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ABSTRACT
Coronaviruses and influenza viruses are circulating in humans and animals all over the world. Co- 
infection with these two viruses may aggravate clinical signs. However, the molecular mechanisms 
of co-infections by these two viruses are incompletely understood. In this study, we applied air- 
liquid interface (ALI) cultures of well-differentiated porcine tracheal epithelial cells (PTECs) to 
analyze the co-infection by a swine influenza virus (SIV, H3N2 subtype) and porcine respiratory 
coronavirus (PRCoV) at different time intervals. Our results revealed that in short-term intervals, 
prior infection by influenza virus caused complete inhibition of coronavirus infection, while in 
long-term intervals, some coronavirus replication was detectable. The influenza virus infection 
resulted in (i) an upregulation of porcine aminopeptidase N, the cellular receptor for PRCoV and 
(ii) in the induction of an innate immune response which was responsible for the inhibition of 
PRCoV replication. By contrast, prior infection by coronavirus only caused a slight inhibition of 
influenza virus replication. Taken together, the timing and the order of virus infection are 
important determinants in co-infections. This study is the first to show the impact of SIV and 
PRCoV co- and super-infection on the cellular level. Our results have implications also for human 
viruses, including potential co-infections by SARS-CoV-2 and seasonal influenza viruses.

ARTICLE HISTORY
Received 30 November 2020  
Revised 9 March 2021  
Accepted 29 March 2021  

KEYWORDS
Co-infection; super-infection; 
viral interference; porcine 
respiratory coronavirus; 
swine influenza virus; air- 
liquid interface culture; 
porcine respiratory disease 
complex; porcine 
aminopeptidase N; innate 
immune response; receptor

Introduction

Coronaviruses and influenza viruses are major respira
tory pathogens co-circulating in animals and humans 
[1,2]. Porcine respiratory coronavirus (PRCoV) and 
swine influenza viruses (SIV) are circulating in pig 
populations, rendering co-infections likely to occur 
[3]. The pathogenesis of coronavirus and influenza 
virus infections in pigs resembles those of these two 
pathogens in humans in many aspects [1,4]. PRCoV 
shares some characteristics with SARS-CoV including 
the bronchointerstitial pneumonia, long-periods repli
cation in the lung, and a two-phase inflammatory pro
cess [5,6]. Influenza virus infection in swine has many 
similarities with that in humans including the same 
antigenic subtypes, repeated genetic exchange of viruses 
among two host species, and the clinical manifestation 
[4,7,8]. Therefore, the infection of PRCoV and SIV in 
porcine models has been used to mimic the infection of 
coronavirus and influenza virus in humans [4,7].

With the high prevalence of influenza viruses and 
coronaviruses, it is very common to detect two viruses 
together [3,9]. However, a substantial amount of 
research only focused on epidemiology and case reports 

[3,10,11]. Very little is known about how co- and 
super-infections by SIV and PRCoV affect pathogenesis 
[12]. Experimentally, viral interference has been shown 
to occur during co- or superinfections by PRCoV and 
SIV in pigs [13]. In nasal swabs, the amount of SIV was 
decreased and no PRCoV was detected in the co- 
infection group as compared to the mono- infection 
group [13,14]. Furthermore, in co-infections of porcine 
precision-cut lung slices (PCLS) a lower amount of 
PRCoV was detected than after mono-infection [15]. 
Taken together, the previous studies indicated an inter
ference between the two viruses. Nevertheless, the 
mechanisms of the viral interference between SIV and 
PRCoV are still unknown. To further study this phe
nomenon, we applied an in vitro model of primary 
cultures of porcine tracheal epithelial cells (PTECs) 
grown under air-liquid interface (ALI) conditions. 
Compared with conventional primary cells grown on 
plastic, PTECs maintained in ALI conditions differenti
ate into specialized epithelial cells, including ciliated 
and mucus-producing cells [16,17]. Furthermore, 
PTECs grown in ALI cultures have a long life span 
and regenerative characteristics [18]. Until now, 
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PTECs have been analyzed in mono-infections by 
respiratory viruses and co-infections with bacteria 
[19,20].

Recently, we compared the virulence of SIV and 
PRCoV, respectively, in ALI culture systems and high
lighted virus-specific infection signatures [16,21]. In 
contrast to the infection by PRCoV, infection of ALI 
cultures by SIV induced the loss of ciliated cells due to 
apoptosis [16]. In the course of a seven day period of 
infection, the number of ciliated cells decreases without 
affecting the barrier function as indicated by the trans
epithelial electrical resistance. This finding indicates 
that in the infected area, the loss of ciliated cells is 
compensated by other cells, presumably by basal cells 
that have started to differentiate into specialized cells. 
In the transition time until they are well-differentiated, 
i.e. ciliated, they were shown to have different surface 
properties [16]. These observations are indicative of 
a regeneration process that is occurring to repair the 
virus-induced damage. Changes on the cell surface 
during the regeneration phase may also affect the sus
ceptibility to virus infection. Therefore, we were inter
ested to know whether prior infection by SIV will affect 
the secondary infection by PRCoV.

