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5 Introduction  
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5.2 Bovine coronavirus 
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5.2.2 Replication of BCoV 
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5.2.3 Epidemiology and transmission 
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5.2.4 Pathogenesis  
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5.2.5 Immune response  
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5.3 Cryptosporidium parvum  
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5.3.2 Life Cycle 
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5.3.3 Epidemiology and transmission of C. parvum 
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5.3.5 Immune response 
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5.3.7 Prevention and Treatment 
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5.4 In vitro studies (2D and 3D cell-culture models) on BCoV 
and C. parvum 
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5.4.2 3D cell-culture: Organoids 
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5.5 In vivo studies 
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6 Knowledge gaps 
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7 Aims of the study 
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8 Materials and methods 
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9 Methodological considerations 
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9.3 Nucleic acid extraction 
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9.5 Flow cytometry 
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9.6 Immunostaining 
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9.7 Transmission electron microscopy 
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9.8 RNA sequencing (RNASeq) 
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9.9 Bioinformatic analysis 
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9.10 Statistical analysis 
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10 Results  
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10.1 Bovine coronavirus attaches to C. parvum during co-
inoculation (Paper I and additional results) 
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10.2 Marked pro-inflammatory response in BCoV- and co-
infected HCT-8 cells (Paper II - Manuscript under review)
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12 Conclusions 
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13 Future perspectives 
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� Exploring additional bovine cell lines to infect with BCoV and C. parvum  
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� Optimization of infection protocol of bovine enteroid with BCoV 
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� Bovine enteroid as a replication system for C. parvum  
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a b s t r a c t

Neonatal diarrhoea in calves is one of the major health problems in the cattle industry. Although co-
infections are often associated with greater severity of disease, there is limited information on any
impact on the pathogens themselves. Herein, we studied Cryptosporidium parvum and bovine corona-
virus (BCoV) in human HCT-8 cells, inoculated either sequentially or simultaneously, to investigate any
influence from the co-infections. Quantitative results from (RT)-qPCR showed that prior inoculation with
either of the two pathogens had no influence on the other. However, the results from simultaneous co-
inoculation showed that entry of viral particles was higher when C. parvum sporozoites were present,
although elevated virus copy numbers were no longer evident after 24 h. The attachment of BCoV to the
sporozoites was probably due to specific binding, as investigations with bovine norovirus or equine
herpes virus-1 showed no attachment between sporozoites and these viruses. Flow cytometry results at
72 h post inoculation revealed that C. parvum and BCoV infected 1e11% and 10e20% of the HCT-8 cells,
respectively, with only 0.04% of individual cells showing double infections. The results from confocal
microscopy corroborated those results, showing an increase in foci of infection from 24 to 72 h post
inoculation for both pathogens, but with few double infected cells.
© 2021 The Author(s). Published by Elsevier Masson SAS on behalf of Institut Pasteur. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Intestinal infections causing diarrhoea are major health prob-
lems in calves that may result in increased mortality rate and
reduced weight gain [1]. According to the Norwegian Dairy Herd
Recording System, diarrhoea accounts for almost 40% of calf dis-
eases in Norway [2]. Multiple parameters are associated with the
mechanism and characteristics (severity, persistence, etc.) of calf
diarrhoea, including host, agent, and environmental factors [3,4].
Young calves are highly susceptible to gastroenteritis during their
first month of life. Rotavirus (RoV), bovine coronavirus (BCoV) and
Cryptosporidium parvum are the most prevalent (75e95%) enter-
opathogens among neonatal calves under 3 weeks of age [5,6]. In
Spain, C. parvumwas the most commonly detected enteropathogen
in calves with diarrhoea (52%), and RoV and BCoV were detected in
87% and 11%, respectively, of the calves infected with C. parvum [6].
A two-year study in Norwegian dairy herds showed that RoV and
C. parvum were the most common enteric pathogens responsible
for diarrhoea, and that seropositivity in calves for BCoV (>72%)
indicated active or newly introduced virus in the herd [7]. Mixed
infections are more common among diarrhoeal calves than in

healthy calves, and co-infection with BCoV and C. parvum has been
associated with reduced growth [1,8]. Anecdotal information in-
dicates that co-infections with BCoV and C. parvum are associated
with greater symptom severity [9,10].

Cryptosporidium spp. are intracellular protist parasites in the
phylum Apicomplexa. There are more than 30 species of Crypto-
sporidium, some of which are host-specific, whereas others, in
particular zoonotic C. parvum, are infectious to multiple species.
Host infection occurs when Cryptosporidium oocysts (ca. 5 mm
diameter) are ingested, excyst in the intestine, and the released
sporozoites attach to, and invade, epithelial host cells [11].

Bovine coronavirus belongs to the family Coronaviridae, genus
Betacoronavirus. They are enveloped viruses measuring about
120e160 nm in diameter with a positive sense, single-stranded RNA
(þssRNA) genome of 32 Kb [12]. Betacoronaviruses are highly vari-
able and use several different attachment and entry receptors. The
BCoV binds to the glycan layer, N-acetyl neuraminic acid (Neu5Ac),
present on epithelial cells in the airways and the intestine [13,14] and
causes respiratory and intestinal infections [15,16].

As both BCoV and C. parvum infect the enterocytes in the small
intestine of calves [17,18], interactions between them and their host
cells are of great interest. Field studies are unsuitable for* Corresponding author.
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investigating the mechanism and the severity of such co-infections
but controlled experimental studies may provide useful knowl-
edge. However, studies using experimentally infected animals are
costly, time-consuming, require a high number of individuals, and
have an ethical dimension. Experiments using in vitro models may
be an alternative approach that enables investigation of specific
questions [19], in a relatively less-complex format.

The main aim of the present study was to investigate the
following question: Is there an influence from one pathogen on the
other during co-infection?

To our knowledge, such in vitro studies have not previously
been conducted but have the potential to provide information on
relevant pathogenepathogen interactions, hostepathogen in-
teractions, and possiblemechanisms associatedwith pathogenicity.

1. Materials and methods

1.1. Cell culture

The human ileocecal colorectal adenocarcinoma cell line (HCT-8,
ATCC CCL-244) was kindly provided by Professor Elisabeth A. Innes
and Alison Burrells (Moredun Research Institute, Scotland). The
HCT-8 cells were grown in T75 flasks (Thermo Fisher Scientific,
Grand Island, NY, USA) employing RPMI 1640 (Thermo Fisher Sci-
entific) supplemented with 10% foetal bovine serum (FBS) (Thermo
Fisher Scientific), 2% L-glutamine, and 1% Penicillin Streptomycin
(PenStrep) (Life Technologies, Paisley, Scotland), and split every
three to four days. After thorough re-suspension, approximately
8Eþ03 and 4Eþ04 cells were seeded per well in Nunc™ 96 and 24-
well flat-bottom plates (Thermo Fisher Scientific), respectively, and
incubated until 60% confluence before inoculation with pathogens.
Culture of cells and pathogens was performed in a humidified
incubator at 37 �C with 5% CO2. A maintenance medium, consisting
of RPMI 1640 with 2% FBS, 2% L-glutamine, and 1% PenStrep, was
used during culture of the pathogens. The cells used in the exper-
iment were from passages 16e20.

1.2. Excystation of C. parvum

C. parvum oocysts (Iowa-II strain) were obtained from Bunch
Grass Farm (Deary, ID, USA). All oocysts were used for the in vitro
assays within 3 months of arrival. Prior to excystation, the viability
of each batch of oocysts was assessed by inclusion/exclusion of 4’,6-
diamino-2-phenylindole/propidium iodide (DAPI/PI) as previously
described [20].

The oocysts were pre-treated with 6% sodium hypochlorite [21]
and excysted as previously described [22]. The oocysts were washed
four times and resuspended in phosphate-buffered saline (PBS).
Once resuspended, 0.05% Trypsin-EDTA (Life Technologies) with 2%
HCl (Merck Life Sciences, Darmstadt, Germany) was added, and the
oocysts placed in a water bath at 37 �C for 30 min. The suspension
was centrifuged at 4000�g for 8 min at 4 �C and the pellet resus-
pended in PBS along with 2.2% sodium bicarbonate (Merck Life Sci-
ences) and 1% sodium taurodeoxycholate (SigmaeAldrich, St. Louis,
MO, USA) and incubated in a 37 �C water bath for 1 h. The excysted
sporozoites were resuspended in RPMI 1640without FBS and passed
through a 3 mm filter (Merck Millipore) to remove oocyst shells and
non-excysted oocysts. The motility of the sporozoites was observed
bymicroscopy, and intactness analysed by trypan blue exclusion. The
excystation rate was estimated to be 85e90%.

1.3. Viruses

The BCoV strain originated from a calf faecal sample and had
previously been isolated in our lab using the human rectal tumour

cell line HRT-18G [23]. This isolate was adapted to the HCT-8 cells
during several passages, i.e., the virus was incubated on the cells for
1 h, before adding maintenance medium, and the supernatant was
harvested after 5 days. The isolate was titrated on HCT-8 cells
grown in a 96-well plate by ten-fold serial dilutions, using the
Spearman-Karber method [24] (TCID50/ml ¼ 1.0Eþ07). A clear
cytopathic effect was observed in the cells after 3 days of culture.

For further investigation of some of the results in the present
study, bovine norovirus (BNoV) and equine herpesvirus (EHV-1)
were included in limited setups to compare with setups using
BCoV.

The BNoV isolate, which originated from a calf faecal sample
[25], was diluted 1:10 in PBS, vortexed for 30 s, and centrifuged
(1200�g for 20 min). The supernatant was used in the experiment.
To date, it has not been possible to culture BNoV in a commercial
cell line.

The isolate of EHV-1 had previously been passaged in
MadineDarby bovine kidney cells (MDBK, ATCC CCL-22) in our lab.

All viruses were aliquoted and stored at �80 �C before use.

1.4. Study design

To study any influence of BCoV on C. parvum infection and
replication in HCT-8 cells, and vice versa, various experimental set
ups were included (Supplementary fig. 1). The HCT-8 cells were
cultured with: (i) BCoV for 24 h, followed by introduction of
C. parvum and further incubation of 24 h; (ii) C. parvum for 24 h,
followed by introduction of BCoV and further incubation of 24 h,
and (iii) BCoV and C. parvum simultaneously introduced in a mixed
inoculum for 24 h. All experiments were carried out in 96-well
plates, at least twice, and with three or more biological replicates.
In all setups, BCoV (1Eþ05 TCID50) and C. parvum sporozoites
(8Eþ04), assuming each viable oocyst to contain 4 infective spo-
rozoites, were added to eachwell with cells at 60% confluency. Over
confluencewas not observed, even after 72 h post inoculation (hpi).
Pathogen suspensions were prepared in RPMI without FBS. All set
ups included positive controls (i.e., cells inoculated with BCoV or
C. parvum in same amounts as in test samples), and negative con-
trols (cells inoculated with RPMI without FBS).

1.4.1. Sequential inoculations
HCT-8 cells were primarily inoculated with BCoV suspension.

After 1 h incubation, the suspensionwas removed, the cells washed,
and maintenance medium added. At 24 hpi, the suspension was
removed, the cells washed oncewith PBS, and C. parvum sporozoite
suspension added onto the cells. The cells were incubated for 1 h,
the inoculum with any free sporozoites removed, the cells washed
with PBS and incubated for another 24 h with maintenance me-
dium prior to harvest. Positive controls were inoculations of same
amounts of C. parvum in separate wells and harvested at the same
time point (Supplementary fig 1A).

C. parvum inoculation followed by BCoV was carried out like-
wise with sporozoites inoculated per well, followed by inoculation
with BCoV after 24 hpi. Positive controls were inoculations of same
amounts of BCoV in separate wells and harvested at the same time
point (Supplementary fig 1B).

1.4.2. Simultaneous inoculations
1.4.2.1. BCoV and C. parvum. The BCoV and the C. parvum sporo-
zoite suspensions were mixed 1:1 and placed in a stirring water
bath at 37 �C together with separate BCoV and C. parvum suspen-
sions diluted 1:2 in medium (positive controls). After 1 h of incu-
bation, the viability of the sporozoites was assessed by trypan blue
exclusion and the suspensions were added onto the cells. After 1 h
incubation, the suspension was removed, the cells washed once

R. Shakya, A.J. Mel�endez, L.J. Robertson et al. Microbes and Infection 24 (2022) 104909

2



with PBS, and maintenance medium was added. Samples for 1 hpi
analysis were harvested after 1 h incubation, whereas the others
were harvested after 24 h (Supplementary fig 1C).

1.4.2.2. C. parvum with BNoV or EHV-1. Suspensions of BNoV or
EHV-1, together with excysted C. parvum sporozoites, were pre-
pared and treated in a similar manner as described in section
2.4.2.1. After 1 h, the suspensions were added to wells containing a
60% confluent monolayer of HCT-8 cells. Positive controls were
inoculations of same amounts of BNoV or EHV-1 in separate wells.
The HCT-8 cells are not permissive for EHV-1 and BNoV. The
intention was to investigate whether EHV-1 and/or BNoV would
interact with the sporozoites.

1.5. Extraction of total nucleic acids

After the incubation period, media was removed, and the cells
washed twice with PBS. NucliSENS miniMAG Lysis Buffer (350 ml)
(Biomerieux, Marcy l’Etoile, France) was added to the cells and the
lysate homogenized by pipetting several times. Total nucleic acids
(NAs) were extracted from the lysates using the manufacturer's
NucliSens miniMAG protocol. The NAs were eluted in 100 ml buffer
and stored at �80 �C until analysis.

1.6. (RT)-qPCRs

Information on the primers, probes, and (RT)-qPCR conditions is
provided in Supplementary Table 1.

RT-qPCR for BCoV and BNoV was performed using the RNA
UltraSense™ One-Step Quantitative RT-PCR System kit (Invitrogen,
MA, USA), as previously described [26].

Real-time PCR for C. parvum and EHV-1 was performed using
TaqMan Environmental Master Mix 2.0 (Life Technologies), as
previously described for C. parvum [27], and for EHV-1 [28].

