load was determined by qRT-PCR.

Analysis of RNA Synthesis by Quantitative
Real-Time PCR (qRT-PCR)
Reverse transcription, using random primer, of 500 ng total RNA
(cell lystate), 400 ng (BAL derived RNA), 500 ng (Nasal or
trachea swab RNA) was performed using the Superscript IV.
Reverse Transcriptase kit (Invitrogen, Waltham, MA, USA) as
per the manufacturer’s protocol. Viral RNA load was quantified
using quantitative real-time PCR (qRT-PCR) using primers and
probes targeting the N gene as follows: forward primer 5’-
ATAGACAAACTCGCTATCGC-3 ’ , reverse primer 5 ’-
CAACCCAGACAACTCCATC-3 ’ , and probe FAM-
TAGGCACTGGACCTCATGCA-TAMRA. Quantitative RT-
PCR was performed with FastAdvance Mastermix (Applied
Biosystems) using 500 nM forward and reverse primers, 300
nM probe and 100 ng of cDNA as normalized input. An applied
Biosystems QuantStudio/7500 Fast real-time PCR instrument
(Life Technologies) was used with the following cycling
conditions: 10 min at 95°C, 35 cycles of 10 s at 95°C, 10 s at
60°C and 10 s at 75°C. Standard curves were generated to allow
quantitation of RNA copy numbers based on cDNA levels using
a pCR4-TOPO (Invitrogen) plasmid containing the sequence
amplified by the set of primers listed above. The resulting Ct
results were used to calculate the log of relative RNA copies using
the linear equation from the standard curve.

Infection of Primary Tracheal
Organ Cultures
Tracheal organ cultures (TOCs) were prepared from trachea
extracted from a 4-week-old piglet. The trachea was washed with
PBS and excess fat removed using a scalpel. The trachea was
sectioned into rings of approximately 3 mm, and each ring
placed in a glass test tube (10 mm by 16 mm) with 1 ml of
medium (EMEM supplemented with 40 mM Hepes, 2 mM L-
glutamine, 10,000 U/ml penicillin and 10,000 µg/ml
streptomycin and 10,000 U/ml nystatin). The TOCs were
incubated for 48 h prior to infection, in a non-CO2 incubator
(Incudrive-S, Life Technologies) at 37°C, 7 – 8 revolutions per h.
Each TOC was inoculated with 500 µl PRCV medium only or
500 µl PRCVmedium containing 1 x 104 or 1 x 105 PFU of either
PRCV strains 135, 137, ISU-1, 310 or TGEV 772/70. TOCs were
incubated for 1 h at 37°C, no rotation, after which the inoculum
was removed and replaced with 1 ml 1 x PRCV media. TOCs
were incubated for a further 23 h at 37°C, 7 - 8 rev per h. At 24
hpi the supernatant was harvested and the quantity of infectious
virus determined by titration in ST cells. TOCs were either
discarded or fixed for investigation by confocal microscopy.

Confocal of Ex Vivo Tracheal
Organ Cultures
Whole ex vivo TOCs were fixed in 4% formalin for 72 h, washed
in PBS and frozen at -80°C in optimal cutting temperature
compound (OCT compound). Frozen TOCs were sectioned
using a cryostat (Leica Cryostat CM1860 UV) into 100 µm
March 2022 | Volume 13 | Article 867707
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thick transverse sections. Individual sections were placed onto
glass slides and allowed to air dry for 30 min before residual OCT
compound was removed. Tissue sections were permeabilized
with 0.1% Triton X-100 for 20 min and blocked with 0.5% PBS/
BSA for 1 h. Tissue sections were labelled for 1 h with either the
mouse monoclonal antibody, DA3, against the N protein of
TGEV FS772/70 strain which targets the 23 terminal residues of
the nucleoprotein (N) protein (28) or anti-dsRNA (Absolute
Antibody, Ab00458-23.0) or co-labelled with anti-N (DA3) and
anti-dsRNA together. The antibodies were diluted 1:400 and
1:1000 respectively in 0.5% BSA. Labelled tissues sections were
washed three times in PBS prior to secondary antibody labelling
for 1 h. Secondary antibodies were Alexa Fluor® 488 Goat anti-
mouse IgG2a (Invitrogen, A-21131) for the detection of anti-N
and Alexa Fluor® 568 Goat anti-Rabbit IgG (H+L) (Abcam,
ab175471) for the detection of anti-dsRNA. Both were diluted
1:1000 in PBS/BSA. After three washes, nuclei were stained for 10
min with 4’,6-diamidino-2-phenylindole (DAPI) diluted
1:10,000 in deionised water. Tissue sections were washed with
deionised water. GeneFrames, ~ 65 µl depth (1.5 x 1.6 cm -
Thermo Scientific™) were placed around each labelled tracheal
section and Vectashield mounting medium added followed by a
coversl ip. Tissue sections were imaged on a Leica
confocal microscope.

In Vivo PRCV Challenge
All experiments were approved by the ethical review processes at
the Pirbright Institute and Animal and Plant Health Agency and
conducted according to the U.K. Government Animal (Scientific
Procedures) Act 1986 under project license PP7764821. Both
institutes conform to Animal Research: Reporting of In Vivo
Experiments guidelines. Prior to infection, all pigs were screened
for the absence of PRCV antibodies using the INgezim Corona
Diferencial ELISA (Ingenasa, Spain). Clinical parameters
including demeanour, appetite, respiratory signs, sneezing,
coughing, nasal and eye discharge, faeces consistency and
rectal temperature were assessed.

Pilot Study to Examine the Virological and
Pathological Characteristics of PRCV 135, 137 ISU-1
and 310 Strains
A high health farm with stringent biosecurity was identified as
the source of pigs for this study by screening archival serum
samples, taken for routine health surveillance, for PRCV
antibodies. This indicated there was no circulation of PRCV.
From this farm a total of eight Landrace/Yorkshire cross gilts of 6
to 10 weeks of age (23.5 kg average weight) were randomly
divided into 4 treatment groups. Two pigs per group were
challenged intranasally and intra-tracheally with 2 x 107 PFU
(in 5 ml RPMI, 25mM Hepes) of either 135, 137, ISU-1 or 310.
Intra-nasal delivery (1 ml per nostril) was performed using a
mucosal atomisation device (MAD® Nasal, Wolfe Tory Medical
Inc., Salt Lake City, US) and 3 ml were delivered trans-tracheally.
All pigs were culled by overdose of anaesthesia 5 days post
infection (DPI). Nasal swabs were collected immediately prior to
inoculation, referred to as day 0, and each day post inoculation
and stored in 1 ml of Trizol (Life Technologies) for analysis of
Frontiers in Immunology | www.frontiersin.org 4
viral RNA load by qRT-PCR or 1 ml virus transport media
(tissue culture medium 199 (Sigma-Aldrich, UK) supplemented
with 25 mM Hepes, 0.035% sodium bicarbonate, 0.5% BSA,
penicillin, streptomycin and nystatin) for analysis of infectious
viral load by titration in ST cells. Deep nasal and tracheal swabs
were also collected at post-mortem. Whole blood, nasal
turbinates, trachea, tracheobronchial lymph nodes (TBLN),
bronchial alveolar lavage (BAL), lung, spleen, retro-pharyngeal
and mesenteric lymph nodes were collected at post-mortem and
processed as previously described (29, 30).

In Vivo Challenge With PRCV 135 Strain
Eighteen Landrace/Yorkshire cross gilts (16 kg average weight),
from the same farm as in the first pilot study above, were
randomly divided into two groups. Nine pigs were inoculated
with 1 x 107 PFU (in 5 ml RPMI, 25 mM Hepes) of 135 strain
intranasally using a MAD and trans-tracheally as above. Aerosol
(Aer) administration was performed using a small droplet size,
vibrating mesh nebulizer (Aerogen Solo; Aerogen, Galway,
Ireland) attached to a custom-made veterinary mask (29). For
Aer delivery, 2 ml of 135 strain containing 1 x 107 PFU was
administered over 6–10 min following sedation. Three pigs per
group were culled by an overdose of anaesthesia at 4, 9 and 16
DPI and the same tissues harvested as in the first pilot study.