In the present research, we aimed to investigate the 
interactions between SIV and PRCoV in the context of 
co- and super-infections of PTECs by the two viruses 
within different interval days. Co-infection means that 
PTECs are simultaneously infected by SIV and PRCoV, 
and super-infection means that the primary virus 
infects PTECs prior to the secondary virus. We also 
addressed the mechanisms of interference. Our findings 
suggest a scenario of viral-viral interactions in the coin
fection of the airway that may also be relevant for 
humans.

Materials and methods

● Primary porcine tracheal epithelial cells (PTECs)

The tracheas were collected from pigs obtained from 
a local slaughterhouse. PTECs were harvested from the 
porcine trachea as previously described [16,21]. Briefly, 
PTECs were initially maintained in bronchial epithelial 
cell growth medium (Lonza). After PTECs had reached 
80% confluence, PTECs were transferred to transwell 
filters and maintained with ALI medium under air- 
liquid interface conditions for at least 3 weeks. All 
cells were tested negative for porcine circovirus-2, por
cine reproductive and respiratory syndrome virus, por
cine cytomegalovirus, porcine influenza A virus, 
porcine respiratory coronavirus, Mycoplasma hyorhinis, 
and Mycoplasma hyopneumoniae by multiplex 

Polymerase Chain Reaction. The results were repeated 
at least with six PTECs from three independent donors, 
three fields per culture.

● Cells and viruses

Swine testicular (ST) cells and Madin–Darby canine 
kidney cells (MDCK) were maintained in Eagle’s mini
mal essential medium (EMEM; PAN-Biotech) supple
mented with 10% fetal calf serum (FCS). Both cell types 
were incubated in a humidified atmosphere containing 
5% CO2 at 37°C and passaged every 2 to 3 days. PRCoV 
Bel85 was obtained from Prof. Luis Enjuanes, Campus 
Universidad Autónoma de Madrid, Spain. Swine influ
enza virus of subtype H3N2 (A/sw/Herford/IDT5932/ 
2007, H3N2) was provided by Prof. Michaela 
Schmidtke, University of Jena, Germany. All stocks 
were propagated on ST cells (PRCoV) or MDCK cells 
(influenza virus), respectively, in EMEM. After incuba
tion for 36 to 48 hr at 37°C, the supernatants were 
harvested and stored at −80°C.

● Virus infection of differentiated epithelial cells

The viral inoculation of PTECs was performed as pre
viously described [16]. Briefly, PTECs were apically 
inoculated with PRCoV or SIV at 1 × 103 focus forming 
units (FFU) and 4 × 104 FFU, respectively. After 2 h of 
incubation at 37 °C, PTECs were washed with PBS 
twice to remove unbound viral particles and fresh ALI 
medium was added. At the time of measurement, api
cally released viral particles were collected by overlay
ing the cells with medium for 30 min for virus 
harvesting. The virus replication kinetics were deter
mined by performing a focus-forming assay.

● Immunofluorescence analysis (IFA)

For analyzing the susceptibility of ciliated cells to 
PRCoV, the samples were fixed with 3% paraformalde
hyde (PFA) for 1 hr and permeabilized with 0.5% 
Triton X-100 for 20 min at room temperature. The 
samples were blocked with 1% BSA, then incubated 
with a monoclonal mouse anti-coronavirus-antibody 
(FIPV3-70; 1:1000, Thermo Fischer, Scientific) followed 
by Alexa Fluor® 488 conjugated secondary antibody 
staining (Thermo Fisher). The primary antibody is 
directed to the nucleocapsid protein of feline corona
virus and related porcine coronaviruses [15,21]. 
Ciliated cells were stained by Cy3-labeled antibody 
against β-tubulin (1:400; Sigma-Aldrich, MO, USA).

For analyzing the expression of porcine aminopepti
dase N (pAPN), the samples were fixed with 3% PFA 
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and then blocked with 1%BSA. Subsequently, the sam
ples are stained by rabbit anti-pAPN antibody [22] 
followed by Alexa Fluor® 488 conjugated secondary 
antibody staining (Thermo Fisher). In the next steps, 
the samples were fixed with 3% PFA again and permea
bilized with 0.2% Triton X-100 for 7 min at room 
temperature. Ciliated cells were stained by Cy3-labeled 
antibody against β-tubulin (Sigma-Aldrich, St. Louis, 
MO, USA). The nuclei were stained by 1 μg/ml DAPI 
(4′,6-diamidino-2-phenylindole), and the membrane of 
the transwell filters was embedded with ProLong® Gold 
Mountant (Life Technologies). Confocal immunofluor
escence microscopy of samples was performed using 
a TCS SP5 confocal laser scanning microscope 
equipped with a 63× (NA, 1.40) oil HCX PL Apo 
objective (Leica).