All (RT)-qPCR reactions were carried out in a total volume of
20 ml with 2 ml of template NA, using a Stratagene AriaMx Real-Time
PCR System (Agilent Technologies, Inc., USA), with Agilent Aria
Software v1.5. All reactions were run in technical duplicates, with
negative and positive controls included in each run.

The efficiencies of the BCoV and C. parvum (RT)-qPCRs
were estimated from standard curves made on 10-fold and 4-fold
serial dilution series of NAs from the respective pathogens
(Supplementary fig 2A and B).

1.7. Flow cytometry

HCT-8 cells were grown to 60% confluency on 24-well plates and
inoculated with BCoV (2.5Eþ05 TCID50) and C. parvum sporozoites
(1.6Eþ05) in separate wells or as mixed inoculum, in biological
triplicates and in several setups.

After 1 h incubation, the suspension was removed, the cells
washed once with PBS, and maintenance medium added. The
plates were further incubated for 72 h and the cells washed once
with PBS. After being dissociated by 1x TrypLE Express enzyme (Life
Technologies) for 5e10 min, the cells were resuspended in medium
with 2% FBS, and centrifuged (3400�g at 4 �C) for 8 min. Cells were
held on ice after centrifugation and throughout the procedure. The
cells were resuspended at ~2Eþ05 cells/ml in 1x flow buffer (Dul-
becco's PBS with 0.05% sodium azide) with 2% bovine serum al-
bumin (BSA) (Merck Life Sciences), transferred to a round-bottom
96-well flow plate and centrifuged for 5 min, 250 �g at 4 �C. The
supernatant was removed, and the pellet homogenized in a shaker
at 1050 rpm for 30 s. The cells were fixed with IC Fixation buffer
(eBioscience, 131 San Diego, CA, USA) at room temperature for

20 min, washed with permeabilization buffer (eBioscience), and
blocked using PBS with 2% BSA and 0.1% Tween 20.

Antibodies were diluted in permeabilization buffer. For BCoV,
monoclonal mouse anti-BCoV antibody (1:100) labelled with
fluorescein isothiocyanate (FITC) (Bio-X Diagnostics, Rochefort,
Belgium), and for C. parvum, 1x Sporoglo™ (Waterborne Inc., New
Orleans, LA, USA), Cy3-labelled rat anti-C. parvum polyclonal anti-
bodies (1:20) were used. After incubation in the dark for 1 h, the
cells were washed with flow buffer, and R-phycoerythrin (RPE)
tagged goat anti-rat IgG, (1:500) (Thermo Fisher Scientific) was
added. After 20 min of incubation in the dark, cells were washed
and resuspended in 1x flow buffer before filtration through
Flowmi® Cell Strainers 40 mm (Merck Life Sciences) to break cell
clumps. Aminimum of 2Eþ04 cells per samplewere analysed using
the Gallios Flow Cytometer (Beckman Coulter, 135 Miami, FL, USA)
and the data examined with the Kaluza software (Becton
Dickinson).

1.8. Confocal microscopy

HCT-8 cells were grown to 60% confluency on 12 mm glass
coverslips in 24-well plates and inoculated with BCoV (2.5Eþ05
TCID50) and C. parvum sporozoites (1.6Eþ05) in triplicates, as pre-
viously described (Section 2.4.2.1). After 1 h incubation, the sus-
pension was removed, the cells were washed once with PBS, and
maintenance medium was added. The plates were further incu-
bated for 24, 48, and 72 h. Following removal of media, the cells
were washed twice with cold 1x flow buffer, fixed, permeabilized,
and blocked as described in section 2.7. Anti-BCoV antibodies
labelled with FITC (1:80) and 1x Sporoglo™ labelled with Cy3
(1:20) in permeabilization buffer were added to the cells and the
plates incubated in the dark for 1 h. The cells were washed, coun-
terstained with Hoechst 33342 (1:10,000) (Invitrogen), and the
coverslips transferred onto slides with Fluoroshield (Sigma-
eAldrich). The slides were examined using a confocal laser scan-
ning microscope (Leica TCS SP5, Wetzlar, Germany), with several
fields (at least 10) examined, and images captured at 40� magni-
fication under oil immersion.

1.9. Relative enumeration of pathogens and statistical analysis

Based on Ct values and the efficiency (E) of the (RT)-qPCR re-
actions, relative quantification of BCoV and C. parvum copies was
performed using the formula Ns1 ¼ Ns2*(1þE) (Cts2-Cts1) [29],
where Ns1 and Ns2 represent sample copy numbers of BCoV or
C. parvum, Cts1 and Cts2 are sample Ct values, and E the efficiency
of the (RT)-qPCRs. For BCoV, E ¼ 0.98 and for C. parvum, E ¼ 0.93,
based on the results from the standard curves. To compare the copy
numbers of BCoV and C. parvum between groups of single and co-
infected cells, the nonparametric ManneWhitney U test was used
for independent samples. Two-way analysis, to determine the in-
fluence of one pathogen on another, with a significance level of
0.05, was performed after visual inspection of the Ct-values.

2. Results

2.1. Viral and C. parvum copy number as determined by (RT)-qPCR

2.1.1. Sequential inoculations
The difference in C. parvum copy number was not statistically

significant between cells with or without primary inoculation with
BCoV (U ¼ 28, p ¼ 0.48) (Table 1).

Likewise, the difference in viral RNA copy number between cells
with or without primary inoculation with C. parvum was not sta-
tistically significant (U ¼ 25, p ¼ 0.62) (Table 1).
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2.1.2. Simultaneous inoculations
At 1 hpi and 24 hpi, the difference in C. parvum copy number

between cells with or without co-inoculation with BCoV was not
statistically significant (1h: U ¼ 30.5, p ¼ 0.40; 24h: U ¼ 27,
p ¼ 0.25) (Table 1, Fig. 1A).

At 1 hpi, cells co-inoculated with BCoV and C. parvum had a
statistically significantly higher (approximately threefold) number
of viral RNA than cells inoculated with BCoV alone (U ¼ 156.5,
p ¼ 0.00034) (Table 1, Fig. 1B).

At 24 hpi, the difference in viral RNA copies for cells with or
without C. parvum co-inoculation was not statistically significant
(U ¼ 326, p ¼ 0.51) (Table 1, Fig. 1B).

2.1.3. BNoV or EHV-1 during simultaneous inoculation with
C. parvum

At 1 hpi, the Ct-value of both BNoV or EHV-1 was the same,
regardless of whether the viruses were inoculated onto the cells
alone or together with C. parvum (Table 2). The difference in Ct-
values for BNoV (U ¼ 11.5, p ¼ 0.34) (n ¼ 6) or EHV-1 (U ¼ 15,
p ¼ 0.62) (n ¼ 6) between cells with or without C. parvumwas not
statistically significant.

2.2. Estimate of proportions of infected cells by flow cytometry

The proportions of infected HCT-8 cells when inoculated with
single pathogens, either C. parvum or BCoV, were 1e11% and
(average 7%) 10e20% (average 16%), respectively. Fig. 2 shows
representative results. Analyses of cells inoculated with both
pathogens showed double infection in approximately 0.04% of cells
(data not shown).

2.3. Confocal microscopy

The results from the confocal microscopy (Supplementary fig 3)
showed an increase in foci of infection from 24 to 72 hpi for both
pathogens. However, possible co-localization of both pathogens in
the same cells was only noted in some areas (Fig. 3 and
Supplementary fig 3), and large areas of cells were not infected
with either BCoV or C. parvum.

3. Discussion

The most interesting finding from this study was that during
simultaneous infection of HCT-8 cells with BCoV and C. parvum, at 1

hpi there was approximately three times more viral RNA copies
than in cells inoculated with BCoV alone. As there is no virus
replication at this early time point, this finding suggests an
increased entry of BCoV into the cells in the presence of C. parvum
sporozoites. We speculate that this increase is due to BCoV
attaching to the sporozoites during co-incubation, and thereby
gaining access to cells, along with the sporozoites. Given that the
sporozoites are denser than free virus particles and probably settle
more rapidly on the cells (Stokes’ Law), and that sporozoites are
independently motile and actively seek out cells to infect [30,31],
any viral particles attached to them will likely enter cells more
rapidly than free virus particles.

We chose to conduct a co-incubation (1 h at 37 �C) prior to the
simultaneous inoculation in order to provide additional time for
the two pathogens (BCoV and C. parvum) to interact, as could occur
in vivo. The controls (single inoculum) were treated identically to
our test samples. Any reduction in sporozoite infectivity during the
co-incubation step might have reduced binding of BCoV to the
sporozoites, as well as internalization of the sporozoites. This
would have reduced, and not increased, the difference between
samples and controls.

However, after 24 h of culture there was no difference in viral
RNA copy numbers in cells inoculated with BCoV alone and cells
inoculated with both pathogens. One explanation could be a gen-
eral suppression of virus replication due to an antiviral effect
induced by C. parvum. However, such an effect was not found in
cells primarily inoculated with C. parvum. It is more likely that viral
particles entering the cells while attached to sporozoites were
prevented from replication. Firstly, the sporozoites could transport
BCoV into cells less supportive of virus replication, reflecting a non-
compatibility between BCoV and sporozoites due to different life
cycles and replication requirements. Secondly, the attachment to
sporozoites could have prevented BCoV from entering the cellular
cytoplasmatic compartment, which is crucial for virus replication
[32]. Sporozoites have a unique location in the parasitophorous
vacuole (PV), which is formed when the sporozoites enter the cell.
Here, the sporozoites become enclosed by the host cell membrane,
forming the PV, in which the replicating sporozoites have an
intracellular, but extra-cytoplasmic, location [11]. Any BCoV that
attaches to the sporozoites will probably be trapped in the PV, with
no attachment to receptors, no fusion of the envelope with the cell
membrane, and thus no access to the cell cytoplasm.

There are several possibilities for attachment of BCoV to
C. parvum sporozoites; one of the most feasible is attachment

Table 1
C. parvum and BCoV copy numbers during sequential and simultaneous infection of HCT-8 cells at 1 and 24 h post inoculation. Samples were analysed by (RT)-qPCR.

Inoculum Harvest time point (hpi) Median copy number (log10) IQR (log10) Number of replicates

C. parvum BCoV

C. parvum (control)a 24 5.74 e 5.54e5.94 6
BCoV then C. parvuma 24 5.91 e 5.77e5.97 12
BCoV (control)b 24 e 6.95 6.91e7.10 6
C. parvum then BCoVb 24 e 7.07 6.91e7.32 10
C. parvum (control)c 1 5.02 e 4.53e5.16 9
C. parvum þ BCoVc 1 4.79 e 4.41e5.13 9
C. parvum (control)c 24 5.82 e 5.42e5.87 9
C. parvum þ BCoVc 24 5.65 e 5.16e5.82 9
BCoV (control)c 1 e 4.98* 4.76e5.23 27
C. parvum þ BCoVc 1 e 5.48* 5.24e5.61 27
BCoV (control)c 24 e 7.10 6.92e7.16 27
C. parvum þ BCoVc 24 e 7.12 6.83e7.27 27

Abbreviations, hpi: hours post inoculation, IQR ¼ Inter quartile range, p ¼ p-value.
*Statistically significant difference; p < 0.005.

a Inoculation of cells with BCoV followed by C. parvum.
b Inoculation of cells with C. parvum followed by BCoV.
c Simultaneous inoculation of cells with C. parvum and BCoV.
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via carbohydrates on the sporozoite surface. Previous studies
have suggested that viruses may bind to bacteria [33,34].
Human NoV was able to specifically bind to histo-blood group

antigens on extracellular polymeric substances of Enterobacter
cloacae [35]. A similar study has also indicated bacterialeviral
interaction with human NoV-like particles attaching to

Table 2
Ct-values for bovine norovirus RNA and equine herpes virus type-1 DNA. HCT-8 cells were inoculated with BNoV or EHV-1 (virus only) and with BNoV or EHV-1 and C. parvum.
The cells were harvested at 1 h post inoculation.

Viruses Average Ct-values ± SD p-value U-value Z score

Virus inoculum Inoculated cells (Virus only) Inoculated cells (Virus and C. parvum)

BNoV 32.7 39.4 ± 0.7 39.8 ± 0.2 0.34 11.5 �0.96
EHV-1 25.4 32.1 ± 0.9 32.1 ± 1.3 0.62 15 0.40

Abbreviations: SD, standard deviation.

Fig. 1. A. Cryptosporidium parvum copy number for HCT-8 cells inoculated with either C. parvum or bovine coronavirus and C. parvum, simultaneously, at 1h and 24 h post
inoculation. B. The viral RNA copy number for HCT-8 cells inoculated with either BCoV alone or BCoV and C. parvum, simultaneously, at 1h and 24 h post inoculation. On each box,
the central mark indicates the median, x marks the mean, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively.

Fig. 2. Flow cytometry results showing stained control HCT-8 cells and cells inoculated with BCoV or C. parvum at 72 h post inoculation. The cells were permeabilized before
staining with A. Fluorescein isothiocyanate (FITC)-labelled anti-BCoV antibodies, and B. primary anti-C. parvum antibodies and R-phycoerythrin (RPE)-labelled secondary antibodies.
Histogram overlays show the fluorescence of infected (green) and uninfected cells (red). The tables present the number of cells analysed (Number) and the percentage of cells
positive (#1, % Gated).
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Staphylococcus aureus, Bacillus spp., Citrobacter spp., and several
other bacteria [33].

Viruses typically attach to target cells by binding to the glycan
layer [36] that is present on the host cell membrane [37]. Neu5AC is
the receptor for BCoV and is expressed on many mammalian cell
surfaces. Although Neu5AC is essential for primary binding of BCoV
to the cell surface, the human leukocyte antigen class I (HLA-I)
could serve as entry receptor [38].

