
Vol.:(0123456789)1 3

Archives of Virology (2021) 166:935–941 
https://doi.org/10.1007/s00705-020-04947-2

BRIEF REPORT

Replicative capacity of four porcine enteric coronaviruses in LLC‑PK1 
cells

Wenwen Xiao1,2 · Xunlei Wang1,2 · Jing Wang1,2 · Puxian Fang1,2 · Shaobo Xiao1,2 · Liurong Fang1,2,3 

Received: 1 August 2020 / Accepted: 13 December 2020 / Published online: 25 January 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH, AT part of Springer Nature 2021

Abstract
Enteric coronaviruses (CoVs) are major pathogens that cause diarrhea in piglets. To date, four porcine enteric CoVs have 
been identified: transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhea virus (PEDV), porcine deltacoro-
navirus (PDCoV), and HKU2-like porcine enteric alphacoronavirus (PEAV). In this study, we investigated the replicative 
capacity of these four enteric CoVs in LLC-PK1 cells, a porcine kidney cell line. The results showed that LLC-PK1 cells 
are susceptible to all four enteric CoVs, particularly to TGEV and PDCoV infections, indicating that LLC-PK1 cells can be 
applied to porcine enteric CoV research in vitro, particularly for coinfection studies.

Introduction

Coronaviruses (CoVs) are single-stranded, positive-sense 
enveloped RNA viruses. Coronavirus outbreaks, includ-
ing severe acute respiratory syndrome coronavirus (SARS-
CoV), Middle East respiratory syndrome coronavirus 
(MERS-CoV), and novel human severe acute respiratory 
syndrome CoV 2 (SARS-CoV-2), have posed enormous 
threats to human health and the economy [1–3]. In the pig-
rearing industry, CoVs are also significant pathogens caus-
ing diarrhea in piglets, with fever, loss of appetite, vomiting, 
severe diarrhea, dehydration, and even death. Four porcine 
enteric CoVs have been identified, including transmissible 
gastroenteritis virus (TGEV), porcine epidemic diarrhea 
virus (PEDV), porcine deltacoronavirus (PDCoV), and the 

newly discovered HKU2-like porcine enteric alphacorona-
virus (PEAV) [4–7].

The prevalence of coinfections by two or potentially more 
kinds of enteric CoVs is increasing in dozens of countries, 
including China, the USA, and South Korea [8–10]. For 
example, PEDV and PDCoV coinfections are frequently 
detected in piglets, and half of PDCoV-positive samples 
can also be positive for PEDV according to an investigation 
in our lab [7]. Liu et al. reported that the morbidity rate of 
mixed infections with PEDV, TGEV, and porcine rotavirus 
(PoRV) was 27.85% [11]. Zhou et al. performed a retro-
spective study and found that coinfections with PEAV and 
PEDV occurred most frequently with a rate of 17.65% [12]. 
As various experimental data have shown, coinfections are 
becoming more common. Therefore, experimental materi-
als, especially cell lines, are urgently needed to facilitate 
research into coinfections.

A few cell lines have been used to model coinfections 
with different porcine enteric CoVs. IPI-FX cells, a sub-
cloned line of homogeneous cells derived from IPI-2I cells 
(porcine intestinal epithelial cells), are susceptible to the 
four enteric CoVs mentioned above [13]. Additionally, the 
IPEC-J2 cell line and its subcloned cell line IPEC-DQ have 
been confirmed to be susceptible to multiple porcine enteric 
CoVs [14, 15]. It is known that ST (swine testicle) cells are 
permissive for TGEV and PDCoV infection, Vero (African 
green monkey kidney) cells are susceptible to PEDV and 
PEAV [16–18], and LLC-PK1 (porcine kidney epithelial) 
cells are extensively used in the proliferation and isolation 
of PDCoV [19]. However, it is unclear whether these widely 
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used cell lines have the potential to become infected with 
different enteric CoVs.

In this study, we investigated the susceptibility of LLC-
PK1 cells to infection by four porcine enteric CoVs and 
found that LLC-PK1 cells could be infected by TGEV, 
PEDV, PDCoV, and PEAV. Moreover, LLC-PK1 cells were 
more sensitive to the four porcine enteric CoVs than IPI-FX 
cells, particularly for TGEV and PDCoV infections, provid-
ing another ideal cell model for studying coinfection with 
different porcine enteric CoVs.