Determination of Infectious Virus
in Tissues
Tissues were homogenised in 1 ml PBS containing 10,000 U/ml
penicillin and 10,000 µg/ml streptomycin using 5 mm stainless
steel beads and a Tissue Lyser II (Qiagen). 0.5 g of lung accessory
lobe, 0.5 g of tracheal tissue, 0.5 g (from the pilot study) and 0.1 g
of nasal turbinates were homogenised. The resulting supernatant
was clarified by low-speed centrifugation. The quantity of
infectious virus was determined by titration in ST cells.

Gross Pathology
Lungs harvested at necropsy were assessed blindly by a
pathologist. Both dorsal and ventral surfaces were assessed for
reddening and consolidation of lung lobes as previously
described (31). Lung images taken at necropsy were analysed
using Image J (Version 1.52a) and assessed blindly by a different
operator to estimate percentage of lung lesions.

Histology and Immunohistochemistry
Formalin fixed tissues were processed by routine histology
m e t h o d . H ema t o x y l i n a n d e o s i n s t a i n i n g a n d
immunohistochemistry (IHC) against PRCV nucleoprotein (N)
were performed on serially sectioned formalin-fixed paraffin-
embedded tissues. Briefly, 4 mm sections were dewaxed and
dehydrated through xylene and graded alcohol, endogenous
peroxidase activity quenched with a methanol and hydrogen
peroxide, followed by unmasking of epitope with heat-mediated
antigen retrieval in pH 9 buffer at 100°C for 10 mins (Dako).
Slides were assembled into Shandon Sequenza cover plates to
facilitate IHC (Shandon, USA). Tissue sections were incubated
with an anti-N mouse monoclonal antibody DA3 at 0.1 µg/ml or
concentration matched isotype mouse monoclonal antibody for
March 2022 | Volume 13 | Article 867707
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1 hr at RT and then with Dako ENVISION™ polymer for 20 min
at RT. Immunolabelling was performed at room temperature and
sections were washed three times with Tris-buffered saline
between incubations. Immunolabelling was visualized using
3,3-diaminobenzidine (Sigma Aldrich) and counterstained in
Mayer’s haematoxylin (Surgipath, UK). Slides were dehydrated
in absolute alcohol, cleared in xylene and mounted using Dibutyl
Phthalate Xylene and glass coverslips. A serial section was
stained with haematoxylin and eosin for histopathology
evaluation. Positive control slides containing either TGEV or
PRCV infected or uninfected cells prepared in agarose matrix
were included during IHC exper iment to confirm
immunolabelling (32).

Expression of Full Length PRCV ISU-1
Spike Protein
The spike sequence from PRCV ISU-1 (GenBank Accession
number: DQ811787.1) was modified to replace the coding
region for the C-terminal transmembrane and cytoplasmic
domains, with a T4 foldon trimerization domain followed by a
His8 tag. The sequence coding for amino acids E914 and L915
was mutated to two prolines in an attempt to stabilise the spike in
a pre-fusion state similar to that described for other coronavirus
spikes. The sequence was optimised to human codons and
synthesised into the plasmid expression vector pTwist CMV
BetaGlobin, to create vector pPRCV-ISU1-PP-Foldon. The spike
was expressed in Expi293F cells (ThermoFisher) according to the
manufacturer’s instructions. Culture supernatants were clarified
by centrifugation and purified through 5 mL HisTrap FF column
(GE Healthcare). Fractions containing spike were concentrated
and the excess imidazole removed by using buffer exchange
columns (Zeba, Merck).

Generation Lentiviral-Based PRCV
Pseudo Particles
The spike sequence from PRCV ISU-1 was optimised to human
codons and synthesised in plasmid expression vector pTwist
CMV BetaGlobin (Twist Bioscience), to create vector pPRCV-
ISU1-PP. HEK293T cells were plated at 4 x 105 cells per 6-well
plate in cDMEM-10. The following day, the cells were
transfected with 0.5 µg of pPRCV-ISU1-PP, along with 0.6 µg
p8.91 (encoding HIV-1 gag-pol) and 0.6 µg CSFLW (the firefly
luciferase reporter-expressing lentivirus-backbone) using 10 µL
polyethylene imine (PEI; Sigma-Aldrich). Transfection mixtures
were removed the next day and replaced with 3 ml cDMEM-10.
Cells were incubated for 48 h with two harvests of supernatant
taken at 24 and 48 h which were pooled, centrifuged at 1300 x g
for 10 minutes at 4°C to remove cellular debris and then
aliquoted and frozen at -80°C.

The sequence for porcine APN (UniProtKB/Swiss-Prot:
P15145.4) was optimised to human codons and synthesised
with an N-terminal HA-tag into the plasmid expression vector
pTwist CMV BetaGlobin, to create vector pHA-pAPN.
Supernatants containing pseudotyped PRCV (ISU1pp) were
titrated on HEK293T cells that had been pre-transfected with
pHA-APN. After 72 h, firefly luciferase activity was measured
using the Bright-Glo system (Promega).
Frontiers in Immunology | www.frontiersin.org 5
Neutralization Assays
Virus Neutralization
Serum harvested from pigs infected with 135 at 0, 4, 9 and 16
DPI, BAL fluid harvested 16 DPI and supernatant derived from
organoid cultures were diluted 1 in 5 in PRCV media, followed
by two-fold dilutions up to 1 in 1280. To 100 µl diluted serum,
100 µl of PRCV medium containing 103 PFU of either PRCV
135, 137, ISU-1 or 310, or TEGV 772/70 was added and
incubated for 30 min at room temperature with constant
agitation. ST cells were inoculated with 100 µl virus/serum mix
and incubated for 2 days at 37°C. Cells were fixed with 3.3%
formaldehyde and stained with 0.1% crystal violet (H2O). The
presence of CPE was marked as no neutralization. Each assay was
performed in both technical triplicate and in biological triplicate.
The neutralization titer that results in 50% neutralization per ml
was calculated using the end point calculation method.

Pseudo-Virus Neutralization
Serum from PRCV infected pigs and cell culture supernatants
from organoids were diluted in cDMEM-10 and 50 µl/well was
added to a 96-well plate in triplicate and titrated 2-fold. A
dilution of ISU1pp was then added 50 µl/well at a dilution
equivalent to between 0.5-1 × 10 6 signal luciferase units and
incubated at 37°C for 1 h. Following this, pHA-APN pre-
transfected HEK293T target cells were added at a density of
2 x 10 4/100 µL. After 72 h, firefly luciferase activity was
measured as described above. Pseudotyped virus neutralisation
titers were calculated by interpolating the point at which there
was 50% reduction in luciferase activity, relative to untreated
controls, neutralisation dose 50% (ND50) (33).

In Vitro Organoid Cultures
Fresh cells from TBLN and spleen were cultured as previously
described (34). Briefly, cells were resuspended to 6 x 107 cells/ml
and plated, 100 µl/well, into Transwell® permeable (0.4 µm pore
size) membranes (12 mm diameter polyester membranes in
standard 12-well plates Corning), with 1ml complete medium
(RPMI with Glutamax, 10% FBS, 1x nonessential amino acids, 1
x sodium pyruvate, 1 x penicillin–streptomycin, 1 x Normocin
(In vivoGen) and 1 x insulin/selenium/transferrin cocktail
(Gibco)), in the lower chamber. PRCV (MOI 0.01) or medium
control was added directly to the insert (cell-containing portion).
Cultures were incubated at 37°C in a 5% CO2 incubator and
supplemented with additional medium to the lower wells if
necessary. After 7 days, supernatants were removed for
analysis of PRCV-specific antibodies by ELISA, neutralization
or pseudo neutralization assays.