● Virus titration

To determine the infectivity of the harvested super
natants, a focus-forming assay was performed as 
described previously with some modifications [23]. 
Briefly, ST and MDCK cells were seeded in 96-well 
plates one day before the experiment. Serial 10-fold 
dilutions of samples harvested from ALI cultures were 
performed and then inoculated on cells for 1 hr at 37 ° 
C. Cells were overlaid with Avicell. After incubation for 
24 h at 37°C, cells were washed, fixed with 3.7% for
malin, and permeabilized with quencher buffer (0.5% 
Triton X-100 with 20 mM glycine in PBS). A primary 
anti-coronavirus-antibody (FIPV3-70; 1:1000) and anti- 
influenza antibody (1:1000, AbDSeroTec) was added 
for I hr at room temperature, followed by a secondary 
horseradish peroxidase (HRP) antibody (SeraCare KPL) 
for I hr at room temperature. Subsequently, a substrate 
(True Blue; KPL) was used for immunological staining. 
The calculated virus titer is indicated in FFU per ml 
(FFU/ml). The detection limit was 200 infectious par
ticles. Therefore, the samples below the detection level 
were set to 100 FFU.

● Quantitative RT-PCR

To analyze the innate immune response of the PTECs, 
real-time PCR was performed as previously described 
with a slight modification [19]. Cells were infected 
apically with 4 × 103 FFU SIV or pre-treatment with 
poly (I:C). One day later, the membrane was cut down 
and lysied in RLT lysis buffer (Qiagen). Total RNA was 
isolated by using RNeasy Minikit® according to the 
manufacturer’s instructions (Qiagen). Then, real-time 
PCR reaction was performed using QuantiTect SYBR 
Green PCR Kit (Qiagen) according to the 

manufacturer’s instructions. Primers and references 
for detecting swine Mx1, ISG15, IFNβ, and β-actin 
transcripts were listed in the previous study [19].

● Statistical analyses

If not stated otherwise, experiments were performed at 
least four to six times with samples derived from two to 
three donors. Results are expressed as the means with 
standard deviations. Data were analyzed by one-way- 
ANOVA and Tukey multiple comparison test, using 
GraphPad Prism (version 5) software. A P value of 
<0.05 was considered significant.

Results

Prior infection with SIV interferes with the 
replication of PRCoV

In our previous study, infection of PTECs by SIV 
caused the most severe loss of ciliated cells at 7 dpi. 
As this effect is of major importance for our study, it is 
illustrated in Fig. S1. The loss of ciliated cells is com
pensated by basal cells that start to differentiate into 
specialized cells, indicative of a regenerative process 
[16]. During a transition phase, the epithelial cells differ 
from well-differentiated cells in the expression of APN, 
the cellular receptor for PRCoV [16]. In addition, the 
immune response and clinical signs in pigs are 
decreased at day 3 after SIV infection [24]. Thus, we 
designed the 0-, 3- and 7-day intervals to analyze the 
scenario of co- and super-infection by SIV and PRCoV 
(Figure 1). To investigate the effect of influenza virus 
infection on secondary virus infection, PTECs were first 
infected with SIV followed by PRCoV after the respec
tive interval. Viruses released from the apical side were 
harvested at different time points and titrated by focus- 
forming assay with ST cells and MDCK cells, respec
tively. As shown in Figure 1 and Table 1, in the course 
of a mono-infection, the titer of PRCoV increased 
progressively from day one to day four reaching 
a titer of approximately 106 FFU/ml. The maximum 
titer of SIV in mono-infection, approximately 105 FFU/ 
ml, was reached already at 1 day post infection (dpi) 
and remained stable until 10 dpi. As for the co- and 
super-infection, different outcomes were observed with 
different interval days. In the 0-day-interval group (co- 
infection), when PTECs were simultaneously infected 
with SIV and PRCoV, very significant inhibition of 
PRCoV amplification was determined from 1 to 4 dpi, 
compared with mono-infection of PRCoV (p < 0.001). 
Similarly, in the 3-day-interval group (super-infection), 
very significant inhibition of PRCoV growth was seen 
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from 1 dpi to 4 dpi, compared with mono-infection of 
PRCoV (p < 0.001). As for the 7-day-interval (super- 
infection), some replication of PRCoV was detected at 3 
dpi, and a titer of almost 104 FFU/ml was reached at 4 
dpi (p < 0.01). In these experiments, SIV was applied at 
a dose of 4 × 104 FFU. This amount of virus selected 
after a series of initial experiments, where a tenfold 
higher as well as a tenfold lower dose had been ana
lyzed. A dose of 4 × 105 FFU was excluded from our 
experimental approach, because it resulted in 
a detrimental effect on the barrier function as indicated 
by the loss of the transepithelial electrical resistance. As 

shown in Fig. S2, a dose of 4 × 103 had a similar effect 
on the co-infection by PRCoV as a tenfold higher dose.

The detrimental effects of SIV-PRCoV coinfection on 
ciliated cells

To get information about the detrimental effects of the 
infection by SIV at different interval times, we deter
mined the loss of ciliated cells by monitoring changes 
in β-tubulin staining and quantifying the coverage of 
ciliated cell. As shown in Figure 2a, infection by SIV 
resulted in a reduction of the cilia coverage. The longer 