Materials and methods

Cells, viruses and reagents

LLC-PK1 and Vero cells were purchased from the Ameri-
can Type Culture Collection (ATCC; Manassas, VA). ST 
and IPI-2I cells were acquired from the China Center for 
Type Culture Collection (CCTCC; Wuhan, China). IPI-
FX cells were subcloned previously from IPI-2I by our 
group. TGEV strain WH1 (GenBank accession number 
HQ462571), PEDV strain AJ1102 (GenBank accession 
number JX188454.1), PDCoV strain CHN-HN-2014 (Gen-
Bank accession number KT336560), and PEAV strain CHN-
GD-2017 (GenBank accession number MH539766) were 
isolated from neonatal piglets with acute diarrhea. Mouse 
monoclonal antibodies (mAbs) against TGEV nucleocapsid 
(N) protein, PEDV nucleocapsid (N) protein, PDCoV spike 
(S) protein, and PEAV spike (S) protein were produced pre-
viously by our group.

Virus inoculation and cytopathic effect (CPE)

LLC-PK1 cells were grown in 24-well plates to confluence 
and then inoculated with TGEV and PDCoV at a multiplic-
ity of infection (MOI) of 0.01 and with PEDV and PEAV 
at an MOI of 0.25. The optional infection doses used for 
different CoVs were based on our preliminary experiments. 
After incubation for 1 h at 37 °C to allow virus attachment, 
the inocula were discarded and replaced with DMEM. CPE 
was observed at 6, 12, 18, 24, and 30 h postinfection (hpi).

Indirect immunofluorescence assay (IFA)

Monolayer LLC-PK1 cells in 24-well plates were infected 
or mock infected with PDCoV (MOI = 0.01), TGEV (MOI 
= 0.01), PEAV (MOI = 0.25), or PEDV (MOI = 0.25). At 
6, 12, 18, 24 and 30 hpi, the cells were washed three times 
with phosphate-buffered saline (PBS) and then fixed with 
4% paraformaldehyde for 15 min and permeabilized with 
cold methyl alcohol for 10 min. The samples were then 
blocked with PBS containing 5% bovine serum albumin for 

1 h and incubated with the corresponding mAbs for 1 h at 
37 ℃. Afterwards, the cells were treated with Alexa Fluor 
488–conjugated anti-mouse secondary antibody for 1 h at 
37 ℃ and stained with 0.01% 4′,6′-diamidino-2-phenylin-
dole (DAPI) for 15 min at room temperature. After three 
washes with PBS, fluorescent images were visualized using 
an inverted fluorescence microscope (Olympus IX73).

Median tissue culture infectious dose (TCID50) 
assay and proliferation curve

To compare the titers of TGEV, PDCoV, PEDV, and PEAV 
in different cells, LLC-PK1, IPI-FX, or ST cells were inocu-
lated with TGEV or PDCoV at an MOI of 0.01, and LLC-
PK1, IPI-FX, or Vero cells were inoculated with PEDV or 
PEAV at an MOI of 0.25. Samples were collected at 6, 12, 
18, 24 and 30 hpi, frozen and thawed three times, and cen-
trifuged at 4 ℃ 12000 rpm for 10 min, and the supernatants 
were collected.  TCID50 assays were performed as described 
previously [14]. Briefly, cell monolayers seeded in 96-well 
plates were washed twice with DMEM containing 7.5 μg of 
trypsin per ml or 2% fetal bovine serum. Virus-containing 
supernatants were serially diluted tenfold, and appropri-
ate dilutions of virus suspension were chosen to inoculate 
Vero or LLC-PK1 cells, with eight replicates at each dilu-
tion. After the cells were cultured at 37 ℃ with 5%  CO2 for 
3-4 days, the  TCID50 was calculated by the Reed-Muench 
method, and the virus proliferation curves were plotted from 
three independent experiments.

Statistical analysis

Data are shown as the mean ± standard deviation of three 
independent experiments. Student’s t-test was used to evalu-
ate differences in results, and P < 0.05 was considered sta-
tistically significant.