ELISA
96-well Maxisorp ELISA plates (Biolegend, UK) were coated
overnight at 4°C with pre-optimized concentrations of ISU-1 full
length S protein (1 µg/ml). Two-fold dilutions of serum, either
collected pre-inoculation (day 0) or collected post-mortem,
starting from 1/20 in PBS-Tween plus Marvel (4%) were
applied. Binding of antibodies was detected with goat anti-pig
IgG (Fc-specific) conjugated to horseradish peroxidase (AA141P,
Biorad, Watford, UK), used at optimal dilution. 1-Step™ Ultra
March 2022 | Volume 13 | Article 867707
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TMB-ELISA Substrate Solution (Thermo Scientific Pierce) was
added and the optical density values were read for each well at
dual wavelengths (450 nm and 630 nm) using a Labsystems
Multiskan plate reader (Fisher Scientific, Loughborough, UK).
The quantities of antibody were determined as the reciprocal
value of the dilution that gave the first reading above the cut-off
value (end-point titer). Cut-off values were determined as mean
blank ODs plus 2-fold standard deviations. Starting dilutions
were 1:20 for serum, 1:16 for BAL and 1:2 for nasal
swab respectively.

Porcine IFNg ELISPOT
MultiScreen™-HA ELISPOT plates (Millipore, Watford, UK)
were coated overnight at 4°C with 0.5 µg/ml mouse anti-pig IFNg
(BD Biosciences, San Jose, CA) in carbonate buffer (0.1 M
Na2CO3/NaHCO3, pH 9.6). Plates were washed 3 times with
PBS and subsequently incubated for two hours at 37°C with 200
µl per well of blocking buffer (RPMI, 10% FBS, supplemented
with 100 U/ml penicillin and 100 µg/ml streptomycin. The
blocking buffer was removed prior to plating stimuli which
included medium alone (RPMI-1640 medium with glutamax-I
and 25 mM Hepes (Invitrogen Ltd., Paisley, UK) supplemented
with penicillin, streptomycin and 10% heat-inactivated FCS,
PRCV viruses 135, 137, ISU-1 and 310, peptide pools covering
the spike (S) and nucleoprotein (N) of PRCV 135 virus or 2.5 µg/
mL Concanavalin A (Con A, Invitrogen). 16 mer peptides
overlapping by 12 residues were designed and synthesized by
Mimotopes, Melbourne, Australia (Supplementary Tables 2, 3).
Three pools of peptides representing residues 1-100 (pool 1),
101-200 (pool 2) and 201-305 (pool 3) for the S protein and one
pool of 94 for the N protein were used to stimulate T cells at a
final concentration of 2 µg/ml.

For each culture condition, triplicate wells of cryopreserved
cells (TBLN, BAL, PBMC) at 2 x 106/ml were added to the coated
ELISPOT plates (100 µl/well) and cultured for 48 h at 37°C, 5%
CO2. Cells were washed off the plates using PBS containing
0.05% Tween 20, then 100 µl per well biotinylated mouse anti-pig
IFNg (0.5 µg/ml, BD Biosciences) was added for 2 h at room
temperature. Plates were washed five times with PBS containing
0.05% Tween 20 and 100 µl per well streptavidin conjugated to
alkaline phosphatase (1/1000, Invitrogen Ltd.) was added for 1 h
at room temperature. Plates were washed five times with PBS
containing 0.05% Tween 20 and developed with 100 µl per well
alkaline phosphatase substrate solution (Biorad laboratories,
Hercules, CA) for 20 min at room temperature. Plates were
rinsed with tap water and allowed to dry overnight at room
temperature before counting the dark blue-coloured
immunospots using the AID ELISPOT reader (AID
Autoimmun Diagnostika GmbH, Strassberg, Germany). Results
were expressed as IFNg-producing cell number per 106

stimulated cells after subtraction of the average number of
spots in media stimulated control wells.

Intracellular Cytokine Staining
Cryopreserved cells (TBLN, BAL, PBMC) were thawed and
seeded at a conc. of 1 x 106 cells/well and stimulated overnight
with 135 virus (MOI=0.5) or medium control at 37 °C, 5% CO2
Frontiers in Immunology | www.frontiersin.org 6
before the addition of Brefeldin A (GolgiPlug™, BD Biosciences)
allowing accumulation of the cytokine inside the cell. A cocktail
of phorbol 12-myristate 13-acetate (PMA)/Ionomycin
(Biolegend) was added as a positive control at the same time as
the GolgiPlug to separate control wells. Duplicate wells, each
containing 1 x 106 cells, were set up for each stimulation
condition. After 4 h incubation at 37°C, replicate wells for each
stimulation were pooled, centrifuged for 4 min, washed twice
with PBS and analyzed for cytokine production using the
antibodies listed in Supplementary Table 4. Briefly, cells were
stained with the primary Abs for surface staining and with Near-
Infrared Fixable LIVE/DEAD stain (Invitrogen), for
identification of live cells. Following a 20 min incubation at 4°
C, cells were washed twice, fixed and permeabilized with BD
Cytofix/Cytoperm (BD Biosciences) as per the manufacturer’s
instructions. Cells were incubated for 30 min at 4°C with the
directly conjugated cytokine antibodies, washed, re-suspended in
PBS, and analyzed using a MACSquant analyser10 (Miltenyi). In
the case of the IL-2 cytokine antibody, a further incubation step
of 20 min at 4°C with the corresponding secondary antibody was
necessary since it was not directly conjugated. Thereafter, cells
were washed and resuspended in PBS before analysis.
Downstream analysis was performed using FlowJo software.
RESULTS

Replication of PRCV Strains in Cell Lines
We characterised the in vitro replication of four PRCV strains: 135
and 137, both isolated from the respiratory tract of pigs in the UK;
310, isolated in the USA from the small intestine (24) and the
previously characterised ISU-1 strain (5, 25). We initially assessed
their replication and associated cytopathic effects (CPE) in ST and
LLC-PK1 porcine derived cells lines, routinely used for assessment
of PRCV and TGEV (Figures 1A, B). The quantity of infectious
progeny was determined by titration in ST cells. Over a 96-h growth
period using ST cells, ISU-1 generated higher quantities of infectious
progeny than 135, 137 and 310, however statistical significance was
only reached in comparison to 137 from 24 – 72 hours post
infection (hpi), to 135 from 48 and 96 hpi and to 310 from 72
hpi (p<0.05). In LLC-PK1 cells, 135 generated the lowest titer of
virus and was statistically different from ISU-1 from 48 - 96 hpi
(p<0.05). Despite these differences, the pattern of replication over 96
h is comparable, with similar peak titers observed at the same time
point in both cell types (Figure 1A).