Several studies have shown that the C. parvum sporozoites
contain both O-linked and N-linked glycosylated proteins (mucins)
such as GP900 [39], Gp 40, Gp15 [40] andMuc4 [41]. Hence, there is
a possibility that BCoV could attach to mucins on the surface of
sporozoites. However, less specific attachment (for example, by Van
der Waals forces) could also have been a possibility. To elucidate
whether attachment of BCoV to C. parvum sporozoites was char-
acteristic of this specific pathogen or could apply to viruses with
either similar or different surface structures, the experiment was
repeated with the sporozoites and two other viruses. Equine
herpesvirus-1 has a morphology similar to BCoV, although it is
larger, with a diameter of 150e250 nm. The virus belongs to Her-
pesviridae, and is covered by a lipid envelope, like BCoV [42]. The
EHV-1 receptor is the MHC-1 protein complex on some equine cells
[40]. BNoV is very different to BCoV in morphology, as it is a small
(27e40 nm in diameter) naked virus, without a lipid envelope, and
belongs to the Caliciviridae. Like BCoV, BNoV binds to carbohydrate
receptors, but different ones, on enterocytes [43].

As our results provide no evidence of attachment between either
BNoV or EHV-1 and the sporozoites, it seems likely that attachment
of BCoV to the sporozoites is via a specific primary binding, rather
than by non-specific attachment. Further studies are needed to
identify themolecules behind such an attachment, e.g., to look for, or
block, a possible Neu5AC receptor for BCoV on the sporozoite surface
using, for example, the Cancer antennarius lectin [44].

One reason that we see no influence of BCoV on C. parvum
replication and vice versa in this study could be due to low
permissiveness of the HCT-8 cells to both pathogens. The flow
cytometry results at 72 h revealed that C. parvum and BCoV infected
between 1-11% and 10e20% of the HCT-8 cells, respectively. This
low permissiveness might be explained by the different cell pop-
ulations comprising the HCT-8 cell line [45]. Microscopy of the HCT-
8 cells showed a heterogeneous population, which may present
differences in permissiveness to BCoV and C. parvum. The confocal
microscopy images indicated an increase over time in foci of
infection for both pathogens, with some double-infected cells at
later time points showing that both pathogens were able to infect
the HCT-8 cells and proliferate with time (Supplementary fig 3).
Although, some areas of the cells were positive for both pathogens,
it is not possible to determinewhether the same cells were infected
in these instances. Nevertheless, a small number of co-infected
individual cells was corroborated using flow cytometry.

Although cell cultures are cost-effective systems for studying
co-infections, there are inherent limitations to these in vitro
models. Most of the cell lines derived from tumour cells, particu-
larly human cells, undergo genetic and morphological alterations
after continuous or a long-term use [46]. Due to the absence of
well-characterized bovine intestinal epithelial cell lines or primary
cell cultures supporting the growth of both pathogens, the human
ileocecal adenocarcinoma (HCT-8) cell line, [11,47], was used for
investigation of the co-infections.

As with all in vitro studies, extrapolating from our results to
in vivo infection is complicated due to a multitude of factors,
including the hostmicrobiome, host responses, and generally a more
complex environment. However, the binding between BCoV and
sporozoites seems to be specific and to result in BCoV particles
getting trapped in PV and not being able to replicate as any attach-
ment to sporozoites would reduce access to the cell cytoplasm.

Fig. 3. Representative confocal images of HCT-8 cells co-infected with BCoV and C. parvum at 72 h post inoculation. Magnification ¼ 40 x, Scale bar ¼ 10 mm. A. cell nuclei stained
with Hoechst (blue), B. cells infected with BCoV (green), C. C. parvum merozoites in infected cells (red) and, D. overlaid image. Magnification ¼ 40 x, Scale bar ¼ 10 mm.
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Future studies should employ host cells of bovine origin, to
obtain a more host-specific outcome and study of pathogenesis. A
higher infection rate and better understanding of BCoV and
C. parvum co-infections might also be obtained using bovine
enteroids, comprising a mixed 3-dimensional population of cells
[48]. Indeed, the complete lytic cycle of C. parvum has been ach-
ieved using human intestinal organoids [49], and such a model
could provide a better reflection of the in vivo situation. However,
to date, studies showing replication of BCoV or C. parvum in bovine
organoids have not been published.

4. Conclusions

The present study demonstrated that, sequential inoculation of
the HCT-8 cells with BCoV and C. parvum did not provide any
advantage e or disadvantage e to either infectious agent. Although
the results from simultaneous infection showed that more virus
entered the cells when C. parvum sporozoites were also present, an
increased virus copy number was not found after culture for 24 h.
This is most likely due to the virus becoming trapped in the PV and
thus unable to enter the cytoplasm for replication. Moreover, the
attachment of BCoV to the C. parvum sporozoites seems to be
specific as the EHV-1 and BNoV did not bind to the sporozoites.
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AAbbssttrraacctt
Among the causative agents of neonatal diarrhoea in calves, two of the most prevalent are bovine coronavirus (BCoV)
and the intracellular parasite Cryptosporidium parvum. Although several studies indicate that co-infections are
associated with greater symptom severity, the host-pathogen interplay remains unresolved. Here, our main objective was
to investigate the modulation of the transcriptome of HCT-8 cells during single and co-infections with BCoV and C.
parvum. For this, HCT-8 cells were inoculated with (1) BCoV alone, (2) C. parvum alone, (3) BCoV and C. parvum
simultaneously. After 24 and 72 h, cells were harvested and analyzed using high-throughput RNA sequencing. Following
differential expression analysis, over 6000 differentially expressed genes (DEGs) were identi�ed in virus and co-infected
cells at 72 hpi, whereas only 52 DEGs were found in C. parvum-infected cells at the same time point. Pathway (KEGG)
and gene ontology (GO) analysis showed that DEGs in the virus-infected and co-infected cells were mostly associated
with immune pathways (such as NFKβ, TNFα or, IL-17), apoptosis and regulation of transcription, with a more limited
effect exerted by C. parvum. Although the modulation observed in the co-infection was apparently dominated by the
virus, over 800 DEGs were uniquely expressed in co-infected cells at 72 hpi. Our �ndings provide insights on possible
biomarkers associated with co-infection, which could be further explored using in vivo models.

11.. Innttrroodduuccttiioonn
Neonatal diarrhoea affects calves worldwide [1, 2], adversely impacting animal welfare and leading to vast economic
losses. Although calf diarrhoea can be attributed to non-infectious factors (e.g., diet and environment) [3, 4]), several
enteric pathogens may also be involved, such as enterotoxigenic Escherichia coli, Cryptosporidium spp., bovine rotavirus,
and bovine coronavirus (BCoV) [5]. Cryptosporidium parvum is responsible for severe profuse diarrhoea in calves, which
can lead to dehydration and death and can also have long-term health effects, such as reduced weight gain and
respiratory disease later in life [6, 7]. BCoV, a β-coronavirus, is another prevalent cattle pathogen [8], causing respiratory
and diarrhoeal diseases in calves and winter dysentery in adult cattle [9, 10].

Both BCoV and C. parvum infect enterocytes in the small intestines of calves [11, 12]. Pathogens involved in the calf
neonatal diarrhoea complex frequently occur as co-infections [3, 13, 14]. Although several studies indicate that BCoV and
C. parvum co-infections are associated with greater symptom severity [15, 16], the host-pathogen and pathogen-
pathogen interplays remain mainly unknown. For exploration of the pathogenesis in such infections and the host-
pathogen interplay, in vitro models offer several advantages over costly and cumbersome in vivo models; environmental
factors can be controlled, and several experimental replicates are easily achievable. In vitro transcription studies of C.
parvum, investigating its pathogenicity at early stages of infection, have revealed modulation of pathways such as cell
cycle [17] and interferon type I (IFN-I) responses [17, 18, 19, 20, 21]. However, compared with other apicomplexan
parasites, Cryptosporidium might exert a more limited stimulation of host immune responses due to its unique location,
being intracellular but extracytoplasmic [22]. Furthermore, C. parvum, depends on the host-cell carbon metabolism cycle
for nutrient acquisition, as previously described for other related Apicomplexa, such as Toxoplasma gondii [23, 24, 25]. In
comparison with other apicomplexan parasites, C. parvum has a more restricted metabolism, lacking functional
mitochondria and with various metabolic pathways lost during evolution, relying entirely on host glycolysis for nutrient
acquisition [26]. In contrast, viruses, including coronaviruses, are known to exert a broad effect on host cellular
responses, involving, among others, stimulation of immune mechanisms mediated by IFN-I. However, they have also
evolved mechanisms to counteract the host antiviral responses [27]. To our knowledge, there have been no in vitro
studies on the host transcriptome in response to BCoV infection. Despite the prevalence of co-infections with C. parvum
and BCoV, there is only one in vitro study on the co-infection. In that study, interactions between the two pathogens were
reported, with increased entry of the virus into host HCT-8 cells when the pathogens were co-inoculated [28]. However, the
host immune response to the co-infection was not investigated.
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Here, our aim was to compare the differential gene expression pro�les of HCT-8 cells following single and co-infections
with C. parvum and BCoV by means of high-throughput RNA sequencing.

22.. MMaatteerriiaalss && MMeetthhooddss

22..11 CCeell ccuulttuurree
A human ileocecal colorectal adenocarcinoma cell line (HCT-8, ATCC CCL-244) was kindly provided by Professor
Elisabeth A. Innes and Alison Burrells (Moredun Research Institute, Scotland). The cells were grown in T75 Nunc �asks
(Thermo Fisher Scienti�c, Grand Island, NY, USA) in RPMI 1640 culture medium (Thermo Fisher Scienti�c) supplemented
with 10% foetal bovine serum (FBS) (Thermo Fisher Scienti�c), 2% L-glutamine, and 1% Penicillin Streptomycin
(PenStrep) (Life Technologies, Paisley, Scotland). Culture of cells and incubation/culture of pathogens were performed in
a humidi�ed incubator at 37°C with 5% CO2. After inoculation, a maintenance medium, consisting of RPMI 1640 with 2%
FBS, 2% L-glutamine and 1% PenStrep, was employed. The HCT-8 cells used in the experiments were from passage 16–
20 and certi�ed as free from Mycoplasma spp. by PCR at a commercial facility (Euro�ns Genomics).

22..22 BBoovviinnee ccoorroonnaavviirruuss ((BBCCooVV))
The BCoV strain used in this study was originally isolated from a calf faecal sample and adapted to the human rectal
tumour cell line, HRT-18G [9]. This isolate was further adapted to HCT-8 cells during several passages [28], and the
supernatant titrated in a 96-well plate by ten-fold serial dilutions, using the Spearman-Karber method [29] (TCID50/mL =
1.0E + 07), aliquoted and stored at -80°C.

22..33 EExxccyyssttaattiioonn ooff CCrryyppttoossppoorriiddiiuumm ppaarrvvuumm
C. parvum oocysts (Iowa-II strain) were obtained from Bunch Grass Farm (Deary, ID, USA) and used within one month of
receipt. Prior to excystation, the viability was assessed by inclusion/exclusion of 4’,6-diamino-2-phenylindole/propidium
iodide (DAPI/PI), as previously described by Campbell et al., [30].

The oocysts were pre-treated with 6% sodium hypochlorite and excysted as previously described [28, 31]. Brie�y, oocysts
were washed, treated with 0.05% trypsin-EDTA (Life Technologies) with 2% HCl (Merck Life Sciences, Darmstadt,
Germany), then placed in a water bath at 37°C for 30 min. After washing, the pellet was resuspended in PBS with 2.2%
sodium bicarbonate (Merck Life Sciences) and 1% sodium taurodeoxycholate (Sigma-Aldrich, St. Louis, MO, USA). After
incubation in a 37°C water bath for 1 h, the excysted sporozoites were resuspended in RPMI 1640 medium without FBS
and passed through a 3 μm �lter (Merck Millipore) to remove oocyst shells and non-excysted oocysts. The excystation
rate was determined by relating the number of oocyst shells plus partially excysted oocysts to the total number of
oocysts and calculated to be 85–90%. The motility of the sporozoites was observed by microscopy, and intactness
analysed by trypan blue exclusion.

22..44 CCeell iinnooccuulaattiioonn
Inoculation of HCT-8 cells was performed in T25 �asks (Sarstedt, Nümbrecht, Germany) seeded with 3E + 05 cells. The
cells were grown to 60% con�uency, washed with PBS, and inoculated with: i) RPMI without FBS (uninfected control), ii)
BCoV, iii) C. parvum sporozoites, and iv) C. parvum sporozoites together with BCoV. The inocula were kept on the cells for
2 h in a 37°C humidi�ed incubator before washing and adding maintenance medium. The selected multiplicity of
infection (MOI) was four for C. parvum sporozoites (1.12E + 06 oocysts, assuming one viable oocyst contains 4
sporozoites), and one for BCoV (1.2E + 06 TCID50).

Each of the four experimental groups consisted of 12 replicates, of which six were harvested at 24 hours post
inoculation (hpi) and six at 72 hpi, giving a total of 48 samples. Harvesting for RNA-Seq was by direct lysis of the cells
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by addition of 1.2 mL of RLT buffer plus DTT (2M) after washing with cold PBS. Lysates were kept at -80°C until RNA
extraction.

In parallel, HCT-8 cells grown on 12 mm glass coverslips in 24-well plates were inoculated in the same way to visualize
infected cells by immunostaining.

2..55 Immmmuunnoossttaaiinniinngg
Following removal of media, the cells were washed twice with cold Dulbecco’s PBS with 0.05% sodium azide and 2%
bovine serum albumin (BSA) (Merck Life Sciences). The cells were �xed with IC Fixation buffer (eBioscience, 131 San
Diego, CA, USA) at room temperature for 20 min, washed with permeabilization buffer (eBioscience), and blocked using
PBS with 2% BSA and 0.1% Tween 20. To stain for BCoV or C. parvum, monoclonal mouse anti-BCoV antibodies (1:80)
labelled with �uorescein isothiocyanate (FITC; Bio-X Diagnostics, Rochefort, Belgium) or 1x Cy3-labelled polyclonal
Sporoglo™ antibody (Waterborne Inc., New Orleans, LA, USA), (1:20) in permeabilization buffer (eBioscience) were used,
with co-exposed cells receiving both primary antibodies. After 1 h incubation in the dark, the cells were washed,
counterstained with Hoechst 33342 (1:10.000) (Invitrogen, Waltham, MA, USA), and the coverslips transferred onto slides
with Fluoroshield (Sigma-Aldrich, St. Louis, MO, USA). The slides were examined using a Leica Inverted Confocal SP5
equipped with a White Light Laser, a Leica HyD Detector (Leica microsystems GmbH, Mannheim, Germany). A minimum
of 10 �elds were examined per slide, and images were captured at 40 x magni�cation under oil immersion using the
Leica Application Suite software.