Results

Observation of typical CPE after enteric CoV 
infection

To determine the proliferation characteristics of four por-
cine enteric CoVs in LLC-PK1 cells, cells were infected 
with PDCoV or TGEV at an MOI of 0.01 or with PEDV 
or PEAV at an MOI of 0.25. CPE were examined at 6, 
12, 18, 24 and 30 hpi. As shown in Fig. 1A, typical CPE 
characterized by enlarged, rounded, clustered cells became 
visible at 18 hpi and was increasingly apparent as PDCoV 
infection progressed. Similarly, CPE became observable at 
12-30 hpi after TGEV infection, characterized by round-
ing, shrinkage, rupture, and shedding of cells (Fig. 1B). 
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When LLC-PK1 cells were infected with PEDV or PEAV, 
fused syncytia were detected at 24 hpi, and cell detach-
ment was observed at 30 hpi (Fig. 1C and D). These results 
indicate that LLC-PK1 cells are susceptible to all four por-
cine enteric CoVs.

Detection of specific fluorescence after enteric CoV 
infection

To further ascertain the replicative capacity of four por-
cine enteric CoVs in LLC-PK1 cells, mock-infected and 

Fig. 1  Typical CPE after enteric 
CoV infection. (A) PDCoV 
CPE was detected at 6, 12, 18, 
24, and 30 hpi. (B) TGEV CPE 
was detected at 6, 12, 18, 24, 
and 30 hpi. (C) PEDV CPE was 
detected at 6, 12, 18, 24, and 
30 hpi. (D) PEAV CPE was 
detected at 6, 12, 18, 24, and 30 
hpi. Typical CPE at the early 
stage of infection is indicated by 
black arrows.
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infected cells were monitored by IFA with mAbs against 
the PDCoV S, TGEV N, PEDV N, and PEAV S protein, 
respectively. The results showed that only a small frac-
tion of cells exhibited green fluorescence at 6, 12, and 18 
hpi, but almost all of the cells were PDCoV positive at 24 
hpi (Fig. 2A). Nearly 100% of the cells were infected by 
TGEV at 12 hpi (Fig. 2B), and PEDV-N- and PEAV-S-pro-
tein-specific immunofluorescence could be also observed 
throughout the infection (Fig. 2C and D). These results 
confirm the high susceptibility of LLC-PK1 cells to all 
four porcine enteric CoVs.

Proliferation of enteric CoVs in LLC‑PK1 cells

To study the growth kinetics of the four porcine enteric 
CoVs in LLC-PK1 cells in more detail, the growth curves 
of PDCoV, TGEV, PEDV and PEAV were compared in 
different susceptive cell lines, including LLC-PK1, IPI-
FX, and ST/Vero cells. As shown in Fig. 3A, the PDCoV 
titer in LLC-PK1 cells reached  107.8  TCID50/mL, while in 
IPI-FX and ST cells, it only reached  105.8  TCID50/mL and 
 106.2  TCID50/mL, respectively. Similar growth curves were 
observed in TGEV-infected LLC-PK1 and ST cells, while 

Fig. 2  Specific immunofluorescence after enteric CoV infection. (A) PDCoV S. (B) TGEV N. (C) PEDV N. (D) PEAV S
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TGEV infection in IPI-FX cells was roughly 1.4 log lower 
(Fig. 3B). Comparing the PEDV and PEAV proliferation 
curves in different cell lines, the viral titers in LLC-PK1 
cells reached  106.4  TCID50/ml and  106.2  TCID50/mL at 24 
hpi, respectively (Fig. 3C and D). Although the PEDV and 
PEAV titers propagated in LLC-PK1 cells were slightly 
lower than those in Vero cells, they were significantly higher 
than those in IPI-FX cells. These results show that the four 
porcine enteric CoVs reached a higher titer in LLC-PK1 
cells than in ST or IPI-FX cells, indicating that LLC-PK1 
is an ideal cell line for studying CoV infections or coinfec-
tions in vitro.

Discussion

In recent years, emerging and re-emerging porcine enteric 
CoVs have presented new challenges for the pig industry. In 
addition to the first discovered TGEV, re-emerging PEDV 
variants possess greater virulence and lead to more serious 
economic losses. Furthermore, the emerging PDCoV and 
the bat-HUK2-like CoV PEAV are also more common in 
Asia and America. Mixed infections with two or more CoVs 

are also increasingly common on farms in various coun-
tries. Therefore, we should pay more attention to studying 
the mechanisms of porcine enteric CoV infection and host 
immune responses. Moreover, the development of suitable 
experimental materials, including cell lines, for coinfection 
studies should also be continually enriched.