No major differences in the quantity of infectious progeny
were identified between the four strains in the first 12 h, in either
ST or LLC-PK1 cells further indicating that in vitro replication
was comparable (Figure 1B). Infectious progeny present in the
cell supernatant was determined by titration. RNA replication in
the harvested cells was analysed by quantitative real time PCR
(qRT-PCR) using primers and probes targeting the N gene. The
quantity of 135 and 137 RNA in LLC-PK1 cells was higher
compared to 310 and ISU-1 indicating an increased rate of RNA
replication. This however was not observed in ST cells and did
not translate into higher numbers of infectious progeny.
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FIGURE 1 | Replication of PRCV strains in cell lines and in ex vivo tracheal organ cultures. ST and LLC-PK1 cells were inoculated with 104 PFU (MOI ~ 0.01) of
PRCV strains 135, 137, ISU-1 or 310. The quantity of infectious progeny in cell supernatants were determined at 24 h (A) or 2 h (B) intervals by titration in ST cells.
In addition, viral RNA was quantified from cell lysates harvested at the same time points by qRT-PCR using a primers and probes targeting the N gene. In (A) and
(B) each time point represents the mean of three independent experiments with error bars showing the standard error of the mean (SEM). Two-way ANOVA with a
Tukey test was used * (p<0.05). For ST cells the star indicates that the ISU-1 titres were higher than those for 137 at 48 - 72 hpi, those for 135 at 48 and 96 hpi,
and for 310 at 72 hpi. For LLC-PK1 cells the star indicates that the ISU-1 titres are greater than those for 135 at 72 and 96 hpi. However, (B) the quantity of N RNA
detected for both 135 and 137 was higher than the RNA detected for to ISU-1 and 310. Tracheal organ cultures (TOCs) were prepared with trachea harvested from
4-week-old piglet in three experiments from separate animals (C–E). TOCs in (C, D) were inoculated with 104 PFU of 135, 137, ISU-1 or 310 and the quantity of
infectious progeny virus in the supernatants at 24 hpi were determined by titration in ST cells (C, D). (C) represents the use of two TOCs and (D) a single TOC. (E)
TOCs were inoculated with 105 PFU of either PRCV 135, 137, 310, ISU-1, TGEV or mock infected with medium only and progeny infectious virus in the
supernatants at 24 hpi were determined by titration in ST cells. No virus was detected in the mock control. Statistical differences were evaluated using a one-way
ANOVA with a Tukey test for multiple comparisons. No statistical differences (ns) in the amounts of progeny virus produced were identified between ISU-1 & 137,
135 & TGEV or 137 & TGEV; all other comparisons were significant (p<0.05). (F) TOCs from (E) at 24 hpi were fixed in 4% formalin for 72 h before freezing in OCT.
100 mm cryosections were labelled using anti-N (DA3; Red) and/or anti-dsRNA (Green). Nuclei were stained with DAPI (blue). White arrow indicates the location of
detected virus. Images were obtained by a confocal microscope with high powered images (63x magnification) for DA3 only, anti-dsRNA only and co-localization of
both DA3 and anti-dsRNA. Scale bars indicate 25mM.
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Replication of PRCV 135, 137,
ISU-1 and 310 in Ex Vivo Tracheal
Organ Cultures (TOCs)
Previous work had shown that high titers of PRCV strain TLM83
were isolated from tracheal tissue from experimentally infected
pigs, with viral antigen detected in epithelial cells, suggesting
active PRCV replication in tracheal epithelial cells (35). To
establish whether the four PRCV strains used in this study
could replicate in the trachea, primary ex vivo TOCs were
infected with 1 x 104 PFU of either 135, 137, ISU-1 or 310.
The titers of infectious progeny virus from TOCs infected with
ISU-1 and 310 were lower than those observed for 135 and 137 in
two independent experiments (Figures 1C, D). Each experiment
used TOCs prepared from the trachea harvested from an
individual animal and therefore differences may be the result
of a host or virus-host interaction effect. In another separate
experiment TOCs were inoculated with a log higher titer of 1 x
105 PFU to investigate whether a higher dose was required for the
establishment of productive infection for both ISU-1 and 310.
Less infectious progeny from ISU-1 and 310 infection was
detected in comparison to 135 (p<0.05) (Figure 1E).
Interestingly the observed titers were comparable between 137
and ISU-1 indicating either ISU-1 requires a higher quantity of
input virus to initiate productive replication, or there is a
differential host effect, with perhaps trachea extracted from
some pigs that are more susceptible to infection than others.
TGEV was included in the experiment as previous reports have
shown that it is able to replicate in the trachea (36, 37). Titers of
TGEV were comparable to those of 135 and 137 strains,
confirming the previous observations that TGEV can replicate
in the trachea (Figure 1E).

To investigate RNA and protein production, the TOCs from
the high dose experiment were analysed by confocal microscopy
using DA3 and dsRNA antibodies (Figure 1F). DA3 was
generated from the TGEV nucleoprotein (N) protein and
recognizes the four PRCV strains as confirmed by Western
blot analysis (28, 38) (Supplementary Figure 3). The second
antibody targets double stranded RNA (dsRNA) and is a well-
established marker for coronavirus RNA replication (32, 39).
Both dsRNA and N protein were detected in the mucosal
epithelium in TOCs infected with TGEV and PRCV strains
135 and 137 (Figure 1F). Small, localized regions of signal for
N protein and dsRNA could be detected in TOCs infected with
PRCV ISU-1 (Figure 1F). No dsRNA or N protein were detected
in mock infected TOCs nor in TOCs infected with 310,
suggesting that 310 may not be able to replicate in tracheal
epithelial cells in vivo.

Overall, these data indicated that although the four strains
showed comparable replication in ST and LLC-PK1 cells, the 135
and 137 strains replicated more efficiently than ISU-1 and 310 in
the tracheal epithelial cells of ex vivo TOCs.

Differences in S Glycoprotein Between
PRCV Strains 135, 137, 310 and ISU-1
The replication differences in the ex vivo TOCs suggested altered
tissue tropism between the four strains. To investigate further,
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next generation sequencing analysis was performed. As a major
determinant of tropism is the S glycoprotein, we compared the
amino acid sequence of the four PRCV strains (Supplementary
Figure 1). PRCV 135 and 137 differed by 7 amino acids and 310
and ISU-1 by 9 amino acids. There were a larger number of
differences between both 135 and 137 compared to 310- and
ISU-1. Interestingly, there is an insertion of amino acids TSV
between residue P20 and C21 in 135 and 137, not present in
either ISU-1 or 310.

Analysis of Viral Load After In Vivo
Inoculation With PRCV Strains
135, 137, 310 and ISU-1
Following the ex vivo analysis we characterized the clinical,
virological and pathological parameters of PRCV strains 135,
137, 310 and ISU-1 in vivo. Initially a pilot study was carried out
using two pigs inoculated with 2 x 107 PFU of each PRCV strain
by the intra-nasal/intra-tracheal (IN/IT) route and observed for 5
days (Figure 2A). The rectal temperatures of the animals were
taken daily and all were within the normal range. At 5 days post-
infection (DPI), one PRCV 135 inoculated animal exhibited
nasal discharge and coughing, and one PRCV 137 inoculated
animal was observed sneezing. Both PRCV 135 animals and the
PRCV 137 animal without respiratory signs, displayed signs of
lethargy, as did the second animal infected with 137. No clinical
signs were observed in PRCV ISU-1 or 310 inoculated animals.

Nasal swabs were taken daily and assessed for presence of
infectious virus by titration and PRCV RNA by qRT-PCR of the
N gene (Figure 2B). The titers of infectious ISU-1 and 310
viruses were lower in the first 2 DPI than 135 and 137 viruses
detected in the nasal swabs, suggesting a decrease in productive
viral replication. However, the quantities of PRCV derived RNA
detected in the nasal swabs were largely similar for all strains.
Virus load and the quantity of RNA were comparable between
the four strains in nasal swabs, nasal turbinates and BAL fluid
taken at post-mortem (5 DPI) (Figures 2C–E).

In contrast, the titers of infectious virus and the quantity of
PRCV RNA differed between the PRCV strains in the tracheal
swab and tracheal tissues taken at post-mortem (5 DPI)
(Figure 2F). Three segments of trachea, one from the top,
middle and bottom of the trachea, were harvested, with no
observable difference in virus titer and therefore the mean titer
of the three tracheal segments was presented. Less infectious
virus was detected in ISU-1 and 310 inoculated animals
suggesting that these viruses replicated to a lower level than
135 and 137 in the trachea. No infectious virus for ISU-1 and 310
were detected in the accessory lung lobe, in contrast to 135 and
137 which had titers of ~106 PFU/ml per 0.5 g of tissue
(Figure 2G). This indicates that no productive replication of
310 and ISU-1 was occurring in the accessory lung lobe,
supported by the lack of RNA. No RNA was detected in the
blood from any of the four PRCV strains.