22..66 Issoolaattiioonn ooff ttoottaal RRNNAA
Total RNA was isolated from the cell lysates using QIAGEN Rneasy Mini Plus Kit (Qiagen, Hilden, Germany), following the
manufacturer’s instructions, including a gDNA elimination step. RNA concentration was determined using NanoDrop ND-
1000 spectrophotometer (ThermoFisher Scienti�c, Waltham, Massachusetts, USA). The RNA integrity number (RIN) and
size distribution were assessed using Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA). Samples with
concentrations of RNA between 0.5 and 5 μg/mL, RINs higher than 9, and 260/280 absorbance ratios higher than 2.0
were included in the study. Samples were normalized to 400 ng/μL before library synthesis.

22..77 TTrraannssccrriippttoommee sseeqquueenncciinngg,, aasssseemmbblyy,,yyyy aannnnoottaattiioonn,, aanndd ssttaattiissttiiccaal
aannaalyyssiiss
Transcriptome libraries were prepared by the Norwegian Sequencing Center (https://www.Sequencing.uio.no/) using a
TruSeq® Stranded mRNA Library Prep kit, following the manufacturer’s protocol. Stranded sequencing was performed
on Novaseq 6000 with paired end sequencing at 50 bp, using a Novaseq S1 full �ow cell. Following read quality
assessment by FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc/), Trimmomatic was used for quality
assessment and trimming low quality bases in order to retain high quality [32]. Reads of low quality (Phred score < 30),
low complexity, containing adapter sequences, or with sequences matching ribosomal or mitochondrial RNA, were
discarded. Reads were mapped to the CRGh38/hg38 assembly using TopHat (version 2.0.13) [33] and reads with more
than a single hit in the genome were discarded. Cu�inks [34, 35] was used to generate transcriptome assemblies for
each sequenced sample and merged by Cuffmerge to construct a single gene transfer �le. Expression data were
normalized via the median of geometric means of fragment counts across all samples, where relative expressions are
expressed as fragments per kilobase of exon per million mapped reads (FPKM) values. Cuffdiff was then used to
estimate the expression abundances of the assembled genes and transcripts and to test for differential levels of
expression between groups (exposed vs non-exposed and single-exposed vs co-exposed). Transcripts with > 1.5-fold
difference in expression and corrected p-values (q-values, false discovery rate (FDR) adjusted) of < 0.05 were assigned
as differentially expressed (DE). The heatmaps illustrating the differentially expressed genes (DEGs) were plotted in
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RStudio (Version 1.4.1103). For further analysis, only genes that showed no overlapping in infected and uninfected cells
replicates were considered.

To assess reproducibility and experimental variation among biological replicates, RNA-Seq data were subjected to
principal component analysis (PCA).

22..88 FFuunnccttiioonnaal eennrriicchhmmeenntt aanndd nneettwwoorrkk aannaalyyssiiss:: ggeennee oonnttoolooggyy aanndd
ppaatthhwwaayy eennrriicchhmmeenntt
Functional enrichment was performed by assessing gene ontology (GO) terms and pathway analysis, Kyoto
Encyclopaedia of Genes (KEGG), and was carried out on our list of DEGs by the online tool String version 11.5
(https://string-db.org/) [36] and plotted in RStudio. The analysis was performed against human reference genome with
q-value < 0.005 (FDR Benjamini and Hochberg method).

Due to the large number (> 6000) of DEGs in some of the comparisons and limitations of the software employed, further
enrichment analyses (GO, KEGG) were performed with the 2000 genes that appeared to be most signi�cantly regulated,
either up or down, according to their fold change (FC) and p-adjusted value.

3.. RReessuulttss AAnndd DDiissccuussssiioonn

33..11 GGeenneerraattiioonn ooff RRNNAA--SSeeqq ddaattaa aanndd mmaappppiinngg aaggaaiinnsstt HHoommoo ssaappiieennss
ggeennoommee
Using high throughput RNA-Seq, we generated approximately 40 million reads per sample. After alignment, an average of
86% of the high-quality reads were mapped against the reference Homo sapiens genome, providing a global indicator of
sequencing accuracy (Table 1).

Table 1
RNA-sequencing and genome mapping statistics (million reads) from HCT-8 cells that were uninfected, or infected with

bovine coronavirus (BCoV), Cryptosporidium parvum or both agents.
UUnniinnffeecctteedd
((CCoonnttrroolss))

BBCCooVV CC.. ppaarrvvuumm CCoo--iinnffeecctteedd

((BBCCooVV ++ CC..
ppaarrvvuumm))

PPoosstt iinnffeeccttiioonn ttiimmeeppooiinntt ((hhppii)) 2244 7722 2244 7722 2244 7722 2244 7722

RRaaww rreeaaddss 39.883 40.364 41.346 45.148 47.200 47.672 46.339 39.948

TTrriimmmmeedd rreeaaddss 38.905 39.453 40.034 43.703 46.070 46.652 45.294 39.046

MMaappppeedd rreeaaddss ((HHoommoo ssaappiieennss))
((%%))

97 97 79 72 97 97 78 73

The PCA plot showed that, except for a few anomalies, samples belonging to different biological groups clustered
together. The virus-infected and co-infected cells clustered similarly at both 24 and 72 hpi. Uninfected cells clustered with
virus-infected and co-infected cells at 24 hpi, and clearly differed from C. parvum-infected cells. However, at 72 hpi,
uninfected cells clustered more closely with C. parvum-infected cells (Fig. 1).

In addition, volcano plots illustrated the higher number of DEGs identi�ed in virus and co-infected cells at 72 hpi
(Supplementary Fig. 1). It is important to note that, for both the single and co-infections, immunostaining
(Supplementary Fig. 2) showed that the proportion of cells infected with C. parvum was lower than those infected with



Page 6/22

BCoV. This might have biased the results, as the gene expression pro�le from fewer C. parvum-infected cells might have
been diluted by the presence of a signi�cant majority of uninfected or virus-infected cells.

33..22 HHoosstt cceell ttrraannssccrriippttoommee mmoodduulaattiioonn bbyy bboovviinnee ccoorroonnaavviirruuss aanndd CC..
ppaarrvvuumm
33..22..11 SSiinngglee iinnffeeccttiioonn wwiitthh bboovviinnee ccoorroonnaavviirruuss aanndd ccoo-iinnffeeccttiioonn wwiitthh C. parvum pprroodduucceedd ssttrroonnggeerr mmoodduulaattiioonn ooff hhoosstt cceell
ttrraannssccrriippttoommee tthhaann tthhee ssiinngglee iinnffeeccttiioonn wwiitthh C. parvum.

The host gene expression pro�les for the different biological groups are re�ected in the hierarchical analysis (Fig. 2). C.
parvum-infected cells at 24 hpi showed the lowest number of DEGs (Table 2, Supplementary table 1), whereas the
number of DEGs and the general gene expression pro�le for the BCoV-infected cell were similar to those of the co-
infected cells at 24 hpi (Table 2; Supplementary table 1; Figs. 2–3). However, at 72 hpi, a more pronounced effect on the
host responses was observed when the cells were infected with BCoV or co-infected, with over 6000 DEGs
(Supplementary table 1), visualized by the expression patterns in the cluster heatmaps (Fig. 2). In contrast, only 52 DEGs
were identi�ed in C. parvum-infected cells (Fig. 3). The highest FC in BCoV-infected cells at 72 hpi was for the gene
coding for interleukin-8 (IL-8) (FC = 323.8), which was also the gene with the highest fold change in co-infected cells (FC
= 268.5). IL-8 (also termed CXCL-8) is a potent chemoattractant for neutrophils [37, 38] and levels increase in infections
with other coronaviruses, such as SARS-CoV-2 [39]. In C. parvum-infected cells, the highest FC in expression was
displayed by the gene encoding the Early Growth Response 1 (EGR1) (FC = 6.22) at 72 hpi. Increased EGR1 expression in
epithelial cells has been associated with stress-induced speci�c response to pathogens [40] and has been reported to
induce apoptosis in C. parvum-infected cells [41].

Table 2
Summary of Differential Expressed Genes (DEGs) after single or co-infections of HCT-8 cells.

BCCooVV CC..
ppaarrvvuumm

CCoo-iinnffeecctteedd ((BBCCooVV ++
CC.. ppaarrvvuumm))

BBCCooVV vvss CCoo-
iinnffeecctteedd

CC.. ppaarrvvuumm vvss ccoo-
iinnffeecctteedd

PPoosstt iinnffeeccttiioonn ttiimmee ((hhppii)) 2244 7722 2244 7722 2244 7722 2244 7722 2244 7722

DDiiffffeerreennttiiaallyy eexxpprreesssseedd
ggeenneess ((DDEEGGss)

y
)

86 6246 31 52 150 6252 14 26 197 6252

UUpprreegguulaatteedd ggeenneess 80 3197 26 26 141 3085 5 16 165 3234

DDoowwnnrreegguulaatteedd ggeenneess 6 3049 5 26 9 3167 9 10 32 3058

When co-infected cells were compared to single infections, there were more similarities in the gene expression pro�les
between BCoV-infected and co-infected cells than between the C. parvum-infected and co-infected cells, as indicated by
the higher number of DEGs on the later comparison (n = 197 and 6292 at 24 and 72 hpi respectively) (Supplementary
table 2). ANKRD1 (FC = 42) was identi�ed to be expressed with the highest FC in co-infected cells at 24 hpi. At 72 hpi, the
gene displaying the highest FC, and overexpressed in co-infected cells, was the one encoding IL-8 (FC = 268.5). Moreover,
when DEGs from co-infected cells were compared to those from BCoV-infected, 14 and 26 DEGs were identi�ed in BCoV-
infected cells at 24 and 72 hpi, respectively. The highest FC in transcript levels at 24 hpi in BCoV-infected cells was for
RP11-211C9.1 (FC = 1.92), and, at 72 hpi, CTC-534B23.1 (FC = 2.3). These �ndings strongly suggest that BCoV infection
was the main contributor to the transcriptome differences observed in the co-infection when compared to the uninfected
cells. Despite the similarities shown between only virus-infected and co-infected cells, 78 genes were identi�ed that were
only expressed in co-infected cells at 24 hpi, and this number increased to 803 at 72 hpi (Fig. 3), as further described in
section 3.2.5.
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33..22..22 GGeennee oonnttoolooggyy ((GGOO)) aannaalyysseess sshhooww eexxtteennssiivvee mmoodduulaattiioonn ooff
hhoosstt cceell bbiioolooggiiccaal pprroocceesssseess aafftteerr iinnffeeccttiioonn
Among the GO terms enriched in our subset of DEGs, it is noteworthy that most of those enriched in BCoV-infected cells
at 24 hpi are involved in immune processes, such as cytokine-mediated signalling pathways, in�ammatory response, cell
chemotaxis, and response to IL-1 (Fig. 4a, Table 3, Supplementary table 4). In contrast, and as re�ected in the number of
DEGs, the effect of C. parvum infection on the host cell immune responses was more limited; the most enriched GO
terms C. parvum-infected cells at 24 hpi belong to metabolic categories, such as response to purine-containing
compounds or hepoxilin biosynthesis (Fig. 4b, Table 3, supplementary table 5). The pattern seen in co-infected cells is
again more like that seen in BCoV-infected cells, with several GO terms related to immune processes. It should be noted
that the GO term “regulation of IL-6 production” appears in co-infected cells and is absent from cells infected only with
BCoV at 24 hpi, which could indicate additional immune regulation (Fig. 4c, Table 3). IL-6 has been described as
presenting a proin�ammatory effect but can also function as a regulatory cytokine [42, 43].
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Table 3
Geennee OnOnttooloogggyyy (((GGO))O) tteerrmmss aassssoocciiaatteedd wwiitthh ssiinnggglee--iinnffeecctteedd aanndd ccoo--iinnffeecctteedd cceellss..

CCoommppaarriissoonn BBCCooVV--iinnffeecctteedd CC.. ppaarrvvuumm---iinnffeecctteedd CCoo--iinnffeecctteedd ((BBCCooVV ++ CC..
ppaarrvvuumm))

PPoosstt iinnffeeccttiioonn
ttiimmee ((hhppii))

24 hpi 72 hpi 24hpi 72 hpi 24 hpi 72 hpi

NNuummbbeerr ooff GGOO
tteerrmmss aammoonngg
uupprreegguulaatteedd
ggeenneess
(
gg
(BBiioolooggiiccaal
pprroocceessss))

243 273 45 96 269 332

Exxaammpplleess regulation of
signal
transduction,
cellular
response to
stress,
positive
regulation of
cell death

regulation
of cellular
metabolic
process,
regulation
of nitrogen
compound
metabolic
process,
regulation
of NF-kB
signalling

oxidative
phosphorylation,
respiratory
electron
transport chain

regulation
of nitrogen
compound
metabolic
process,
regulation
of MAPK
cascade

regulation
of
metabolic
process,
response
to ER
stress

regulation of
cellular
metabolic
process, NF-kB
signalling

NNuummbbeerr ooff GGOO
tteerrmmss
ddoowwnnrreegguulaatteedd
ggeenneess
(
gg
(BBiioolooggiiccaal
pprroocceessss))

- 73 - 9 - 91

EExxaammpplleess - SRP-
dependent
co-
translational
protein
targeting to
membrane,
protein
targeting to
ER, etc

- regulation
of
nucleobase-
containing
compound
metabolic
process

,
nucleosome
assembly,
etc

- Lipid metabolic
process,
Oxidative
phosphorylation,
etc

At 72 hpi, the number of GO terms relating to immune responses was enriched, and the number of DEGs associated with
them was higher than at 24 hpi for all set ups (Table 3). For BCoV-infected cells at 72 hpi, there was enrichment of GO
terms related to apoptotic processes, but also many GO terms associated with immune responses. This could indicate a
later effect on the host cells after the initial proin�ammatory response (Fig. 4d, Supplementary table 5). These GO terms
re�ect a positive regulation of several signalling cascades, including IL-6 production, in�ammatory responses, or the
signalling pathway of NF-κB. The fact that the in�ammatory response occurs at both time points, but with an increased
number of genes involved at 72 hpi, indicates a broadening and strengthening of the in�ammatory response. For C.
parvum-infected cells at 72 hpi, the enriched GO terms remained associated with metabolic processes, but other GO
terms, such as cell death and responses to oxygen-containing compounds, also occur (Fig. 4e). Production of reactive
oxygen species (ROS) is one of the key mechanisms that host cells have evolved to counteract intracellular parasites
[44], but C. parvum is extremely resistant to oxidants [45]. However, GO terms associated with immune processes were
also enriched in the C. parvum-infected cells, such as “positive regulation of myeloid leukocyte differentiation”.
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Interestingly, when the host response from C. parvum-infected cells was compared with BCoV-infected cells, fewer
immune genes were found as regulated; this could be due to C. parvum residing in the parasitophorous vacuole, thus
evading the host response [22]. However, as mentioned previously, this could also result from fewer host cells being
infected by the parasite than by the virus. At 72 hpi, the pattern is similar in co-infected and BCoV-infected cells, with
more GOs enriched that are associated with immune system processes (Fig. 4), such as “regulation of cytokine
production”; “regulation of I-kappaB kinase/NF-kappaB signalling” and “interleukin-1 mediated signalling pathway”
(Fig. 4f). Among the down-regulated DEGs, for both co-infected and virus-infected cells at 72 hpi, most of the GO terms
belong to metabolic processes, processes involved in lipid metabolism, protein-DNA complex organization, or carboxylic
acid metabolism.