Although PEDV is highly pathogenic to pigs, some 
porcine-derived cell lines appear not to be susceptible to 
PEDV infection [11]. Thus, Vero cells, a cell line derived 
from African green monkey kidney, are extensively used 
for PEDV and PEAV isolation and proliferation. How-
ever, it has been reported that Vero cells cannot express 
interferon because of their inherent genetic defects in the 
beta and alpha genes [20]. Some scholars believed that 
the attenuated vaccines produced by successive passage 
of highly virulent PEDV strains in non-pig-derived Vero 
cells often could not induce sufficient protective anti-
bodies to counter a challenge with virulent PEDV [21]. 
Thus, Vero cells may not be an ideal candidate cell line 
for immunology studies of PEDV and PEAV. In contrast, 
multiple viral infections have been reported to inhibit the 
production of interferon in LLC-PK1 cells. For example, 
it has been reported that PDCoV infection suppresses the 

Fig. 3  Growth curves of four porcine enteric CoVs measured by virus 
titration. (A) PDCoV growth curves in LLC-PK1, ST and IPI-FX 
cells. (B) TGEV growth curves in LLC-PK1, ST and IPI-FX cells. 
(C) PEDV growth curves in LLC-PK1, Vero and IPI-FX cells. (D) 
PEAV growth curves in LLC-PK1, Vero and IPI-FX cells. The mean 

titer and standard deviation were calculated from three independent 
experiments. Red marks represent differences between LLC-PK1 
cells and IPI-FX cells, and black marks represent differences between 
ST and Vero cells. ****, P < 0.0001; ***, P < 0.001; **, P < 0.01; 
*, P < 0.05
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RIG-I-mediated IFN signaling pathway in LLC-PK1 cells 
[19]. In this study, we found that PEDV and PEAV could 
strongly infect LLC-PK1 cells despite attaining lower 
titers than those in Vero cells. This cumulative evidence 
indicates that pig-derived LLC-PK1 cells are applicable 
for PEDV and PEAV research and have an advantage over 
Vero cells in immunological studies.

TGEV, PEDV, PDCoV and PEAV are the four currently 
prevalent porcine enteric CoVs, and mixed infections are 
relatively common clinically under the current domestic 
intensive pig farming circumstances. Coinfections with two 
or more enteric CoVs have also been increasingly reported, 
but how CoVs interplay with each other remains unknown. 
A recent study indicated that mixing of viral components 
during coinfection altered pathogenic outcomes or viral rep-
lication. For example, overexpression of TGEV N increased 
production of PEDV RNA and virions [22]; therefore, we 
inferred that one coinfecting virus might augment the prolif-
eration of the other, leading to more-severe diarrheal disease. 
Notably, new strains are likely to emerge in cases of coin-
fection, such as the emergence of recombinant S-INDEL-
variant PEDV [23]. Hence, it is necessary to understand the 
mechanisms of coinfection. However, there are currently few 
cell lines that can be used for studies of multiple intestinal 
CoVs. IPI-FX, IPEC-J2, and subcloned IPEC-DQ cells can 
be infected by multiple enteric CoVs, as reported previously. 
However, all of these cell lines have the disadvantage of low 
viral titers. The results of this study showed that all four 
enteric CoVs could infect LLC-PK1 cells, and their ability 
to proliferate in LLC-PK1 cells was stronger than in IPI-FX 
cells. From this perspective, the LLC-PK1 cell line is a new 
ideal cell model for coinfection studies of enteric CoVs. In 
contrast, pathological changes occur mainly in the ileum and 
jejunum after CoV infection in vivo, and IPI-2I and IPEC-J2 
cells are derived from swine ileal epithelium and jejunum 
epithelium, respectively [14, 15]. Lin et al. confirmed that 
the proteomic data from in vitro PDCoV-infected IPEC-J2 
cells were more consistent with those obtained in vivo [24]. 
Furthermore, Jung et al. showed that PDCoV did not induce 
apoptosis in infected intestinal enterocytes in vivo but did 
in two infected cell lines of swine origin: LLC-PK and ST 
cells [25]. This highlights some limitations of LLC-PK1 
cells as an in vitro model. However, LLC-PK1 cells can be 
transfected more efficiently than IPEC-J2 and IPI-FX cells. 
Based on the advantages and disadvantages of LLC-PK1 and 
enteric cells, suitable cell lines can be selected for different 
experimental purposes.

In conclusion, we have investigated the susceptibility 
of LLC-PK1 cells to infection with four different porcine 
enteric CoVs and found that they are highly susceptible to 
TGEV, PEDV, PDCoV, and PEAV and thus could be applied 
to enteric CoV research and coinfection studies.
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