These data indicated that ISU-1 and 310 did not replicate
efficiently in the trachea and lung of the experimentally
inoculated pigs, although they were detected at comparable
levels to 135 and 137 strains in nasal swabs, nasal turbinates
March 2022 | Volume 13 | Article 867707
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and BAL at 5 DPI. The patterns of replication for the four PRCV
strains in vivo in the trachea were comparable to those observed
in ex vivo TOCs.

Lung Pathology After In Vivo Challenge
With PRCV Strains 135, 137, 310 and ISU-1
Infected pigs were subjected to necropsy at 5 DPI. On gross
examination, infection of the ISU-1 and 310 strains resulted in
less than 5% of pulmonary consolidation across all lobes. In
contrast, 135 and 137 produced a median of 21% and 13.5%,
respectively, of areas of consolidation (Figure 3A). The
distribution of lesions were characterized by multifocal to
coalescing, and were predominantly in middle, caudal, and
accessory lung lobes (Figure 3B). There were no observable
changes within the nasal cavity or the trachea grossly.
Frontiers in Immunology | www.frontiersin.org 9
The nasal turbinates, trachea and right lung lobes were
subjected to histopathology and PRCV N ant igen
immunohistochemistry (IHC) using DA3 antibody. The
changes observed within the nasal turbinates were generally
mild, with multifocal lymphoplasmacytic inflammation of the
submucosa and occasional intra-epithelial neutrophils
(Figure 3C). Epithelial necrosis was occasionally observed in
pigs infected with 135 or 137, co-localising with N labelling of the
mucosa epithelium within areas of lesion. N labelling within the
nasal turbinates in pigs infected with ISU-1 or 310 strains were
rare. Similarly, in the trachea, microscopic changes were limited
to 135 and 137 infected pigs, which exhibited small areas of
attenuated epithelium, loss of cilia, which colocalized to areas of
virus antigens of the mucosa epithelium. No N labelling was
observed in the ISU-1 infected pigs.
A
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FIGURE 2 | Virus load in tissues after in vivo inoculation with PRCV strains 135, 137, 310 and ISU-1. Experimental design (A). Two pigs were infected with 2 x 107

PFU of either 135,137, ISU-1 or 310. All animals were euthanized five days post infection (DPI). Daily nasal swabs were collected (B). At post-mortem nasal swab
(C), nasal turbinates (D), BAL (E), tracheal swab and tracheal tissue (F) and lung accessory lobe (G) were collected. The quantity of infectious virus in the nasal
swabs, 0.5 g nasal turbinates, 1 ml BAL fluid, tracheal swab, 0.5 g tracheal tissue and 0.5 g lung accessory lobe was determined by plaque assay. For tracheal
tissue, a 3 - 4 mm rings were harvested from the top, middle and bottom of the trachea, and 0.5 g of each ring homogenized; each point represents the mean titers
from the three rings.
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The pulmonary changes in ISU-1 and 310 infected pigs were
mild, with presence of bronchiole-associated lymphoid tissues
(BALT) and occasional expansion of alveolar septum with
mononuclear inflammatory cells, representative of antigenic
stimulation from viral infection (Figure 3C). Only one ISU-1
pig (P21-3414) showed minimal N antigen labelling in
bronchiolar epithelium and alveoli.

In the 135 and 137 infected pigs, there was moderate bronchiolar
exudation, variably hyperplastic and occasionally attenuated
bronchiolar epithelium, and the surrounding airways loosely cuffed
by lympho-plasmacytic cells. In the alveoli, there were multifocal to
coalescing areas of intra-alveolar oedema, alveolar macrophages, and
neutrophils (Figure 3D), type II pneumocyte hyperplasia, and the
alveolar wall expanded by mononuclear inflammatory cells. Alveolar
wall damage was only observed in 135 infected pig (P21-3415). The
level of N antigen immunolabelling was moderate within bronchiolar
epithelium, and small amounts in type II pneumocytes, intravascular
Frontiers in Immunology | www.frontiersin.org 10
macrophages, alveolar macrophages and occasionally in type I
pneumocytes. Overall, the pilot experiment demonstrated that
PRCV strains 135 and 137 induced moderate broncho-interstitial
pneumonia, while the pathological changes in ISU-1 and 310 were
very mild.

Analysis of Antibody and T Cell Responses
After In Vivo Inoculation With PRCV
Strains 135, 137, 310 and ISU-1
No PRCV specific Ab responses were detected in serum or BAL
as measured by ELISA at 5 DPI using recombinant full-length
Spike protein or pseudo-neutralization. We enumerated IFNg
secreting cells by ELISpot following re-stimulation with the four
PRCV strains or three pools of peptides covering the S protein
and one pool of peptides for the N protein of PRCV 135
(Supplementary Figure 4, Supplementary Tables 2, 3). IFNg
secreting cells were detected by ELISpot in tracheobronchial
A B

C D

FIGURE 3 | Lung pathology following in vivo challenge with PRCV strains 135, 137, ISU-1 and 310. Percent area of lung consolidation (A). Representative gross
pulmonary pathology images for pigs infected with either ISU-1 or 135 (B). Arrowheads indicate areas of consolidation. Images are dorsal and ventral views.
Histopathology and immunohistochemical scores for nasal turbinate, trachea, and lung (C). Representative histopathology and immunohistochemical (IHC) images of
the lung (D). There was only subtle bronchiolar epithelium hyperplasia and association of rare infected bronchiolar epithelium in ISU-1 pig. The bronchiole lumen was
filled with neutrophils in 135 infected pig. The alveolar wall of ISU-1 was mildly expanded with inflammatory cells. In the 135 pig, there was multifocal pulmonary
oedema and alveolar macrophages, and infrequently intra-alveolar haemorrhage. The N labelled cells within the alveoli were predominantly type II pneumocytes and
intra-vascular macrophages, and a small fraction of type I pneumocytes. Images were taken at 200x magnification.
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lymph nodes (TBLN) and peripheral blood mononuclear cells
(PBMC). The summed response to the S pool of peptides is
shown (Supplementary Figures 4C, D). The responses to virus
stimulation were low whilst there was a greater response to the
peptides in TBLN and peripheral blood monocular cells (PBMC)
(Supplementary Figures 4A, B). The responses to the peptides
in PBMC were lower compared to TBLN. Overall, it was difficult
to establish whether there were differences in the IFNg responses
between the animals infected with different PRCV strains,
because too few animals were used, however it was clear that
there was a good cross-reactive T cell response at the early time
point of 5 DPI.