33..22..33 Innffeecctteedd HHCCTT-TTTT 88 cceellss sshhooww aa mmaarrkkeedd pprrooiinn��aammmmaattoorryyrrr pprroo��lee aafftteerr BBCCooVV oorr ccoo-iinnffeeccttiioonn wwiitthh BBCCooVV aannddC. parvum,
wwhheerreeaassC. parvumhhaass aa mmoorree liimmiitteedd eeffffeecctt

From the enrichment, four KEGG pathways (MAPK, TNF, NF-κB, and IL-17) were selected for exploration in further detail,
based on the number of DEGs and the biological signi�cance of the pathways (Table 4, Supplementary tables 4–9,
Supplementary Fig. 3).

Table 4
KEGG pathways associated with single-infected and co-infected cells.

CCoommppaarriissoonn BBCCooVV--iinnffeecctteedd CC.. ppaarrvvuumm---
iinnffeecctteedd

CCoo--iinnffeecctteedd CCoo--iinnffeecctteedd vvss
BBCCooVV-iinnffeecctteedd

CCoo--iinnffeecctteedd vvss
CC.. ppaarrvvuumm-
iinnffeecctteedd

PPoosstt
iinnffeeccttiioonn
ttiimmee ((hhppii))

2244 hhppii

TToottaal NN
ppaatthhwwaayyss
eennrriicchheedd

34 (34 for upregulated
genes)

9 (11 for
upregulated
genes)

19 (22 for
upregulated genes)

0 for up; 5 for
downregulated
genes

4 for up; 9 for
down

PPaatthhwwaayyss
sseeleecctteedd

MAPK, IL-17, TNF, NF-
κB

MAPK, IL-17, TNF,
NF-κB

NA IL-17, TNF,
MAPK

Oxidative
Phosphorylation

Paatthhwwaayyss
sseeleecctteedd

MAPK, IL-17, TNF, NF-
κB

MAPK, IL-17, TNF, NF-κB NA IL-17, TNF,
MAPK

Oxidative
Phosphorylation

Poosstt
iinnffeeccttiioonn
ttiimmee ((hhppii))

7722 hhppii

TToottaal NN
ppaatthhwwaayyss
eennrriicchheedd

28 (�rst 2000 genes
upregulated); 15 (�rst
2000 downregulated
genes)

17 (35 for
upregulated genes)

42 (�rst 2000
upregulated genes); 13
for the �rst 2000
downregulated genes

NA 25 for
upregulated
genes, 30 for
downregulated
genes

PPaatthhwwaayyss
sseeleecctteedd

MAPK, IL-17, TNF, NF-
κB

MAPK, IL-17 MAPK, IL-17 NA TNF, IL-17, NF-
κB

The Mitogen Associated Protein Kinases (MAPK) pathway is involved in many key cellular processes, with variable
outcomes such as cell proliferation, differentiation, development, in�ammatory responses, and apoptosis. Generally,
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signalling from this pathway starts when a signalling molecule binds to a receptor in the cell surface and the signalling
cascade affects transcription in the nucleus [46]. In the present study, various components of the MAPK signalling
pathway were modulated in all experimental set ups. In co-infected cells, the gene encoding MAP3K8 was upregulated at
24 hpi. MAP3K8 has been shown to be required for lipopolysaccharide-induced, toll-like receptor-4 (TLR4)-mediated
activation of the MAPK/ extracellular signal-regulated kinase (ERK) pathway in macrophages and is thus critical for
production of the proin�ammatory cytokine TNF-alpha (TNFα) during immune responses [47]. It is also involved in the
regulation of T-helper cell differentiation and interferon gamma (IFNG) expression in T-cells. Studies on cells in the lungs
of ferrets infected with SARS-CoV-2 and in primary human microvascular endothelial cells infected with Middle East
respiratory syndrome-related coronavirus (MERS) demonstrated a remarkable decrease in MAP3K8 expression within
12–24 h of infection [48], although the speci�c viral genes involved have not been identi�ed yet. Therefore, MAP3K8 may
be involved in the cellular response or host cell vulnerability to coronaviruses. In the current study, more genes belonging
to MAPK pathway were modulated at 72 hpi (n = 49 and 55) for BCoV-infected and co-infected cells, respectively;
Table	4). Among these, MAPK3K8 is upregulated for both, in contrast to the aforementioned β-coronaviruses. The
relevance and other possible differences in the modulation of this pathway between BCoV and other coronaviruses such
as MERS or SARS-CoV-2 remain to be explored. As a pleoiotropic pathway, several of the potential outcomes from
upregulation of the MAPK pathway is proliferation/differentiation/in�ammation and apoptosis through the transcription
factor FOS, which was upregulated in both BCoV and C. parvum single infections. In our study, MAPK modulations were
not seen in C. parvum-infected cells, and the pathway was not found to be signi�cantly enriched at 24 hpi. Nevertheless,
at 72 hpi, the pathway was enriched, and several genes involved in this pathway, such as GADD45B, DUSP1, DUSP6,
FOS, DUSP5, JUN and IGF2, were upregulated. Dual speci�city phosphatases (DUSPS) have been described as anti-
cancer molecules, being inhibitors of cell proliferation and MAPK activation [49]. A study on murine intestinal epithelial
cells infected with C. parvum showed that most of the genes encoding the key components of the MAPK signalling
pathway were not modulated. However, a signi�cant downregulation of p38/Mapk, MAP kinase-activated protein kinase
2 (Mk2), and Mk3 genes was found. This suppression of MAPK signalling activity in C. parvum-infected intestinal
epithelial cells was postulated as a strategy to evade host immune response [50].

Interlinked with the MAPK signalling cascade, it is worth noting that the pathway for tumour necrosis factor alpha
(TNFα) was enriched in all our experimental setups. TNFα is a proin�ammatory cytokine produced upon activation of the
immune system and involved in various biological processes, including regulation of cell proliferation, differentiation,
apoptosis, and immune responses [51]. One of the signalling cascades after TNFα involves the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) activation. In turn, NF-κB activation induces transcription and
expression of genes encoding proin�ammatory cytokines, such as IL-6, but also anti-apoptotic factors such as BIRC2,
BIRC3, and BCL-2 homologue BCL2L1, enabling the cell to remain inert to apoptotic stimuli [52].

The importance of NF-κB in several viral and parasitic diseases has been extensively reported [53, 54]. It has been shown
to be responsible for the rapid induction of type I IFNs (such as IFN-β) and other proin�ammatory cytokines (e.g., IL-6
and IL-8) during infections with RNA virus [55, 56]. It has been suggested that several TLRs, such as TLR2, TLR3, TLR4,
TLR7/8, and TLR9, contribute to antiviral responses against infections caused by coronaviruses, both located in the cell
membrane and intracellular [57]. Amongst them, TLR3 and TLR7 are capable to sense ssRNA in the endosomes, and
dsRNA can be also recognised by cytosolic RIG-like receptors (RLRs) in human epithelial cells [58]. This activates the
interferon regulatory factor (IRF) IRF3, IRF7, and NF-κB, which are key regulators of proin�ammatory response and innate
immunity [59]. Several genes involved in TNF and NF-κB signalling were modulated in our experiments. At 24 hpi, several
genes were upregulated in BCoV-infected cells, including MAPK3K14, FOS, and CREB5. It is noteworthy that several
chemokines, such as CXCL2, also, termed GROβ (Growth-regulated protein beta) were also upregulated; this is involved in
immunoregulatory and in�ammatory processes acting as a chemotactic for neutrophils. PTGS2 was also upregulated;
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this is an inducible prostaglandin-endoperoxide synthase involved in in�ammatory processes by regulating the synthesis
of prostaglandins [60].

In C. parvum-infected cells, activation of NF-κB, induces the expression of pro- and anti-apoptotic factors (Liu et al.,
2009) and proin�ammatory cytokines (e.g., TNF-α, IL-8) [62–65]. TNF-α and TGF-β play roles in providing the host
protective immunity and tissue repair effects against infection [66]. In conjunction with ERK1/2 and p38 MAPK
pathways, host cells attempt to destroy the parasite by inducing formation of the neutrophil extracellular traps (NETosis)
[67]. In addition, multiple genes, such as heat-shock genes, chemokines (such as CXCL8, CCL5, CXCL10, SCYB5), host
actin and tubulin, are known to be upregulated in C. parvum infection in human epithelial cells, presumably in an attempt
to eliminate the pathogen [68–69]. However, none of these chemokines were found to be modulated in C. parvum-
infected cells in our study.

In co-infected cells, TNFAIP3 was upregulated at 24 hpi. This transcription factor is involved in immune and
in�ammatory responses signalled by cytokines, such as TNF-α and IL-1 beta, or pathogens via TLRs through termination
of NF-κB activity, ensuring the transient nature of in�ammatory signalling pathways [70].

At 72 hpi, the modulation was more evident, with more genes belonging to in�ammatory pathways being differentially
expressed. In BCoV-infected cells, several genes were upregulated that are responsible for leukocyte recruitment and
activation, such as chemokines (CXCL4, CXCL5), genes responsible for the activation of immune cells (CSF1); surface
receptors (JAG1); MAPK; BIRC2; RIPK1 (necrosome); molecules responsible for cell adhesion: ICAM; Vascular factors:
EDN1; TRAF3; CHUK; IKBKG; NF-κB1/ NF-κBIA (NF-κB inhibitors); ATF4; CEBPB; IRF1. Among downregulated genes,
several genes involved in the MAPK pathway were found, such as MAPK9, MAPK11, MAPK3, AKT1, DAB2IP (with
functions in several pathways implicated on metabolism, proliferation, cell survival, growth, and angiogenesis). In C.
parvum-infected cells, MAPK10 was downregulated. In co-infected cells, TRAF2 and CX3C were upregulated, whereas
RIPK3 was downregulated.

In BCoV-infected cells, several genes were upregulated at 24 hpi, such as MAPK3K14; PTGS2; CXCL2; GADD45A. At 72
hpi, a more extensive modulation of the pathway was evident, as several genes belonging to the NF-κB signalling
cascades were upregulated. For example, sensors of DNA damage such as IKBKG, UBE21 (sumoylation), RIPK1;
in�ammation (DDXS8) and canonical and non-canonical pathways for hypoxia. Several of these genes converge in the
degradation of the inhibitor NF-κBIA, activating the transcription of target genes. Downregulated genes in BCoV-infected
cells at 72 hpi included EDA/EDAR, which mediate the activation of NF-κB and JNK; surface marker CD14, which acts via
MyD88, TIRAP and TRAF6, leading to NF-κB activation, cytokine secretion, and the in�ammatory response [71]. In
addition, TIRAP was downregulated. This is an adapter involved in TLR2 and TLR4 signalling pathways in the innate
immune response, resulting in cytokine secretion and in�ammatory response, positively regulating the production of
TNF-α and IL-6.

Interleukin 17 is a family of proin�ammatory cytokines that act as potent mediators in delayed-type reactions by
increasing chemokine production in various tissues in response to extracellular pathogens, acting synergistically with
TNF and IL-1 [72]. Its relevance has been recently explored in other viral diseases, including COVID-19 [73]. Furthermore, a
few studies have shown that it is important in cryptosporidiosis, with a rapid induction in the intestine of mice and
bovines [74, 75]. At 24 hpi, the genes that were upregulated in BCoV-infected cells included FOS, CXCL2, PTGS2. These
chemokines and cytokines may lead to autoimmune pathology, neutrophil recruitment, and immunity against
extracellular pathogens. In C. parvum-infected cells, the TRAF4 gene, which is associated to TNF receptor, connecting Il-
1/Toll receptors with NF-κB, was upregulated at 72 hpi. This inhibits activation of NF-κB by the in�ammasome
NOD2/RIP2 and JUN/MAPK12. In the co-infected cells, the gene TNFAIP3 was upregulated, which is induced by TNF-α.
This mechanism could inhibit NF-κB activation and apoptosis mediated by TNF-α and limit in�ammation. Two other
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genes, FOSB and MAPK6, were also upregulated in co-infected cells at 24 hpi, but were not differentially expressed in
either of the single infections for the same time point.

More extensive modulation was evident in BCoV-infected cells at 72 hpi, where several genes were upregulated, including
FADD, TRAF3, 2TRAF6, NF-κB1, TBK1, USP25, HSP90AA1, TAB2, MAP3K7, IKBKG, CHUK, NF-κBIA, CEBPB, CXCL1,
CXCL5, and matrix metalloproteases, such as MMP1 and MMP13, which are important for the remodelling of
extracellular matrix. Matrix metalloproteases, induced after the expression of proin�ammatory cytokines, contribute to
pathogenesis by disrupting the barrier function of cells, and have been shown to be relevant in SARS-CoV-2 [76]. The
damage to the barrier function of enterocytes and intestinal cells could lead to diarrhoea, the clinical sign most
associated with both BCoV and C. parvum infection in vivo.