Figure 1. Virus release from porcine primary tracheal epithelial cells (PTECs) infected by swine influenza virus, followed at 
intervals of 0, 3, or 7 days by porcine respiratory coronavirus (PRCoV). PTECs were first infected with 4 × 104 FFU of SIV 
followed by infection with 1 × 103 FFU PRCoV 0, 3, or 7 days later. Control PTECs were infected with SIV or PRCoV only. Viruses 
released from the apical side were harvested at different time points and titrated by focus-forming assay in ST cells and MDCK cells, 
respectively. The dashed lines indicate detection limits for the assays. The results are shown as means ± SEM and significance. a, 
b significant differences between groups are indicated with different letters (** p < 0.01, *** p < 0.001).
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interval time caused a more pronounced loss of ciliated 
cells. The most dramatic loss of the cilia staining was 
observed at the 7-day-interval group compared to the 
samples of the 3-day and 0-day-interval. No PRCoV 
antigen was detected at the 0-day and 3-day-interval; at 
the 7-day-interval, a low number of PRCoV-infected 
cells was observed. DAPI-staining of nuclei indicated 
that the virus-infected PTECs were still present as 
a confluent cell layer. To get more exact data about 
the loss of ciliated cells, the fluorescent signals were 
quantified by comparing the infected cells with the 
mock sample (set as 100%). As shown in Figure 2b, 
the value of remaining ciliated cells at the 7-day- 
interval is 24.8% (p < 0.001), at the 3-day-interval 
51.8%(p < 0.01), and at the 0-day-interval 58.3% 
(p < 0.01).

SIV infection of PTEC results in enhanced 
expression of pAPN

A previous study has revealed that the loss of ciliated 
cells observed after infection by SIV is associated 
with an enhanced expression of α2,3-linked sialic 
acids [12]. The different expression of receptors 
may have relevance for viral-coinfection. To investi
gate whether SIV infection of PTECs affects the 
expression of pAPN, we performed an immunofluor
escence analysis to visualize pAPN and ciliated cells. 
PTECs were fixed at 3 dpi or 7 dpi after SIV infec
tion or without SIV infection. Figure 3 shows that 
SIV infection of PTEC indeed affects the expression 
of pAPN (green fluorescence). In PTECs without SIV 
infection, the expression of pAPN is presented as 
pin-point shaped fluorescent signals that are diffusely 
distributed. For the PTECs infected by SIV, the 
expression of pAPN is presented as large spots and 
mostly located in areas of non-ciliated cells. 
Quantification of the fluorescent signals on epithelial 
cells indicated that the expression of pAPN at 7 dpi 
was higher than at 3 dpi and mock (p < 0.05).

Influenza virus infection enhances the innate 
immune response

Innate immunity has been identified as a protective 
factor against coronavirus infections [13]. SIV is able 
to induce innate immunity-related cytokines in PTECs 
[10]. The relative expression of the interferon- 
stimulated genes, such as the upregulation of Mx1 
and ISG15 genes, was used to reflect the host response 
to influenza virus-infected cells. To understand the 
innate immune response to SIV on PTECs, PTECs 
were infected by SIV. At 24 h post-virus infection, the 
cells were collected from filter supports, and the total 
RNA was extracted. As shown in Figure 4a, one step 
quantitative real-time PCR results showed that IFNβ 
was upregulated to some extent. The expression of 
ISGs and MX1 were significantly increased in SIV- 
infected cells compared to the mock-infected sample 
(p < 0.05 and p < 0.01, respectively).

Next, we were interested to know whether the innate 
immune response inhibits the replication of PRCoV. 
We used poly (I:C) to stimulate an innate immune 
reaction. PTECs were pretreated with poly (I:C) 1 μg/ 
well one day before infection by PRCoV. Compared to 
PTECs without Poly (I:C) pretreatment, the replication 
of PRCoV was significantly inhibited by Poly (I:C) 
(Figure 4b). These results suggest that – similar to the 
poly (I:C) effect, SIV may inhibit the replication of 
PRCoV by inducing an innate immune response.

Prior infection of PRCoV has little effect on the 
replication of SIV

To investigate whether PRCoV infection affects second
ary infection by SIV, PTECs were first infected with 
1 × 103 FFU PRCoV and then infected with 4 × 104 

FFU SIV 3-days later (Figure 5). As shown in Figure 5 
and Table 1, the inhibition of SIV growth was detected 
from day 1 post-infection (p < 0.01) and a slight inhibi
tion on 2 dpi to 4 dpi, compared with mono-infection 
filters (p < 0.1). The inhibition of SIV by PRCoV is 

Table 1. The summarized viral titers after secondary pathogen infection.

Interval day Mono/co-infection

SIV titer on each day PRCoV titer on each day

1 2 3 4 1 2 3 4

Prior infection of SIV
- SIV +++ +++ +++ +++ - - - -
- PRCoV - - - - + + ++ ++++
0 SIV + PRCoV ++ +++ +++ +++ - - - -
3 SIV 3dpi + PRCoV ++ +++ +++ +++ - - - -
7 SIV 7dpi + PRCoV ++ +++ +++ +++ - - + +

Prior infection of PRCoV
- PRCoV - - - - +++ +++ +++ +++
- SIV +++ +++ +++ +++ - - - -
3 PRCoV 3dpi + SIV ++ ++ ++ ++ ++ ++ ++ ++

+++: 105 to 106 FFU/ml, ++:103 to 105 FFU/ml, +:2.3X102 to 103 FFU/ml, -: less than 2.3 × 102 FFU/ml 
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much less pronounced at the 3-day-interval when com
pared with the inhibition of PRCoV by SIV (Figure 1 
and Table 1).