Kinetics of Viral Replication After In Vivo
Inoculation With PRCV 135
As the observed pathology induced by 135 virus was most severe
among the four PRCV strains investigated, we further evaluated
Frontiers in Immunology | www.frontiersin.org 11
the production of infectious virus, pathology and immune
responses up to 16 DPI. In addition, we compared two
different routes of inoculation – aerosol (Aer) and intra-nasal/
intra-tracheal (IN/IT) to determine if this might affect clinical
disease, pathology and host responses. Two groups of nine pigs
were inoculated with 1 x 107 PFU of PRCV 135 by the IT/IN or
by the Aer route using a face mask with Aerogen Solo nebuliser
(Figure 4A). Three animals from each group were culled on 4, 9
and 16 DPI and blood, nasal turbinates, trachea, BAL,
mesenteric, retro-pharyngeal and TBLN collected for analysis.
Temperatures of above 40°C were recorded in several pigs from
both groups as early as 2 DPI, sometimes accompanied with
reduced activity, loose faeces and respiratory signs. On only one
occasion was a temperature above 41°C recorded (pig 12512, IN/
IT group, 3 DPI) and this was accompanied with reduced
activity. Six animals from the IN/IT group had loose faeces
starting at 4 DPI. Five pigs (one from the IN/IT group and four
A
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E

FIGURE 4 | Experimental design and virus load after in vivo challenge with PRCV 135. Eighteen pigs were infected with 1 x107 PFU of PRCV 135 by the
intratracheal/intranasal route (IN/IT) or by aerosol (Aer). At 4-, 9- and 16-days post infection (DPI) three animals per group were culled (A). Virus load in daily nasal
swabs was determined by plaque assays; each point represents the mean titer with error bars indicating SEM (B). At post-mortem nasal swabs (C), nasal turbinates
(D), tracheal swab (E), tracheal tissue (F), BAL fluid (G) and lung accessory lobe (H) were harvested, and virus load determined. Each point represents one animal
with errors bar defining SEM. Statistical differences at each time point were analysed using a two-way ANOVA with a Tukey test for multiple comparisons; no
differences between the groups were identified.
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from the Aer group) showed transient coughing/sneezing
between 5 DPI and 8 DPI, in each case resolving within 24 h
(Supplementary Figure 5). Overall, the clinical signs were mild,
detected only in some of the animals, resolved rapidly and never
exceeded a score of 5 out of maximum 19 (Clinical signs scoring
in Supplementary Table 1).

The presence of infectious 135 virus was assessed by plaque
assay from daily nasal swabs. No differences in the amount of
virus detected were observed between the IN/IT and Aer groups,
with no virus detected after 10 DPI (Figure 4B). Analysis of nasal
swabs (Figure 4C), nasal turbinates (Figure 4D), tracheal swab
(Figure 4E), tracheal tissue (Figure 4F), BAL fluid (Figure 4G)
and lung accessory lobe (Figure 4H) also showed there were no
differences in the amount of infectious virus detected in the
samples between the IN/IT and Aer groups. Although low
amounts of virus were detected in the nasal swabs and nasal
turbinates in the IN/IT group at 9 DPI no virus was detected in
the samples obtained from the Aer group at 9 DPI. The quantity
of PRCV derived RNA was not measured in this experiment as
the pilot study did not show any difference between the RNA
load and infectious viral load determined by titration (Figure 2).

Overall the route of inoculation did not affect the amount of
infectious virus in any respiratory tissues with no virus detected
on or after 9 DPI, although from previous work studying
influenza viruses infection of pigs, aerosol delivers only 20-30%
of the input dose with uniform distribution throughout the lung
compared to IN/IT which delivers a higher proportion to the
lung although unevenly, concentrated in a smaller area (40).

Pathology Following Aerosol
and Intra-Nasal/Intra-Tracheal
Inoculation With PRCV 135
Pigs infected with PRCV 135 IN/IT or by Aer were necropsied at
4, 9 and 16 DPI (Figure 4A). At 4 DPI animals inoculated by IN/
IT or Aer inoculation showed group mean lung consolidation of
32% or 27% respectively, which reduced to 8% and 2%
respectively by 16 DPI (Figures 5A, B). Histological lesions
were mainly detected at 4 and 9 DPI, but N antigen only at 4 DPI
(Figures 5C–E). The lesions at 4 DPI were predominantly
bronchiolar exudation, and within the alveoli were variably
oedematous air spaces with neutrophils and alveolar
macrophages infiltration. By 9 DPI, there was mild bronchiolar
exudation with epithelial attenuation and infrequently necrosis.
Occasionally this led to the formation of bronchiolitis obliterans.
The alveolar walls were expanded with lymphocytic, plasmacytic
and histiocytic cells, and loss of air spaces. By 16 DPI, some
residual changes were noted including mild hyperplasia of
bronchiole epithelium, and loose perivascular or peri-
bronchiolar cuffing with lymphocytes and plasma cells.

The upper respiratory tracts were unremarkable at post-
mortem. Histological changes in nasal turbinates were mild,
with multifocal inflammation of the submucosa and occasional
transmigration of neutrophils across the epithelium in both
groups of pigs. However, there was occasional mild epithelial
attenuation and exudation in the olfactory nasal mucosa,
particularly in the Aer animals at 4 DPI and this frequently
Frontiers in Immunology | www.frontiersin.org 12
colocalized with areas of N labelling. N-labelled cells included
ol factory receptors and sustentacular ce l l s . No N
immunolabelling was detected at 9 and 16 DPI.

In the trachea, similar lesions and progression comprising
mild multifocal lymphoplasmacytic inflammation of the
submucosa, occasional epithelial attenuation and exudation
were observed (Figures 5C, D) Lesions were more commonly
detected and scored higher in the caudal component of the
trachea in the Aer group in contrast to the higher scoring in the
cranial trachea in the IN/IT group.

Overall, both inoculation methods produced similar
moderate pulmonary pathology, with acute lesions and
maximal viral infection at 4 DPI and resolution by 16 DPI,
similar to known porcine viral pneumonia. In addition, we
demonstrated a diversity of cellular tropism within the upper
respiratory tract.

Analysis of Antibody Responses After In
Vivo Inoculation With PRCV 135
The titers of PRCV neutralizing antibodies increased over time in
serum and BAL (Figure 6A). Sera and BAL from both IN/IT and
Aer groups cross neutralized against the four PRCV strains and
the TGEV strain equally well (Figure 6A), indicating that highly
cross-reactive antibody responses were generated by both routes
of inoculation. A pseudo-virus-based neutralization assay,
commonly used for studying SARS-CoV-2 induced responses,
was also used to measure PRCV Ab responses and gave similar
results to virus neutralization (Figure 6B). PRCV specific
antibodies were also detected by ELISA using recombinant
full-length Spike (S) protein from PRCV ISU-1 strain
(Figure 6C). S-specific IgG responses were detected at 9 DPI
and increased by 16 DPI in serum, broncho-alveolar lavage
(BAL) and nasal swabs with no differences between the IN/IT
and Aer groups. In addition, we have developed in vitro organ
cultures with spleen and TBLN harvested at 16 DPI (Figures 6D, E)
(34). Cultures were stimulated with PRCV 135 or the polyclonal
activator R848. After 7 days S-specific IgG was detected in the
supernatant in the virus stimulated cultures, which also exhibited
both pseudo-virus neutralizing and virus neutralizing activities.

Overall, the data indicate that high titers of cross neutralizing
antibodies were produced against the S protein in pigs and in
vitro systems were developed for the first time in pigs, and used
to dissect these responses.

Analysis of T Cell Responses After In Vivo
Inoculation With PRCV 135
We enumerated IFNg secreting cells by ELISpot following
stimulation with the four PRCV strains, three pools of peptides
covering the S protein and one pool of peptides for the N protein
of PRCV 135. Because the IFNg responses to the stimuli were
very similar in the IN/IT and Aer groups, we have shown the
grouped responses for all six animals for 4, 9 and 16 DPI. The
individual responses by groups are shown in Supplementary
Figures 6, 7.

The TBLN, BAL and PBMC responses to live virus stimulation
were lower compared to the peptide pools, especially to the S protein
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(Figures 7A–C). The summed responses to the three S pools and N
peptide pool were highest at 9 and 16 DPI. The responses to the
three S peptide pools are shown in Supplementary Figures 6, 7.
There was animal inter-variability, but it appears that the BAL
response, at least to whole virus, was lower reaching a peak at 16
DPI. A similar delayed kinetic of response was observed in BAL of
influenza infected animals (30, 41). A response to peptide pools in
the spleen, mesenteric and retropharyngeal lymph nodes was
detected (Figures 7D–F). We also analysed IFNg, TNF and IL-2
production by CD8b and CD4 T cells in BAL, TBLN and PBMC by
Frontiers in Immunology | www.frontiersin.org 13
intracellular staining (ICS) following stimulation with PRCV 135
virus (Supplementary Figure 8). The PRCV 135 specific CD4 and
CD8 responses were dominated by IFNg. The PBMC responses
were weak compared to TBLN and BAL.