Apoptosis is characterized by a series of dramatic perturbations to the cellular architecture that contribute not only to cell
death, but also prepare cells for their removal by phagocytes. This prevents the occurrence of unwanted immune
responses and is commonly associated with both viral infections and parasitic infections [77, 78]. During the execution
phase of apoptosis, several mechanisms are orchestrated by the caspase family of cysteine proteases. Caspases
(CASP) target proteins for restricted proteolysis in a controlled manner, minimizing damage and the release of
immunostimulatory molecules [79]. Interestingly, in our experimental setup, BCoV-infected and co-infected cells at 72 hpi
show a balance between the upregulation of pro-apoptotic genes (BAK1, TNFSRF10B, PMAIP1) and pro-survival genes
(BIRC-2); in addition, there was downregulation of pro-apoptotic genes such as BBC3. Among the key apoptotic genes,
CASP7 was upregulated in BCoV and co-infected cells at 72 hpi. This caspase has been shown to have a role in
in�ammation, being activated by caspases-8 and − 9 and presenting the same function as CASP3 [80]. Other caspases,
such as CASP8AP2 (involved in the TNF-α induced activation of NF-κB), CASP5 (initiation of pyroptosis, regulation of
antiviral innate immune activation), CASP6, CASP2 (involved in the initiator phase), and CASP4 (involved in
in�ammation) were downregulated after 72 hpi in co-infected cells. Also, B-cell lymphoma (BCL) class genes were
mostly upregulated, while cellular tumour antigen p53 was downregulated in both BCoV-infected and co-infected cells at
72 hpi. Other genes, such as BCL7a, BCL11A, BCL2L15, and BCL2L14, were also downregulated in both these set ups.
Cellular apoptosis has also been described to occur as a host response to evade parasite invasion in the early phase of
C. parvum infection [81, 82]. A microarray analysis of infected host intestinal mucosa has revealed overexpression of
TNF-superfamily receptor osteoprotegrin (OPG), which inhibits the TNF-α-related-apoptosis-inducing ligand (TRAIL)-
mediated apoptosis [83]. This helps the parasite to escape the host defences and complete its life cycle. However, in our
experiments, only GADD45B, FOS, and JUN were modulated at 72 hpi in C. parvum-infected cells.

33..22..44 TThhee pprrooiinn��aammmmaattoorryyrrr mmoodduulaattiioonn ffoouunndd in vitro ccoouuldd iinnddiiccaattee tthhee bbaassiiss ffoorr tthhee mmooleeccuulaarr ppaatthhooggeenneessiiss aanndd
iinntteessttiinnaall ddaammaaggee in vivo

As hinted before, several upregulated genes following BCoV and co-infection are involved in proin�ammatory responses.
Some of these genes are implicated in IFN-I induction and signalling at 24 and 72 hpi in BCoV-infected cells. At 24 hpi,
ISG15 (Interferon-stimulated gene 15), an interferon-inducible gene, was upregulated. ISG15 is a crucial component of
the immune response to viral infections [84]. The pattern of expression of other ISGs was almost identical in BCoV-
infected and co-infected cells, with only two differences: OAS3 and ISG20L2, which were found in co-infected cells, but
not in BCoV-infected cells at 72 hpi. ISG20 is an interferon-induced antiviral exoribonuclease that acts on single-stranded
RNA and exhibits antiviral activity against RNA viruses, including hepatitis C virus (HCV), hepatitis A virus, and yellow
fever virus, in an exonuclease-dependent manner [85, 86]. In contrast, other interferon-responsive elements, such as
IFITM1, IFITM2, IFITM3, and IFI27, were downregulated in both set ups. IL-1A, considered as one of the endogenous
pyrogens and a potent proin�ammatory protein, was also upregulated at both 24 and 72 hpi, together with tumour
necrosis factor receptors (TNFRs), TNFRSF12A, TNFRS18, and chemokines such as CXCL2, CXCL8 (IL8), and CXCL3.
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At 72 hpi, we found a modulation of both anti-in�ammatory and proin�ammatory genes, which might represent an
attempt of the host cells to counteract BCoV infection. TLRs showed a mixed expression pro�le, since TLR3 and TLR5
were downregulated, while TLR6 was upregulated. TLR3 is a nucleotide-sensing TLR that is activated by double-stranded
RNA, a sign of viral infection, associating endosomal recognition of viruses to IFN-I responses and leading to NF-κB
activation, cytokine secretion, and the in�ammatory response [87, 88]. However, this receptor probably does not have a
function during the initial steps of infection with BCoV, but later during the replication. In addition, DDX58, OASL, and
ISG20 were upregulated. DDX58 (also known as RIG-1) is an immune receptor that senses cytoplasmic viral nucleic
acids and activates a downstream signalling cascade leading to the production of type I IFNs and proin�ammatory
cytokines [89]. OASL (2'-5'-oligoadenylate synthetase-like protein) displays antiviral activity against
encephalomyocarditis virus and HCV via an alternative antiviral pathway independent of RNase L [90]. Also, MT2A
(metallothioneins 2) and GBP3 (guanylate-binding protein 3) were upregulated in co-infected cells at 24 hpi. Furthermore,
modulation of host cytoskeleton activities was found, with upregulation of lectins (CLEC4) and IKBKG in BCoV-infected
cells at 24 hpi. Also, mucin genes were modulated. In C. parvum-infected cells at 72 hpi, MUC5AC was downregulated. In
co-infected cells at 24 hpi, heat shock protein 90 (hsp 90) was upregulated, while keratin type I cytoskeletal was
downregulated. Similarly, in co-infected cells at 72 hpi, CLEC4A (C-type lectin), IKBKG, and mucins (such as MUC13,
MUC20, and MUC4) were upregulated. Pathogens damaging the gastrointestinal tract cause damage to the mucus
barrier, which can worsen mucus quality and reduce mucus production, potentially leading to chronic in�ammation and
disease [91].

Taking all our �ndings together, the proin�ammatory modulation, in concert with the alterations in the host cell
cytoskeleton and the protective mucus barrier, could suggest the molecular basis in vivo for damage to the epithelial
barrier, leading to diarrhoea. In vivo, both BCoV and C. parvum replicate in enterocytes, causing morphological changes
in the intestinal cytoskeleton, such as loss of microvilli and shortening of columnar epithelium, thereby causing severe
villous atrophy. This leads to reduced digestion of feed and decreased absorptive capacity of the intestine, causing an
osmotic imbalance that could be exacerbated by changes in the permeability of the epithelial cells [92, 93]. Additionally,
it has been recently shown that concentrations of IL-8 in serum from BCoV infected calves increased from 0 to 24 hpi,
indicating intestinal injury and diarrhoea [94]. However, our results provide no indication of a greater severity when both
pathogens are present, as the host expression pro�les between single BCoV-infection and co-infection are very similar.
The possible relevance and in�uence on pathogenesis need to be explored by using more complex in vitro models or by
in vivo approaches.

33..22..55 GGeenneess eexxccluussiivveelyy eexxpprreesssseedd iinn ccoo--iinnffeecctteedd cceellss aass ppootteennttiiaal
bbiioommaarrkkeerrss ffoorr BBCCooVV aanndd CC.. ppaarrvvuumm ccoo--iinnffeeccttiioonn..
At 24 hpi, 78 DEGs were identi�ed in co-infected cells, with the highest FC corresponding to NR4A3 (FC = 4.12), a
transcriptional activator involved in regulating proliferation, survival differentiation, and in�ammatory processes [94]. At
72 hpi, 803 DEGs were uniquely expressed in co-infected cells (Fig. 3). The highest FC corresponds to DNAH17 (FC =
55.20), although the function of this dynein gene in our context is not obvious. GO term analysis mostly showed an
effect on cellular metabolic pathways and response to DNA damage both at 24 and 72 hpi (Supplementary table S10).
Strikingly, we found no signi�cantly enriched KEGG pathways and few immune genes among these DEGs. Despite this,
the high fold change shown by some of the genes could imply that they represent interesting targets as biomarkers for
co-infections, and their putative role in the pathogenesis of these intestinal infections should be addressed in in vivo
models.

Coonncclluussiioonn
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Our work demonstrates extensive modulation of the host-cell transcriptome by BCoV, in�uencing immune processes and
metabolic pathways, and a more limited effect from C. parvum under our experimental settings. The co-infection is thus
dominated by BCoV, although there is a possible bias due to the difference in infection success shown by the pathogens.
Nevertheless, our �ndings provide insights into the molecular pathogenesis of these intestinal infections and suggest
possible biomarkers associated with co-infection that could be explored further using novel in vitro models (such as
bovine intestinal organoids) or in vivo.
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Abstract: Bovine coronavirus (BCoV) is one of the major viral pathogens of cattle, responsible for
economic losses and causing a substantial impact on animal welfare. Several in vitro 2D models have
been used to investigate BCoV infection and its pathogenesis. However, 3D enteroids are likely to be
a better model with which to investigate host–pathogen interactions. This study established bovine
enteroids as an in vitro replication system for BCoV, and we compared the expression of selected genes
during the BCoV infection of the enteroids with the expression previously described in HCT-8 cells.
The enteroids were successfully established from bovine ileum and permissive to BCoV, as shown by
a seven-fold increase in viral RNA after 72 h. Immunostaining of differentiation markers showed a
mixed population of differentiated cells. Gene expression ratios at 72 h showed that pro-inflammatory
responses such as IL-8 and IL-1A remained unchanged in response to BCoV infection. Expression of
other immune genes, including CXCL-3, MMP13, and TNF-α, was significantly downregulated. This
study shows that the bovine enteroids had a differentiated cell population and were permissive to
BCoV. Further studies are necessary for a comparative analysis to determine whether enteroids are
suitable in vitro models to study host responses during BCoV infection.

Keywords: bovine coronavirus (BCoV); bovine; enteroid; in vitro model; organoid

1. Introduction

Bovine coronavirus (BCoV) is one of the major respiratory and enteric viral pathogens of
cattle, causing a substantial impact on animal welfare in the beef and dairy industries [1–3].
BCoVs, belonging to the family Coronaviridae, genus Betacoronavirus, are enveloped, positive-
sense, single-stranded RNA (+ssRNA) viruses with a genome of 31 Kb and a diameter of
120–160 nm [4]. The virus is globally distributed [5] and endemic in Scandinavian countries,
including Norway. BCoV is transmitted by inhalation of aerosols from nasal discharge, thereby
reaching the respiratory epithelium, or reaching the intestine via the faeco-oral route [6]. BCoV
is the cause of three distinct clinical syndromes in cattle—calf diarrhoea (CD), winter dysentery
(WD) with haemorrhagic diarrhoea in adults, and respiratory infections in cattle of various
ages—and is an important contributor to bovine respiratory disease complex [5,7]. The virus
is thus able to replicate both in the gastrointestinal and upper respiratory epithelium [8].

Two-dimensional (2D) cell-culture systems have been used to culture BCoV and to
study host–pathogen interactions [9] and pathogen–pathogen interactions [10]. The cell
lines used to date include human rectal tumour-18 (HRT-18G), human colon adenocarci-
noma (HCT-8), African green monkey kidney, Madin Darby bovine kidney, Madin Darby
canine kidney 1, bovine embryonic lung, bovine embryonic kidney, and bovine foetal
spleen cell lines [11]. Although cell lines are useful experimental models, they lack cellular
diversity, and functionality, and some may present genomic abnormalities [12]. On the
other hand, primary bovine intestinal epithelial cell lines show a better resemblance to
in vivo models. However, they are not well characterized, proliferate slowly, and can be
used for only a limited number of passages [13]. Finally, more optimal in vivo animal
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studies are more expensive, require large numbers of animals and the necessary facilities,
and their use has ethical implications.

To overcome some of the limitations associated with cell lines or animal models,
organoids, multicellular three-dimensional (3D) in vitro models exhibiting similar architec-
ture as organs [14], could be a good alternative. Organoids can be grown in an extracellular
matrix (ECM) supplemented with several growth factors, allowing long-term propaga-
tion [15]. Enteroids are organoids derived from the intestine; they form an enclosed system,
with the basal regions of the epithelium facing outwards and apical brush borders lying
inwards [16–18]. Enteroids comprise a mixed population of stem cells, enterocytes, Paneth
cells, goblet cells, and enteroendocrine cells, and can be used to study host interactions
with enteric pathogens [19–21].

Recently there has been an upsurge in studies focusing on enteroids as suitable systems
for culturing pathogens [22–24]. Human intestinal organoids have proven successful for
culturing human rotavirus (HuRoV), norovirus, and enteroviruses [22,25,26], and porcine
enteroids have been used to study infection caused by porcine enteric coronaviruses and
the host innate response [27]. Although studies on bovine enteroids infected with enteric
pathogens are limited to date, there are some studies on the characterization of cell types
and culture of bovine rotavirus (BRoV) group A, Salmonella typhimurium, Toxoplasma
gondii, and Mycobacterium avium subspecies paratuberculosis [17,28,29].

The aim of the present study was to establish bovine enteroids as a replication system
for BCoV, to characterize the enteroid cell population, and to compare the expression of
selected immune genes during BCoV infection with that previously described in BCoV-
infected HCT-8 cells [30]. The gene expression of intestinal stem cells (LGR5+) and differen-
tiation markers (ChrA and Muc2) were analysed using qPCR followed by immunostaining
to look for proteins (ChrA, Muc2, sucrase isomaltase, and lysozyme). A panel of three
commonly used housekeeping genes (18s rRNA, GAPDH, and ACTB) were tested [31–33],
to normalize the gene expression.

2. Materials and Methods
2.1. Isolation of Intestinal Crypts

Tissues used were obtained from post-mortem of a healthy male British Holstein–
Friesian (Bos taurus) calf less than 1 month old. The isolation of intestinal crypts was carried
out at Moredun Research Institute (MRI), Scotland, UK as described in [18]. For all the
animal studies carried out at MRI, regulatory licenses had been approved by the University
of Edinburgh’s Ethics Committee (E50/15).