Discussion
This study aimed to apply an invitro cell culture system 
of differentiated porcine respiratory epithelial cells to 
gain insights into the viral interference between 

infections by coronavirus and influenza virus. This 
combination of viruses has been analyzed previously 
with differentiated respiratory epithelial cells only 
using porcine precision-cut lung slices as culture 
model [9]. We applied a porcine ALI culture system 
that has been used so far only to analyze viral-bacterial 
co-infection [11], but not to investigate viral-viral coin
fections. The advantage of the ALI culture system that 
it has a regeneration capacity that is characteristic for 

Figure 2. The correlation of PRCoV susceptibility and ciliated cell effected by the prior infection by SIV. (a) PTECs were 
infected by SIV followed at intervals of 0, 3, or 7 days by PRCoV. The cells were fixed at 1 or 4 days post-infection by PRCoV to 
determine the loss of cilia after SIV infection. Red: influenza nucleoprotein, Green: CoV nucleocapsid, Red: ciliated cells, (b) 
Detrimental effect on PTECs. The average coverage of ciliated cells was determined by using ImageJ and shown in bar chart; mock- 
infected group was normalized to 100%. The results are shown as means ± SEM and significance. a, b significant differences 
between groups are indicated with different letters (** p < 0.01, *** p < 0.001).
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the airway epithelium and enables the analysis of infec
tions that are three or seven days apart.

The ability of the respiratory epithelial cells to regen
erate is very important when analyzing influenza virus 
infections because these viruses have a strong effect 
which is evident in a dramatic loss of ciliated cells 
[16]. However, the loss will be compensated by other 
cells, e.g. basal cells that start to differentiate into spe
cialized cells [16]. Though it takes more than a week 
until the cells are well–differentiated and have devel
oped cilia, the cell layer remains intact and maintains 
its barrier function as evident from the transepithelial 

electrical resistance (TEER) which is unaffected by the 
virus infection [16]. Results obtained from infection of 
ALI cultures by influenza viruses have relevance also 
for understanding natural infections. Pathogenicity was 
found to be correlated with the loss of ciliated cells in 
infection of ALI cultures [25–27], i.e. the more patho
genic viruses showed an enhanced virulence in ALI 
cultures. This effect of SIV was also observed in our 
study. In contrast to SIV, we did not observe 
a detrimental effect of PRCoV infection on ALI cul
tures [21]. This difference may be explained – at least in 
part– by the different cell tropism of the two viruses. 

Figure 3. The expression of pAPN on PTECs after infection by SIV. (a) PTECs were apically infected with SIV or mock-infected. 
The cells were fixed at 7 or 3 days post-infection to determine the expression of pAPN by immunofluorescent staining. Red: ciliated 
cells, Green: pAPN, Blue: nuclei. (b) To quantify the expression of pAPN, the areas containing green fluorescent were determined by 
ImageJ. Statistical analysis was performed by one-way ANOVA and followed by Tukey’s multiple comparisons test. The results are 
shown as means ± SEM and significance. a, b significant differences between groups are indicated with different letters (* p < 0.05).
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Influenza viruses are very efficient in infecting ciliated 
cells which are the majority of cells among 
a differentiated airway epithelium [16]. On the other 
hand, PRCoV preferentially infects non-ciliated cells 
and among them the non-mucus-producing cells [21].

Areas in an airway epithelium that are infected by 
influenza viruses are characterized by the loss of ciliated 
cells due to apoptosis [16]. The loss of cells is compen
sated by basal cells that initiate a differentiation process 
[16]. As mentioned above, these cells can contribute to 
the maintenance of the barrier function. However, in 
the transition time, until ciliated cells are generated, 
they cannot contribute to the mucociliary clearance 
function. As a consequence, secondary bacterial infec
tions may be facilitated [16,20]. The lack of cilia not 
only prevents the physical removal of virus particles 
from the cell surface, it may also facilitate the access 
of other microorganisms to the cell surface by exposing 
cell surface components that mediate binding of viruses 

or adhesion of bacteria [20]. Another feature of the cells 
in the transition phase is that they have different sur
face properties. This difference has been revealed by 
lectin staining. While ciliated cells mainly express 
α2,6-linked sialic acid on the cell surface, this sugar is 
predominantly present in the α2,3-linkage type on 
regenerating cells [16]. The difference also applies to 
the expression of pAPN, the cellular receptor of 
PRCoV. Compared to well-differentiated airway epithe
lial cells, expression of porcine APN is enhanced in 
areas of infected cells which according to our previous 
studies are regenerating cells [21]. A similar finding was 
also noted concerning the expression of ACE2, the 
cellular receptor for SARS-CoV [28].