These data demonstrated that the strongest IFNg ELISpot
response for both virus and S and N peptides was detected in
BAL, followed by TBLN and PBMC. There was a good S and N
IFNg ELISpot response in spleen and retropharyngeal lymph
nodes, which drain the upper respiratory tract, and a much
weaker responses in the distant mesenteric lymph node.
A B

C D

E

FIGURE 5 | Lung pathology after in vivo challenge with PRCV 135. Percent area of lung consolidation (A). Statistical differences are highlighted by ** (p<0.005).
Representative gross pulmonary pathology images at 4 and 16 DPI with both routes of infection (B). Histopathology and immunohistochemical (IHC) scores for nasal
turbinate, trachea, and lung (C). The scores for each pig are a total of respiratory and olfactory nasal mucosa (nasal turbinate), cranial, middle, and caudal trachea
segments (trachea) and right cranial, middle, and caudal lung lobes (lung). Representative histopathology and immunohistochemical images of the respiratory and
olfactory component within the nasal turbinate and the trachea from animal P21-3425, aerosol inoculation, 4 DPI (D). Immunolabelling for N in sustentacular (arrow)
and olfactory epithelial cells (arrow heads) within the olfactory nasal mucosa. Pulmonary histopathological profile following infection (E). Acute broncho-interstitial
pneumonia at 4 DPI with bronchiolar exudation, alveolar oedema and accumulation of alveolar macrophages. The air spaces remained collapsed whereby the
alveolar wall is moderately expanded by inflammatory cells at 9 DPI. The bronchiolar epithelium is attenuated but re-epithelisation is also evident. By 16 DPI, the
bronchiolar epithelium is hyperplastic, alveolar wall mildly expanded and with loose perivascular cuffing. Sub-gross pulmonary (top row; 20x), bronchiolar (middle row;
400x) and alveolar areas (bottom row; 400x).
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DISCUSSION

We evaluated the clinical, virological, pathological and
immunological parameters of four PRCV strains, 135, 137, 310
and ISU-1. Despite comparable growth characteristics in cell
lines, the strains differed in their pathogenicity and replication in
vivo. ISU-1 and 310 induced mild lung pathology, with reduced
replication in the trachea and lungs. In contrast the 135 and 137
Frontiers in Immunology | www.frontiersin.org 14
strains induced moderate broncho-interstitial pneumonia and
replicated efficiently in the trachea and lung. All four strains
replicated efficiently in the nasal turbinates. As PRCV 135
infection induced the most severe lung pathology amongst the
four strains, we further analysed the time course of infection.
Virus was shed until 10 DPI and most pulmonary lesions had
resolved by 16 DPI. Cross-reactive Ab and T cell responses were
induced in the respiratory tract and systemically.
A

B

C

D

E

FIGURE 6 | Antibody responses after in vivo challenge with PRCV 135. Serum neutralizing titers at 16 DPI were determined by virus neutralization of PRCV135
(A). Serum and BAL were also assayed against 135, 137, ISU-1, 310 and TGEV viruses for cross-neutralization. Pseudo-virus neutralizing dose50 titers were
determined for serum and BAL at the indicated time points (B). Spike (S) specific IgG responses in serum, BAL and nasal swabs were determined by ELISA at the
indicated time points (C). Antibody production after 7 days in organoid culture measured by Spike (S) IgG ELISA, pseudo-neutralization and virus neutralization of
PRCV 135 (n = 3 pigs from IN/IT from 16 DPI) (D, E). The top of each bar indicates the mean and the line the SEM. Each symbol represents one animal.
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Currently mouse, ferret, hamster and non-human primate
models have been developed to study SARS-CoV-2, but these are
not natural host species for infection (19, 20). Mice are not
susceptible to Wuhan SARS-CoV-2 isolate because the murine
Angiotensin-converting enzyme 2 (ACE-2) does not bind to S
glycoprotein. Human ACE2 transgenic mouse cell lines have been
developed with different promoters driving ACE2 expression and its
tissue distribution and abundance determine the severity of disease
(42–44). Ferrets, the gold standard model for influenza virus
transmission studies, also transmit SARS-CoV-2 by direct and
Frontiers in Immunology | www.frontiersin.org 15
respiratory contact (45). However, disease severity is mild or
absent with viral replication generally restricted to the upper
respiratory tract (46). Pathogenesis in non-human primates
(NHPs) varies by species. African green monkeys develop acute
pneumonia and lung injury persisting for more than a month
despite viral clearance, whereas rhesus macaques exhibit pulmonary
infiltration like humans with only mild to moderate disease severity
(47, 48). However, NHPs are extremely expensive, not easily
accessible and raise ethical considerations. Interestingly hamsters
can efficiently transmit SARS-CoV2 and experience severe disease
A

B

C

D E F

FIGURE 7 | IFNg ELISpot responses in tissues after in vivo challenge with PRCV 135. IFNg secreting spot forming cells (SFC) were enumerated by ELISpot in
tracheobronchial lymph nodes (TBLN) (A), bronchoalveolar lavage (BAL) (B), PBMC (C), mesenteric lymph nodes (MLN) (D), retropharyngeal lymph nodes (RPLN)
(E) and spleen (F) at 4, 9 and 16 DPI, following stimulation with 135, 137, ISU-1 or 310 viruses or pools of peptides covering S and N proteins. Each symbol
represents an individual animal, the top of the bar the mean and the line the standard deviation (SD).
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including weight loss, diffuse alveolar damage and high viral load in
the lung (49, 50). In contrast although the pig cannot be infected
with SARS-CoV-2 it is a natural large animal host for several
porcine CoVs (5, 51). The pig is physiologically, anatomically and
immunologically more similar to humans than small animals and
our previous work with influenza showed its utility as a model for
human disease (29, 30, 52–55). We also demonstrated that vaccines
that protect mice and ferrets against influenza virus are not
protective in pigs highlighting differences between small and large
animal models (29).

Previously it was suggested that PRCV ISU-1 induced
pulmonary pathology resembled that of SARS-CoV (5). However,
the lung pathology was mild unless potentiated by
immunosuppression with corticosteroid (5, 56). In contrast, we
have demonstrated that PRCV strains 135 and 137 induced
moderate pulmonary lesions, similar to those of swine influenza
infection with transient broncho-interstitial pneumonia and limited
alveolar damage (30, 57). These features differ from the pulmonary
lesions in severe COVID-19 patients, which typically have diffuse
alveolar damage (58). In our experimental pigs, despite moderate
severity of PRCV-induced lung lesions, the clinical manifestations of
disease were mild and infrequent. Such transient infection, rapid
resolution and lung pathology may be similar to humans with mild
SARS-CoV-2 infection, while severe disease occurs mainly in elderly
with concurrent morbidities.

The cellular tropism of PRCV in the lung encompassed
pneumocytes, alveolar macrophages and bronchiolar
epithelium, but not vascular tropism such as in severe COVID-
19 (59). In the upper respiratory tract, the microscopic exudative
rhinitis, observed with PRCV infections in pigs, was similar to
other respiratory pathogens such as SARS-CoV-2 in humans and
animal models, or swine influenza (60). Examination of the nasal
turbinates of PRCV 135 challenged pigs revealed virus
replication in the olfactory and sustentacular cells within the
olfactory mucosa. There was no further virus invasion into
the olfactory nerve fibres nor detection of PRCV N antigen in
the olfactory bulb. Olfactory epithelial tropism has been reported
for COVID-19 or influenza patients and in experimental animal
models (46, 61–64). The olfactory tropism of PRCV in the pig
provides a unique opportunity to investigate the pathogenesis of
upper respiratory tract infection in a natural host comparable to
SARS-CoV-2 infection in humans. Furthermore, the effects of
multiple respiratory viral infections such as with PRCV and
influenza, or corticosteroid immunosuppression in causing
severe acute respiratory disease could be explored (5, 65).