Briefly, a 10 cm portion of the ileum was collected into ice-cold phosphate-buffered
saline (PBS; Gibco, Thermo Fisher Scientific, Scotland, UK) containing 25 μg/mL gentamicin
(gen) and 100 U/mL penicillin/streptomycin (pen/str) (Life Technologies, Paisley, UK).
The ileum was cut open longitudinally and a glass slide was used to gently remove the
mucus layer. The mucosal layer consisting of the intestinal stem cells were then scraped
off and suspended in 15 mL of Hank’s Balanced Salt Solution (HBSS; Gibco, Thermo
Fisher Scientific) with 25 μg/mL gen and 100 U/mL pen/str. The sample was washed
several times with HBSS and digested at 37 ◦C for 40 min in 25 mL of Dulbecco’s Modified
Eagle’s Medium (DMEM; Gibco, Thermo Fisher Scientific) containing 1.0% foetal calf serum
(Thermo Fisher Scientific, Grand Island, NY, USA), 25 μg/mL gen, 100 U/mL pen/str,
75 U/mL collagenase type1-A (Sigma-Aldrich, St. Louis, MO, USA) and 20 μg/mL dispase
I (Roche, Mannheim, Germany). The number and integrity (finger-like morphology) of
isolated crypts were visually assessed by light microscopy at 4× magnification. The crypts
were further washed to remove traces of digestion medium and centrifuged at 400× g
for 2 min, before finally being re-suspended in 100 μL advanced DMEM/F12 medium
(Adv F12; Thermo Fisher Scientific) with 1× B27 supplement minus vitamin A (Thermo
Fisher Scientific), 25 μg/mL gen, and 100 U/mL pen/str. After the final wash, the sample
consisted of 1000–2000 crypts.
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2.2. Enteroid Culture and Differentiation

The enteroids were cultured as previously described [18] and, for long-term storage,
enteroids were cryopreserved in Cryostor CS10 medium (STEMCELL Technologies, Cam-
bridge, UK) in liquid nitrogen. Cryopreserved enteroids were resuscitated and passaged at
least thrice (P3) before any experimental use in our laboratory.

The crypts (roughly 1000 crypts in 100 μL Adv F12) were added to 150 μL of Corning
Growth Factor Reduced Matrigel Matrix (AH Diagnostics, Oslo, Norway). Then, 50 μL
of the mix (~200 crypts) was added to each of five wells in a pre-warmed 24-well plate
(Nunc, Thermo Fisher Scientific). The Matrigel polymerized for 10 min in a humidified
incubator with 5% CO2 at 37 ◦C before 500 μL of growth medium was added to each well.
The growth medium consisted of IntestiCult Organoid Growth Medium (Mouse), with
Rho-associated kinase inhibitor (Y-27632; Cayman chemicals, Ann Arbor, MI, USA), p38
mitogen-activated protein kinase inhibitor (SB202190; Enzo Life Science, England, UK),
and TGFβ inhibitor (LY2157299; Cayman chemicals), referred to as medium 1 hereafter
(Table S1) [34,35]. Every 2–3 days, the medium was replaced with fresh medium. The
enlarged and budding crypts (henceforth referred to as enteroids) were passaged every
7–10 days by removing the medium and dissolving the Matrigel in 500 μL of cold Adv
F12 with 1× B27 supplement minus vitamin A, 25 μg/mL gen, and 100 U/mL pen/str.
The enteroids were fragmented into crypts by pipetting, counted, and plated as previously
described [18].

A total of four media (Table S1) were prepared to be tested for enteroid differentiation
by immunostaining, as described later. Enteroids were grown in medium 1 for 2–3 days
and the medium was replaced with 300 μL of differentiation medium (1–4).

2.3. Inoculation of Crypts with Bovine Coronavirus

The BCoV strain (GenBank accession ID OQ507475) originated from a calf faecal
sample and had previously been isolated in our lab using the human rectal tumour
cell line (HRT-18G, ATCC CRL-11663) [36]. The isolate was titrated on the cells grown
in a 96-well plate by ten-fold serial dilutions, using the Spearman–Karber method [37]
(TCID50/mL = 3.16 × 106).

Inoculation was performed using enteroids that were: A) fragmented into crypts with
pipetting only, and B) further dissociated by TrypLE Express enzyme, as detailed below.

Setup A: Approximately 1000 crypts in 100 μL were inoculated with 100 μL of BCoV
(6.32 × 103 TCID50) per well in a 24-well plate. After 1 h incubation at 37 ◦C, the crypts
were transferred into an Eppendorf tube and centrifuged at 300× g for 5 min. The pellet was
washed once, and the crypts resuspended in 100 μL Adv F12. After counting, the crypts
were mixed with Matrigel, and medium 1 was added after polymerization as described for
the enteroid culture.

Setup B: Approximately 1000 crypts in 500 μL that had already been fragmented by
pipetting were further dissociated by incubation with 200 μL of 1× TrypLE Express enzyme
(Thermo Fisher Scientific, Newton Drive, Carlsbad, CA, United States) for 10 min at 37 ◦C,
before resuspension in Adv F12 with 300 μL of 2% foetal bovine serum (FBS; Thermo Fisher
Scientific) to stop the dissociation process. The pellet was washed once, and the crypts
resuspended in 100 μL Adv F12. The dissociated crypts were inoculated with same amount
of BCoV and grown as described for setup A.

Three individual trials with three replicates were completed for both setups.
Samples and negative controls (mock-infected with Adv F12) were harvested after

1 h and 72 h post-inoculation (hpi), to be checked for virus replication. Prior to harvesting,
the crypts were inspected by light microscopy for morphological changes. For harvest,
the Matrigel was solubilized in cold Adv F12 and the crypts were centrifuged at 300× g
for 5 min, washed, centrifuged once more, and lysed with 300 μL of RLT buffer plus DTT
(2M) (Qiagen, Hilden, Germany). Investigation of virus replication was carried out using
immunostaining and RT-qPCR [38].
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2.4. Immunostaining for Cell Differentiation Markers and BCoV S-Protein

Enteroids were stained for differentiation markers after 2–3 days in medium 1–4, while
the infected enteroids were stained for BCoV envelope S-protein and enteroendocrine cells
at 72 hpi. The enteroids were rinsed with ice-cold PBS for the removal of Matrigel followed
by a fixation and permeabilization step for 20 min as described in [10]. The blocking
was performed for 1 h in PBS with 20% horse serum (Thermo Fisher Scientific), and 0.1%
Tween-20. The stains and antibodies (Table 1) were diluted in PBS with 2% horse serum
and 0.1% Tween 20 and incubated with the enteroids for 1 h at room temperature.

Table 1. Stains and antibodies used for cell nuclei and actin, BCoV envelope S-protein, and markers
for cell differentiation.

Stains/Antibodies (Producer) Dilution Target

Hoechst 33342 (Invitrogen, Waltham, MA, USA) 1:10,000 Nuclei

Phalloidin iFluor 488 (Abcam, Cambridge, UK) 1:1000 Actin filaments

Monoclonal mouse anti-BCoV, FITC
(Bio-X Diagnostics, Rochefort, Belgium) 1:100 BCoV S-protein

Monoclonal mouse anti-sucrase isomaltase, FITC
(Santa Cruz Biotechnology, Dallas, TX, USA) 1:100 Enterocytes

Polyclonal anti-bovine chromogranin A
(Immunostar, Hudson, WI, USA) 1:100

Enteroendocrine cells
Goat anti-rabbit IgG, Alexa 594

(Life Technologies, Eugene, OR, USA) 1:100

Polyclonal anti-cattle mucin 2
(MyBioSource Inc., San Diego, CA, USA) 1:100

Goblet cells
Goat anti-rabbit IgG, Alexa 594 1:100

Polyclonal anti-cattle lysozyme (MyBioSource Inc.) 1:100
Paneth cellsGoat anti-rabbit IgG, Alexa 594 1:100

Monoclonal mouse anti-BCoV, FITC
(Bio-X Diagnostics, Rochefort, Belgium) 1:100 BCoV S-protein

Monoclonal mouse anti-sucrase isomaltase, FITC
(Santa Cruz Biotechnology, Dallas, TX, USA) 1:100 Enterocytes

Polyclonal anti-bovine chromogranin A
(Immunostar, Hudson, WI, USA) 1:100

Enteroendocrine cells
Goat anti-rabbit IgG, Alexa 594

(Life Technologies, Eugene, OR, USA) 1:100

A washing step with cold washing buffer and centrifugation was incorporated twice
after each incubation step.

After the final centrifugation, the pellet was resuspended in Fluoroshield (Merck)
and aliquots of 20 μL were mounted on glass slides with coverslips. Preparations were
examined using a Leica Inverted Confocal SP8 equipped with a White Light Laser, a
Leica HyD Detector, and the Leica Application Suite software (Leica microsystems GmbH,
Mannheim, Germany), and images were captured at 40× and 63× magnification under oil
immersion. Counting mode was used in the sequential setting, displaying the image based
on the number of photons detected per pixel over a constant integration time.

2.5. RNA Isolation and RT-qPCR for Detection of Viral RNA

The enteroids were harvested in 300 μL of RLT buffer plus DTT (2M) Qiagen as
described in Section 2.3 and mixed well by pipetting. Total RNA was isolated from the
enteroids using RNeasy Kit (Qiagen), following the manufacturer’s instructions. The RNA
was eluted in 50 μL of nuclease-free water and stored at −80 ◦C until analysis.
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Information on primers, probe, and RT-qPCR conditions is provided in Table S2.
RT-qPCR for BCoV was performed based on a published protocol [38] using the RNA
UltraSense™ One-Step Quantitative RT-PCR System kit (Invitrogen, Waltham, MA, USA).
A total volume of 20 μL with 2 μL of template RNA was run in a Stratagene AriaMx
Real-Time PCR System (Agilent Technologies, Inc., Santa Clara, CA, USA), with Agilent
Aria Software v1.5. All samples were run in technical duplicates, with negative and positive
controls included in each run.

2.6. Relative Quantification of BCoV RNA and Statistical Analysis

Relative quantification of BCoV genome copies was performed using the formula
Ns1 = Ns2*(1 + E) (Cts2 − Cts1) [39] where Ns1 and Ns2 represent sample copy numbers,
Cts1 and Cts2 are sample Ct values, and E the efficiency of the RT-qPCR. Based on a
standard curve prepared from a 10-fold dilution series of BCoV RNA, the efficiency was
determined to be 98%. To find any statistically significant difference between copy numbers
at 1 and 72 hpi, a one-way nonparametric Mann–Whitney U-test for independent samples
was used.

2.7. Estimation of Gene Expression Ratios

The immune genes included in the present study were selected as they had been shown
to be differentially expressed with a high fold change at 72 hpi during BCoV infection of
HCT-8 cells [30]. A panel of three commonly used housekeeping genes (18s rRNA, GAPDH,
and ACTB) were tested [31–33], and the most stably expressed (similar Ct-values in mock-
and BCoV-infected enteroids) were included to normalize the gene expression results. All
primers are listed in Table S3 [40–43].

The RNA used for quantification of viral RNA was treated with DNAse I (Qiagen)
at room temperature (20–25 ◦C) for 10 min including a final DNAse heat inactivation
step at 95 ◦C for 5 min. cDNA was synthesized from 24 μL RNA using SuperScript™
IV VILO™ Master Mix (Invitrogen, Paisley, UK) in a 48 μL volume, according to the
manufacturer’s instructions.

The qPCR was performed in 20 μL volumes using PowerUp™ SYBR™ Green Master
Mix (Applied Biosystems, Foster City, CA, USA), 10 pmol each of forward and reverse
primer and 2 μL cDNA diluted 1:2. The qPCR was carried out using a Stratagene AriaMx
Real-Time PCR instrument and the cycling steps were 2 min at 95 ◦C followed by 40 cycles
of 15 s at 95 ◦C, 30 s at 60 ◦C, and a melting curve stage. The amplicon specificity was
verified by analysing the melting curve with Agilent Aria Software v1.5. All samples were
run in technical triplicates. The qPCR efficiencies (E) were determined by using 4-fold
serial dilutions of cDNA and were between 94% and 110%.

A replicate Ct-value that differed by more than 1 from the average of the two others
was considered an outlier and omitted. Gene expression ratios were calculated using the
Pfaffl method [44] with normalization against the housekeeping genes.

Relative gene expression ratio =

(
Etarget

)ΔCt target

GeoMean[
(

Ere f

)ΔCt re f
]

where E is the efficiency of the qPCRs, ΔCt is the difference between average Ct-values of
the mock-infected and BCoV-infected samples, and GeoMean is the geometric mean [45].

To test the statistical significance of gene expression differences between mock- and
BCoV-infected enteroids at 72 hpi, average Ct-values from all experiments were assessed in
group means using pair-wise fixed reallocation randomization test with at least
2000 randomizations performed in REST software 2009 [46]. The criteria for consider-
ing a gene differentially expressed were ratios >1 (upregulated) or <1 (down-regulated),
and a p-value < 0.05.
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3. Results
3.1. Culture, Maintenance, and Staining for Cell Markers

The enteroids were successfully cultured in medium 1, cryopreserved, and resuscitated
for experimental use. The crypts formed spheroid-like enteroids after 1–2 days and started
budding out, giving enlarged enteroids with a lumen by 5–10 days (Figure S1). The enteroids
could be maintained for at least 35 passages, without any obvious signs of degeneration.
Staining with Phalloidin showed F-actin rich brush borders on the luminal surface (Figure 1a).
The enteroids stained for sucrase isomaltase and ChrA revealed the presence of enterocytes
(Figure 1b) and enteroendocrine cells (Figure 1c). However, staining for Muc2 (goblet cells)
and lysozyme (Paneth cells) gave only background signals (not shown).

Figure 1. Representative immunofluorescent staining images of bovine enteroids (a–c) mock-infected
and (d) infected with bovine coronavirus (BCoV) at 72 h post inoculation: (a) F-actin expressing brush
border on the luminal surface (Phalloidin, green); (b) stained for enterocytes (sucrase isomaltase,
green); (c) stained for enteroendocrine cells (chromogranin A, red); and (d) stained for BCoV S-protein
(green) and enteroendocrine cells (chromogranin A, red). Nuclei were counter-stained with Hoechst
(blue). Magnification = 63×; Scale bar = 50 μm.