Because of the difference in the expression of pAPN, 
one might expect that regenerating cells are more sus
ceptible to infection by PRCoV. However, prior infec
tion by SIV which resulted in the generation of 
a substantial number of regenerating cells, did not 
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Figure 4. Innate immune response in PTECs after SIV infection and consequence for PRCoV replication. (a) The relative 
quantity of IFNβ, ISG15, and MX1 genes on PTECs after SIV infection or Poly (I:C) pretreatment. PTECs were infected or Poly (I:C) 
pretreated for 2 h from the apical surface. At 24 h post-infection, the messenger RNA from each group was used to perform 
quantitative real-time PCR. IFNβ, Mx1, and ISG15 genes were normalized to β-actin expression. The calculation of 2− ΔΔCT method 
was normalized to mock-infected groups. (b) Effect of Poly (I:C) on PRCoV. With or without one-day Poly (I:C) pretreatment, PTECs 
were infected by PRCoV. The results were shown as means ± SEM determined. a, b, c significant differences between groups are 
indicated with different letters (* p < 0.05, ** p < 0.01 or *** p < 0.001).
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enhance secondary PRCoV infection. On the contrary, 
it completely inhibited the coronavirus infection when 
the virus was applied at the same day or three days after 
the primary infection. As treatment of ALI cultures 
with poly-IC also resulted in an inhibition of the infec
tion by PRCoV, we assume that the SIV-induced inhi
bition of PRCoV infection is due to a similar 
mechanism, i.e. it may be related to the innate immune 
response induced by the SIV infection. Our assumption 
is supported by the finding that PRCoV replication is 
inhibited in ST cells that have been transfected with 
SIV RNA, a known inducer of IFN (Fig. S3). When 
primary and secondary infection in ALI cultures were 
separated by a time interval of seven days, infection by 
PRCoV was only partially inhibited. The low level of 
coronavirus infection under these conditions may in 
part be explained by the gradual disappearance of the 
innate immune response [29,30]. Another factor sup
porting this infection may be the increased surface 
expression of the cellular receptor for PRCoV, amino
peptidase N after the longer time for cell regeneration. 
In the future it will be interesting to analyze bacterial 

infections that result in the loss of ciliated cells and in 
the induction of a regeneration process. As the innate 
immune response induced by bacterial infection is not 
expected to have a protective effect against viral infec
tions, secondary infection may not be inhibited but 
rather be enhanced because of the increased surface 
expression of pAPN on the surface of the regenerating 
cells.

Time-dependent interference in viral-viral co- 
infections involving influenza viruses have relevance 
also in natural infections. At the epidemiological 
level, a seasonal peak incidence of influenza virus 
infection may delay the expected peak incidence to 
HCoV–NL63 and other respiratory viruses infection 
[31–33]. It will be interesting to find out whether the 
current seasonal influenza viruses interfere with this 
coronavirus and delay or prevent infection [34,35].

The different order of co- and super-infections 
caused different outcomes [36]. Compared to 
a pronounced inhibitory effect after prior infection of 
SIV, primary infection of ALI cultures by PRCoV 
caused only a partial inhibition of the SIV infection at 

Figure 5. Virus release from PTECs infected with PRCoV followed by infection with SIV. PTECs were infected with 1 × 103 FFU 
PRCoV followed by infection with 4 × 104 FFU of SIV three days later. Control PTECs were infected with SIV or PRCoV only. Viruses 
released from the apical side were harvested at different time points and titrated by focus-forming assay in ST cells and MDCK cells, 
respectively. The dashed lines indicate detection limits for the assays. The results are shown as means ± SEM and significance. a, 
b significant differences between groups are indicated with different letters (* p < 0.05 and** p < 0.01).
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three-day interval. The lower efficiency of PRCoV in 
preventing secondary virus infection may be explained 
by the different cell tropism of SIV and PRCoV. As the 
latter virus has a preference for non-ciliated non-mucus 
-producing cells, it infects a lower number of cells and 
as a consequence induces a weaker innate immune 
response. Another possible explanation is that SIV 
induces a more robust cytokine and chemokine 
response in pigs than does PRCoV [29,30].

Our study provides new insights how SIV and PRCoV 
interact in a co- and super-infection scenario on the 
cellular and molecular level. Such data cannot be 
obtained with immortalized cells and they are necessary 
to understand the pathogenicity in co-infected animals. 
So far, the experimental data about co- and super- 
infection of pigs by SIV and PRCoV are very limited. 
In a study where both viruses were concurrently applied 
to pigs, either virus was isolated less frequently from co- 
infected animals as compared to mono-infected ones, but 
no difference was detected in the pathogenicity of mono- 
and co-infected animals [7]. Another study analyzed the 
effect of a primary PRCoV infection on a secondary SIV 
infection at a two- or three-day interval [8]. Here, virus 
was isolated from nasal swabs after single infections was 
more frequently as compared to isolation from dual- 
infections. In both studies, the level of detectable infec
tious virus in co-infected pigs was found to be reduced 
which is consistent with our results obtained with ALI 
cultures and thus can be explained by the host innate 
immune response. These findings indicate that results 
obtained with ALI cultures have relevance for animal 
infections. The different results of the two studies con
cerning the pathogenicity may be related to the different 
experimental protocol. For a better understanding more 
experiments are required. For this purpose, studies with 
ALI cultures may also be helpful. In our analysis pre
sented here, we focused on the airway epithelium. 
A limitation of the ALI culture model is that it does not 
contain immune cells. Therefore, the inflammatory 
response induced by the immune cells cannot be deter
mined. In the future, it will be interesting to include 
immune cells such as macrophages or dendritic cells. 
Such studies will be possible after successful establish
ment of a co-culture system comprising both epithelial 
and immune cells.