There was no virus replication of 310 or ISU-1 in the accessory
lung lobe as determined by titration, although very occasional PRCV
N antigen labelling was detected by immunohistochemistry. This
inefficient virus replication may account for the differences in lung
pathology. PRCV uses APN as a receptor (11, 66). Although the
distribution of APN in the pig tissue has not been characterised, a
recent study using primary porcine tracheal and bronchial epithelial
cells and trachea tissue demonstrated low levels of APN expression
(67). However, the in vitro study by Peng et al, also demonstrated the
greater susceptibility of bronchial cells compared to tracheal cells was
not APN dependant, suggesting another host entry or host restriction
Frontiers in Immunology | www.frontiersin.org 16
factor. The entry of CoVs is mediated by the S glycoprotein, a heavily
glycosylated type I transmembrane, class I fusion protein (68). The
change of tropism between TGEV which infects the gastroenteric
tract and PRCVwhich infects the respiratory tract has been attributed
to a 200 amino acid deletion in the S1 region of the S glycoprotein
which removes the ability to bind sialic acid (9, 10, 67). Changes in
tropism for other CoV including Mouse Hepatitis Virus, Infectious
Bronchitis Virus and SARS-CoV have all been attributed to changes
in the S (69–72). The S glycoproteins of PRCV strains 135 and 137 are
three amino acids longer when compared to the 310 and ISU-1
(Supplementary Figure 1). There is an insertion of the amino acids
TSV between residue P20 and P21 of the ISU-1 reference sequence
(accession number DQ811787) in 135 and 137. Additionally, there
are other amino acid differences in the S protein located in the S1
region that mediates receptor binding. It is therefore possible, that the
differences in the PRCV S proteins are responsible for the differences
in observed tissue tropism, which might be APN independent. The
use of TOC cultures, which mimicked the replication pattern in vivo
may help to dissect the mechanisms of PRCV tissue tropism.

It is also possible that the differences in in vivo replication and
pathology are not virus entry related but related to gene 3. The size
of the deletion in gene 3 has been hypothesized to relate to the
varying pathogenicity of different PRCV strains, however the role of
gene 3 in virulence is not clear (31, 73). Although a small plaque
mutant of the virulent TGEV Miller strain, with a large deletion in
gene 3 was attenuated, deleting gene 3 from the TGEV Purdue
strain had little effect on virulence with the recombinant virus
retaining replication efficiency and tropism of wild type virus (74,
75). Sequence analysis of gene 3 of the four PRCV strains
demonstrated varying sized deletions in both open reading frame
(ORF) 3a and 3b (Supplementary Figure 2). Notably the deletion
in all four strains has removed the reported canonical transcription
regulatory sequence (TRS) of ACTAAAC (76) and the later
published core TRS sequence of CTAAAC, although a partial
sequence of AAC remains (77). According to the model of
discontinuous transcription for the production of the structural
and accessory genes proposed by Sawicki and Sawicki, this is likely
not sufficient for subgenomic mRNA (sgmRNA) synthesis however
a non-canonical TRS of CAA has been reported for gene 4b in IBV
(78, 79). The ATG start codon for 3a however is deleted in all four
strains. ORF 3b is interesting as both 135 and 137 have a TRS of
ACTAAAC upstream of the 3b start codon, first reported by Page et
al, which is a result of two mutations. ISU-1, 310 and TGEV have a
sequence of TCTAAAT. There is an ATG start codon downstream
of the TRS which could hypothetically produce a protein in both
135 and 137 of 244 amino acids, the same as 3b in TGEV. There are
seven amino acids difference in comparison to the TGEV Purdue
reference sequence (accession number DQ811788). Interestingly the
amino acid sequence of 3b in the isolate of ISU-1 used in this study
is different to that of the reference sequence, and therefore
potentially different to that used by Jung et al., 2007. If a
sgmRNA is produced from the sequence TCTAAAT, the 3b
protein is truncated due to a premature stop codon however there
is a second ATG which does hypothetically produce a second
protein which aligns with the 5’ end of the 3b protein. Further
investigation is required to determine whether the 3b protein is
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produced and whether it is involved in causing the different
pathogenicity of the four strains.

Infected animals produced cross neutralizing antibody, in both
serum and BAL, against the four PRCV strains and TGEV. In
addition, we established for the first-time porcine spleen and
pulmonary lymph node organoid cultures which reproduced the
Ab response as observed in vivo. However further studies will
establish their utility to dissect the Ab and B cell responses.
Induction of effective early immune control and durable immune
memory is critical for protection against severe disease and
reinfection with CoVs. Some studies have suggested that there is
an impaired germinal centre reaction in acute Covid 19 infection
and others that neutralizing Ab titers wane rapidly after mild
infection (80–82). We have only measured responses until 16
DPI, further studies will be required to establish the duration and
protective efficacy of the PRCV Ab responses in vivo. Infection of
adult swine with TGEV induced serum antibodies persisting for six
months to several years (51). PRCV-inoculated pigs have been
reported to develop potent systemic and bronchus-associated but
not gut associated antibody and antibody secreting cell (ASC)
responses (83, 84). Despite the lack of gut associated antibody, the
decline of TGEV has been widely attributed to cross-immunity
following PRCV infection (7, 85, 86). Relocation of PRCV IgG and
IgA ASC from the BALT to the gut of the PRCV-exposed pigs after
TGEV challenge has been suggested to account for the induced
partial protection (87).

In our experiments the strongest T cell response was found in
BAL, as we have previously shown for pigs infected with
influenza virus (30, 41). IFNg production was detected by IFNg
ELISpot following stimulation with S and N peptides. The ability
to dissect the Ab, B and T cell responses in the respiratory tract in
pigs, which is limited in humans is a real advantage of the swine
model. Although we have not shown that PRCV-specific T cells
are protective, human data suggests that T cells specific for the
replication/transcription complex are associated with protection
against SARS-CoV-2 infection in repeatedly exposed healthcare
workers (88). Similarly, a T cell response to an immunodominant
N105-113 epitope in B*07:02 individuals correlates with less severe
disease (89). The PRCV ISU-1 pathology in pigs induced by
corticosteroid treatment was also associated with reduced CD4
and CD8 T cell numbers in pulmonary lesions and ineffective
virus clearance (5). In contrast to the beneficial effects of T cells
producing effector cytokines, early production of less pro-
inflammatory cytokines in BAL correlated with the reduced
pathogenicity of PRCV, compared to swine influenza or
porcine reproductive respiratory syndrome virus (6). Further
studies to delineate more fully the frequency, specificity,
functionality, and durability of T responses in pigs infected
with pathogenic and apathogenic PRCVs, may reveal critical
features of the T cell response.

We have described virological, pathological and immunological
characteristics of PRCV strains with differing pathogenicity. Based
on our experience with the pig as a model for human influenza we
suggest that detailed analysis of the pathogenesis and immune
control of infection with these PRCV strains will provide
important insights into the causes of mild or severe coronavirus-
Frontiers in Immunology | www.frontiersin.org 17
induced respiratory diseases. These insights will be crucial for the
development of better containment strategies for emerging porcine
coronavirus diseases, prevention of zoonotic transmission to humans
and prevention and treatment of human coronavirus diseases.
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