The enteroids that were grown in medium 1 before receiving differentiation
medium 2–4 (Table S1) survived for only 3–4 days before starting to disintegrate and die
(Figure S2b–d) and were not further used.

3.2. BCoV Replication

Regarding the preparation of enteroids for virus inoculation, Setup A gave finger-like
crypts surrounded by some cellular debris, while Setup B resulted in smaller disintegrated
crypts with small openings and more cellular debris (Figure S3).

The mock- and BCoV-inoculated crypts were morphologically intact, with no cellular
debris at 1 and 72 hpi. At 72 hpi, crypts had started budding out, forming lumen-like
structures (spheroids), which stained positive for BCoV-S protein (inoculated crypts from
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setup B). Nevertheless, relatively few infected cells were identified (Figure 1d), although
the samples showed a statistically significant increase in the virus gene copy number from
1 to 72 hpi (Mann–Whitney U = 14, p < 10−5) (Table 2).

Table 2. Bovine coronavirus (BCoV) gene copy numbers in enteroids at 1 h and 72 h post inoculation
(hpi). Samples from Setup A (fragmented enteroids) and B (fragmented and dissociated enteroids),
both with n = 9 (3 trials with 3 parallels), were analysed by RT-qPCR using Mann–Whitney test for
statistical analysis (p < 0.05).

Setup Harvest Time Points (hpi) Median BCoV Gene Copy Number IQR p-Value

A
1 2967 1877–5973

0.340972 3723 1150–6047

B
1 2962 * 2298–4741

<10−5
72 20,956 * 12,646–32,889

* Statistically significant difference (p < 0.05).

3.3. Gene Expression

For the gene expression, three trials with mock-infected and two of the inoculated
enteroids were included in the analysis. The first trial with inoculated samples was excluded
as the cDNA concentrations were out of range and the Ct values very high (Figure S4).

Among the three housekeeping genes tested, GAPDH and ACTB were included for
the normalization of the expression results, as they were more stably expressed than 18 s
rRNA (Table 3).

Table 3. Gene expression ratios for selected genes in BCoV- to mock-infected bovine enteroids. The
enteroids were harvested 72 h post inoculation and mRNA was quantified by two-step RT-qPCR. The
results were normalized to housekeeping genes GAPDH and ACTB. Three independent trials with
mock- (n = 9) and two with BCoV-infected (n = 6) enteroids are included.

Gene Type Reaction
Efficiency

Expression
Ratio Std. Error 95% C.I. P(H1) Result

GAPDH REF 0.99 1.127
ACTB REF 1.01 0.887
LGR5 TRG 1.01 2.811 0.915–5.705 0.554–6.948 0.022 UP
ChrA TRG 1.02 8.356 3.292–18.151 2.046–42.257 0.000 UP
Muc2 TRG 1.09 0.213 0.052–0.835 0.019–2.676 0.008 DOWN
IL-8 TRG 0.95 1.110 0.675–1.782 0.532–2.399 0.537 No diff

IL-1A TRG 0.94 1.091 0.653–1.733 0.417–2.348 0.662 No diff
MMP13 TRG 1.09 0.036 0.012–0.145 0.010–0.372 0.000 DOWN
CXCL-3 TRG 1.1 0.554 0.287–0.848 0.240–1.031 0.009 DOWN
TNF-α TRG 1.03 0.556 0.336–0.891 0.235–1.108 0.004 DOWN

P(H1): Probability of alternate hypothesis that the difference in gene expression between BCoV- and mock-infected
enteroids is due only to chance. REF: Reference (housekeeping gene). TRG: Target gene. Geometric mean of
expression ratio of housekeeping genes = 1.00.

The differentiation markers, LGR5+ (stemness) and ChrA (enteroendocrine cells), were
upregulated, while the Muc2 (goblet cells) gene was downregulated in the BCoV-infected
enteroids compared to the mock-infected at 72 hpi.

The expression ratios for the immune genes, IL-8 and IL-1A, were similar for mock- and
BCoV-infected enteroids, while MMP13, CXCL-3, and TNF-α genes were downregulated.

4. Discussion

The main finding of this study is that bovine enteroids were able to support the
replication of BCoV, as indicated by an approximately seven-fold increase in viral RNA after
72 h and the immunostaining of BCoV envelope S-protein. According to our knowledge,
this is the first report on BCoV replication in enteroids.
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The enteroids were successfully grown from intestinal tissue (ileum) from a healthy
young calf less than one month old and could be propagated in medium 1 for at least
35 passages without any signs of degeneration, which is longer than reported in other
studies [17,18]. Ref. [18] also isolated crypts from the ileum of young calves (<one month
old), but the enteroids could be passaged in medium 1 no more than five to eight times
without any sign of degeneration. This indicates that the possible number of passages of
bovine enteroids could depend on the donor animal. The region of intestine used, animal
age, and breed might also have an influence, as [17] isolated crypts from the jejunum of
adults (20 to 30 months) of a different breed and the enteroids could be kept in medium 2
for no more than four to 12 passages before degeneration. In our hands, medium 2 did not
support the growth and differentiation of the enteroids.

Staining of enteroids in medium 1 for F-actin rich brush borders on the luminal surface
indicated that the epithelium was polarised, as in vivo. The stained differentiation markers
revealed enterocytes and enteroendocrine cells, while staining for goblet cells and Paneth cells
gave largely non-specific signals. In total, the staining results indicate that medium 1 can
support differentiation to some extent. Previous studies using bovine, porcine, and murine
enteroids [17,47,48] have indicated that WntCM, growth factors R-spondin (Wnt agonist),
and Noggin (TGFβ superfamily inactivator) are core components for differentiation. Ref [17]
demonstrated a differentiated cell population by immunostaining (enteroendocrine and
goblet cells) and by proteomic analysis (enterocytes, stem cell markers, mucus components,
and villus morphogenesis). Furthermore, EGF (epidermal growth factor) is also considered
crucial for the growth and differentiation of the cells. Refs [16,49] also describe the need
of developing in-house media to replace IntestiCult to adjust individual growth factors.
Bovine supplements/growth factors are, however, not readily available and, therefore, those
derived from humans/mice are mostly used. This could be a reason for the difficulty in
achieving differentiated bovine enteroids [47,50], as the homology/activity of EGF varies
between species [21]. In the present study, several formulations (Table S1) for the manipulation
of growth factors and differentiation of the enteroids were tested, but our results did not
indicate that modifying the concentration of growth factors mentioned above was necessary
for differentiation. Embedding the enteroids in Matrigel could also have contributed to
differentiation, as described by [51,52]. To lower any Matrigel-driven differentiation, we used
Matrigel with reduced growth factors [18].

In addition to the media 1 and 2, as described by [17,18], we tried two other formula-
tions. Medium 3 was tested as [21] found it to work well for chicken enteroids, which they
reported to be the most difficult to grow and differentiate. Ref [34] was able to differentiate
human enteroids using medium 4, and to infect them with HuRoV, while [25] also followed
the same recipe for human enteroids and found them permissive for human norovirus.
Ref [28] also used medium 4 to differentiate bovine enteroids and infect them with BRoV.
Nevertheless, of the three formulations in Table S1, only [18] supported persistent growth
and some differentiation of bovine enteroids in our study.

The enteroids inoculated with BCoV showed no apparent signs of degeneration after
72 hpi. When the enteroids were mechanically disrupted and exposed to BCoV (setup A),
a small increase in viral RNA could be detected, indicating that a limited infection had
been established. However, when Trypl Xpress was used for further dissociation (setup B),
there was probably an increased exposure of the interior (luminal) surface to virus particles,
thus resulting in a clearly recognizable infection despite relatively few infected cells being
identified by staining at 72 hpi.

Ref. [6] describes that BCoV infects the enterocytes and the positive staining of sucrase
isomaltase in our study showed the enteroids contained a high proportion of these cells at
the time of infection. Our results, which show a significant increase in BCoV gene copies
only after the dissociation of the enteroids, indicate the need for a sufficient breakdown
of the enteroids for the virus to infect the cells. The insufficient opening and, perhaps,
early closing of the crypts in our study could be a reason for the relatively few infected
enterocytes. According to [53], crypts from fragmented and dissociated enteroids seal
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and start growing from intact stem cells at the base of the crypts. It is possible that BCoV
target cells are lost during fragmentation and trypsinization, resulting in mainly non-
differentiated stem cells at the time of infection. For these reasons, the breakdown of
enteroids might need to be optimized to increase virus access to the permissive luminal
side of the cells, while minimizing the loss of cells.

In the present gene expression study, LGR5+ was upregulated in infected enteroids,
which might indicate that BCoV is able to induce self-renewal of the stem cells in the crypts.
A previous study on porcine intestinal organoids infected with the coronavirus transmissi-
ble gastroenteritis virus revealed upregulation of Wnt-target genes, including LGR5 with
activation of the Wnt/β-catenin pathway promoting the self-renewal of intestinal stem
cells [54].

As shown by the gene expression results, the BCoV-infected enteroids in our study (at
least P3 at the time of infection) showed the downregulation of Muc2 at 72 hpi. Transcrip-
tomics data from [18] comparing isolated crypts with progressive passages of organoids (up
to passage 6) showed the downregulation of Muc2 at higher passage numbers. However,
the absence of staining of the Muc2 indicated that any goblet cells had limited production
of the Muc 2 protein. A study on porcine enteroids [27] showed that coronavirus porcine
epidemic diarrhoea virus (PEDV) infected multiple intestinal epithelial cells including
goblet cells. [55] demonstrated that PEDV infection reduced the number of goblet cells in
the small intestine of weaned pigs. A previous study on neonatal calves also indicated
BCoV infected the goblet cells, causing a reduction in the number of these cells [56]. These
studies suggest that BCoV could possibly infect goblet cells, and further investigation in a
well-differentiated enteroid system or in vivo would be of interest.

The expression of the immune genes IL-8 and IL-1A showed no significant difference
between the mock- and BCoV-infected enteroids at 72 hpi. However, an expression study
on BCoV-infected HCT-8 cells showed that both genes were highly upregulated at 24
and 72 hpi [30]. A study by [57] showed that the mean IL-8 serum concentration in BCoV-
infected diarrhoeal calves increased from 0 to 24 h compared to non-diarrhoeal calves, but
started to decline at 48 hpi, also suggesting that IL-8 could be used as a biomarker of intesti-
nal injury. As these pro-inflammatory responses (IL-8 and IL-1A) are modulated as early
immune responses during viral infections [58], earlier timepoints might have been more
appropriate for analysis in the present study. According to [30], CXCL-3 was upregulated
in BCoV-infected HCT-8 cells both at 24 and 72 hpi, whereas MMP13 expression and the
TNF-α signalling pathway were upregulated at 72 hpi. In contrast, these three genes were
significantly downregulated in BCoV-infected enteroids in the present study. The downreg-
ulation of MMP13 could indicate that the cells were more intact in the enteroids than in
the HCT-8 cells, as MMP13 is associated with reduced epithelial barrier function during
pathological changes in the cells [59]. A study by [60] showed that bovine enteroids treated
with inflammatory cytokines such as TNF-α for 24–48 hpi disrupted the bovine intestinal
barrier by altering the junctional morphology and permeability, thereby disrupting the
epithelial cells. In contrast, an expression study on calves infected with BCoV showed the
downregulation of TNF-α genes at 18 hpi [61], which corroborates with our enteroid results
at 72 hpi.

Overall, the gene expression data obtained in the present study suggests that the host
response to BCoV infection at 72 hpi differed substantially from that of HCT-8 cells. The
discrepancies in the regulation of immune-related genes during the infection of a traditional
cell line and enteroids may reflect that the enteroid system is more complex, with different
cell populations that may have different modulations and can counteract proinflammatory
responses. There are experimental differences between the studies, such as a much lower dose
of BCoV used for the enteroids than in the HCT-8 cells, different methods to analyse gene
expression (RT-qPCR and RNASeq), use of a BCoV strain that was already adapted to the cell
line but not to the enteroids, and in vitro infection of cells from different host species.
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5. Conclusions

Stem cells isolated from the ileum of a healthy calf were successfully developed into
enteroids and used as a tool to increase our knowledge on host–pathogen interaction during
BCoV infection. The gene expression study demonstrated a host response that differs from
that reported from BCoV-infected HCT-8 cells. Future comparative gene expression studies
on BCoV infection are needed to determine whether the enteroid system is a good model
for the bovine intestine.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/v15030635/s1, Figure S1: Bovine crypts grown in medium 1 forming
(a) spheroid-like structures at day 1–2; (b) budding out at day 3; (c) with enlarged branched out
structures and lumen, enteroids at day 5; (d) 7 and (E)10; Figure S2: Bovine enteroids in four of the
tested differentiation media on day 4 (a) Medium 1: enteroids budding out with few dark-centred
spheroids; (b) Medium 2: enlarged, rounded, and elongated enteroids with few of them starting to
disintegrate; (c) Medium 3: rounded and elongated enteroids surrounded by cellular debris, starting
to disintegrate; (d) Medium 4: enteroids appear as round spheroids surrounded by cellular debris;
Figure S3: (a) Bovine enteroids fragmented by pipetting (setup A) giving finger-like crypts surrounded
by some cellular debris. (b) Enteroids further dissociated with Trypl Xpress (setup B) showing more
disintegrated crypts with small openings shown with blue arrows surrounded by more cellular debris.
Figure S4: Average threshold cycle (Ct) values for eight targeted Bos taurus genes of the bovine enteroids
either (a) mock-infected or (b) infected with bovine coronavirus at 72 h post inoculation. The dot
symbols indicate average mean Ct values while different colours indicate three independent rounds
of experiments (R1 = round 1, R2 = round 2, R3 = round 3). The bars indicate standard deviation,
Table S1: Formulations of media that were tested for growth (medium 1) and differentiation (media 1–4);
Table S2: Nucleotide sequences of the primers and probe, and RT-qPCR cycling conditions used for the
amplification of BCoV RNA; Table S3: Primers used for qPCR in the expression study of targeted Bos
taurus genes.
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