Acknowledgments

This work was performed by Ju-Yi Peng in partial fulfilment 
of the requirements for the PhD degree from the University 
of Veterinary Medicine Hannover. We gratefully thank 
Dr. Fandan Meng (Harbin Veterinary Research Institute, 
Harbin, China) for technical advice. We gratefully thank 

Dr. Christine Bächlein (University of Veterinary Medicine 
Hannover, Hannover, Germany) for performing multiplex- 
PCR of porcine-specific respiratory tract pathogens. We 
gratefully thank Dr. Pei-Chen Peng (Cedars-Sinai Medical 
Center, USA) for the fruitful discussion. This publication 
was supported by Deutsche Forschungsgemeinschaft and 
University of Veterinary Medicine Hannover, Foundation 
within the funding programme Open Access Publishing.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This work was supported by the Deutsche 
Forschungsgemeinschaft (DFG) (WU 929/1-1 to N.-H.W. and 
HE 1168/19-1 and HE1168/21-1 to G.H.); Deutsche 
Forschungsgemeinschaft [HE 1168/19-1];Deutsche 
Forschungsgemeinschaft [WU 929/1-1]; Deutsche 
Forschungsgemeinschaft [HE 1168/21-1].

Authors’ contributions

Conceptualization: J.-Y.P., N.-H.W., and G.H.; Formal ana
lysis J.-Y.P; Investigation, J.-Y.P., D.-L.S.,G.L., N.-H.W., and 
G.H.; Writing—Original Draft, J.-Y.P., N.-H.W., and G.H.; 
Writing—Review and Editing, all authors; Funding acquisi
tion, N.-H.W.and G.H. All authors have read and agreed to 
the published version of the manuscript.

References

[1] Lj. S. Animal coronaviruses: what can they teach us 
about the severe acute respiratory syndrome? Rev Sci 
Tech. 2004;23(2):643–660.

[2] Rg. W. Influenza virus: transmission between species 
and relevance to emergence of the next human 
pandemic. Arch Virol Suppl. 1997;13:105–113.

[3] Saade G, Deblanc C, Bougon J, et al. Coinfections and 
their molecular consequences in the porcine respira
tory tract. Vet Res. 2020;51(1):80.

[4] Meurens F, Summerfield A, Nauwynck H, et al. The 
pig: a model for human infectious diseases. Trends 
Microbiol. 2012;20(1):50–57.

[5] Jung K, Alekseev KP, Zhang X, et al. Altered pathogen
esis of porcine respiratory coronavirus in pigs due to 
immunosuppressive effects of dexamethasone: implica
tions for corticosteroid use in treatment of severe acute 
respiratory syndrome coronavirus. J Virol. 2007;81 
(24):13681–13693.

[6] Zhang X, Alekseev K, Jung K, et al. Cytokine responses 
in porcine respiratory coronavirus-infected pigs treated 
with corticosteroids as a model for severe acute respira
tory syndrome. J Virol. 2008;82(9):4420–4428.

[7] Rajao DS, Vincent AL. Swine as a model for influenza 
A virus infection and immunity. Ilar J. 2015;56 
(1):44–52.

1120 J.-Y. PENG ET AL.



[8] Schwaiger T, Sehl J, Karte C, et al. Experimental 
H1N1pdm09 infection in pigs mimics human seasonal 
influenza infections. PLoS One. 2019;14(9):e0222943.

[9] Zhu X, Ge Y, Wu T, et al. Co-infection with respiratory 
pathogens among COVID-2019 cases. Virus Res. 
2020;285:198005.

[10] Yue H, Zhang M, Xing L, et al. The epidemiology and 
clinical characteristics of co-infection of SARS-CoV-2 
and influenza viruses in patients during COVID-19 
outbreak. J Med Virol. 2020;92(11):2870–2873.

[11] Wu X, Cai Y, Huang X, et al. Co-infection with 
SARS-CoV-2 and Influenza A Virus in Patient with 
Pneumonia, China. Emerg Infect Dis. 2020;26 
(6):1324–1326.

[12] DaPalma T, Doonan BP, Trager NM, et al. 
A systematic approach to virus-virus interactions. 
Virus Res. 2010;149(1):1–9.

[13] Van Reeth K, Pensaert MB. Porcine respiratory 
coronavirus-mediated interference against influenza 
virus replication in the respiratory tract of feeder 
pigs. Am J Vet Res. 1994;55(9):1275–1281.

[14] Lanza I,BI, Paton DJ, Paton DJ. Pathogenicity of con
current infection of pigs with porcine respiratory cor
onavirus and swine influenza virus. Res Veterinay sci. 
1992;53: 309–314.

[15] Krimmling T, Schwegmann-Wessels C. Comparison of 
mono- and co-infection by swine influenza A viruses 
and porcine respiratory coronavirus in porcine 
precision-cut lung slices. Res Vet Sci. 
2017;115:470–477.

[16] Wu NH, Yang W, Beineke A, et al. The differentiated 
airway epithelium infected by influenza viruses main
tains the barrier function despite a dramatic loss of 
ciliated cells. Sci Rep. 2016;6(1):39668.

[17] Choi KG, Wu BC, Lee AH, et al. Utilizing organoid 
and air-liquid interface models as a screening method 
in the development of new host defense peptides. Front 
Cell Infect Microbiol. 2020;10:228.

[18] Fulcher ML,GS, Burns KA, Yankaskas JR, et al. Well- 
differentiated human airway epithelial cell cultures. 
Methods Mol Med. 2005;107:183–206.

[19] Shin DL, Yang W, Peng JY, et al. Avian influenza 
a virus infects swine airway epithelial cells without 
prior adaptation. Viruses. 2020;12(6). DOI:10.3390/ 
v12060589

[20] Meng F, Tong J, Votsch D, et al. Viral coinfection 
replaces effects of suilysin on streptococcus suis adher
ence to and invasion of respiratory epithelial cells 
grown under air-liquid interface conditions. Infect 
Immun. 2019;87(8):8.

[21] Peng JY, Punyadarsaniya D, Shin DL, et al. The cell 
tropism of porcine respiratory coronavirus for airway 
epithelial cells is determined by the expression of por
cine aminopeptidase N. Viruses. 2020;12(11):11.

[22] Liu B, Li G, Sui X, et al. Expression and functional 
analysis of porcine aminopeptidase N produced in 

prokaryotic expression system. J Biotechnol. 2009;141 
(1–2):91–96.

[23] Shin DL, Hatesuer B, Bergmann S, et al. Protection 
from severe influenza virus infections in mice carrying 
the mx1 influenza virus resistance gene strongly 
depends on genetic background. J Virol. 2015;89 
(19):9998–10009.

[24] Van Reeth K,VGS, Pensaert M, Pensaert M. In vivo 
studies on cytokine involvement during acute viral 
respiratory disease of swine: troublesome but 
rewarding. Vet Immunol Immunopathol. 2002;87 
(161):8.

[25] Mitchell H, Levin D, Forrest S, et al. Higher level of 
replication efficiency of 2009 (H1N1) pandemic influ
enza virus than those of seasonal and avian strains: 
kinetics from epithelial cell culture and computational 
modeling. J Virol. 2011;85(2):1125–1135.

[26] Zeng H, Goldsmith CS, Maines TR, et al. Tropism and 
infectivity of influenza virus, including highly patho
genic avian H5N1 virus, in ferret tracheal differentiated 
primary epithelial cell cultures. J Virol. 2013;87 
(5):2597–2607.

[27] Fu Y, Durrwald R, Meng F, et al. Infection studies in 
pigs and porcine airway epithelial cells reveal an evolu
tion of A(H1N1)pdm09 influenza a viruses toward 
lower virulence. J Infect Dis. 2019;219(10):1596–1604.

[28] Bai L, Zhao Y, Dong J, et al. Co-infection of influenza 
A virus enhances SARS-CoV-2 infectivity. bioRxiv. 
2020;2020(10):14.335893.

[29] Charley B, Riffault S, Van Reeth K. Porcine innate and 
adaptative immune responses to influenza and corona
virus infections. Ann N Y Acad Sci. 2006;1081(1):130–136.

[30] Kristien Van Rrrth HN, Nauwynck H. 
Proinflammatory cytokines and viral respiratory dis
ease in pigs. Vet. Res. 2000;31(2):187–213.

[31] Van Asten L, Bijkerk P, Fanoy E, et al. Early occur
rence of influenza A epidemics coincided with 
changes in occurrence of other respiratory virus 
infections. Influenza Other Respir Viruses. 2016;10 
(1):14–26.

[32] Schultz-Cherry S. Viral interference: the case of influ
enza viruses. J Infect Dis. 2015;212(11):1690–1691.

[33] Huang SH, Su MC, Tien N, et al. Epidemiology of 
human coronavirus NL63 infection among hospitalized 
patients with pneumonia in Taiwan. J Microbiol 
Immunol Infect. 2017;50(6):763–770.

[34] Grech V, Borg M. Influenza vaccination in the 
COVID-19 era. Early Hum Dev. 2020;148:105116.

[35] Lee JS,PS, Jeong HW, Ahn JY, et al. 
Immunophenotyping of COVID-19 and influenza 
highlights the role of type I interferons in development 
of severe COVID-19. Sci Immunol. 2020;10(5): 
eabd1554.

[36] Kumar N, Barua S SS, Tripathi BN, et al. Virological 
and immunological outcomes of coinfections. Clin 
Microbiol Rev. 2018;5(31):e00111–17.

VIRULENCE 1121

https://doi.org/10.3390/v12060589
https://doi.org/10.3390/v12060589

	Abstract
	Introduction
	Materials and methods
	Results
	Prior infection with SIV interferes with the replication of PRCoV
	The detrimental effects of SIV-PRCoV coinfection on ciliated cells
	SIV infection of PTEC results in enhanced expression of pAPN
	Influenza virus infection enhances the innate immune response
	Prior infection of PRCoV has little effect on the replication of SIV

	Discussion
	Acknowledgments
	Disclosure statement
	Funding
	Authors’ contributions
	References



