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The inflammatory response and apoptosis have been proved to have a crucial role in

the pathogenesis of the influenza A virus (IAV). Previous studies indicated that while IAV

commonly causes pancreatitis and pancreatic damage in naturally and experimentally

infected animals, the molecular mechanisms of the pathogenesis of IAV infection are

less reported. In the present study, we showed for the first time that both avian-like

(α-2,3-linked) and human-like (α-2,6-linked) sialic acid (SA) receptors were expressed

by the mouse pancreatic cancer cell line PAN02 and the human pancreatic cancer

cell line PANC-1. Using growth kinetics experiments, we also showed that PAN02 and

PANC-1 cells supported the productive replication of the H5N1 highly pathogenic avian

influenza while exhibited the limited replication of IAV subtypes H1N1 and H7N2 in vitro.

The in vivo infection of H5N1 in pancreatic cells was confirmed by the histopathological

and immunohistochemical staining of pancreas tissue from mice. Other than H1N1 and

H7N2, severe damage and extensive positive signals were observed in pancreas of

H5N1 infected mice. All three virus subtypes induced apoptosis but also triggered the

infected PAN02 and PANC-1 cells to release pro-inflammatory cytokines and chemokines

including interferon (IFN)-α, IFN-β, IFN-γ, chemokine (C-C motif) ligand 2 (CCL2),

tumor necrosis factor (TNF)-α, and interleukin (IL)-6. Notably, the subtypes of H5N1

could significantly upregulate these cytokines and chemokines in both two cells when

compared with H1N1 and H7N2. The present data provide further understanding of

the pathogenesis of H5N1 IAV in pancreatic cells derived from humans and mammals

and may also benefit the development of new treatment against H5N1 influenza virus

infection.
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INTRODUCTION

H5N1 avian influenza A virus (IAV), one serious infectious
etiology in respiratory disease, brings great panic and threat to
the breeding industry and humans due to its severe morbidity
and high fatality rates. Some reports have suggested that severe
lung injury is triggered by cytokine dysregulation, which is
referred to as the “cytokine storm” and is a result of an excessive
inflammatory response (López Cde et al., 2009; Cheng et al.,
2011). This dysregulation makes a significant contribution to the
high mortality of H5N1 influenza(Cheung et al., 2002; de Jong
et al., 2006; Us, 2008; Cillóniz et al., 2009; Tisoncik et al., 2012).
In addition to the respiratory systems, IAV infection can also
affect other organs of the digestive and nervous systems including
the spleen, liver, small intestine and brain(Leon’teva et al., 1989;
Sharkova et al., 2008; Chaves et al., 2014; Zhang et al., 2015).

The pancreas is an important digestive gland, which consists
of an exocrine and an endocrine gland that produces digestive
enzymes and hormones. The exocrine cells of the pancreas
contain many rounded acini and ducts, while the endocrine cells
form the pancreatic islets. Several studies have shown that the
IAV has a tropism for the pancreas, which can cause mammals
and humans to suffer from acute pancreatitis and pancreatic
damage following IAV infection (Calore et al., 2011; Kasloff et al.,
2014). Microscopic lesions and viral antigens have been observed
most frequently in the pancreas following IAV infection, where
necrosis of pancreatic cells and infiltration of inflammatory cells
are apparent(Yingst et al., 2006; Pantin-Jackwood and Swayne,
2007; Reperant et al., 2012; Zhang et al., 2015; Haider et al., 2017).
However, the pathogenic mechanism remains to be determined.

Influenza viruses can initiate infection and viral replication
by binding to neuraminic acids (sialic acids, SA) that is located
on the surface of cells. One study showed that α-2,3-SA and α-
2,6-SA receptors usually located on ciliated and non-ciliated cells
respectively(Matrosovich et al., 2004). In general, α-2,3-linked
SA receptors are preferentially recognized by avian influenza
viruses, while α-2,6-linked SA receptors are recognized by human
influenza viruses (Van Poucke et al., 2010; Raman et al., 2014).
Therefore, the type of SA receptor on cellular surface maybe
largely determine the influenza virus tropism (Suzuki et al.,
2000). Our previous studies demonstrated that both linkages are
expressed in certain cells of the respiratory and gastrointestinal
tracts of humans and mammals (Zhang et al., 2015; Meng
et al., 2016). Nevertheless, little information was available about
SA receptor location on pancreatic cells derived from different
origins.

Differ from necrosis, apoptosis is a genetically controlled
process, which occurs in lots of pathogenic processes such as
bacterial infection, viruse infection and cancer (Elmore, 2007;
Ouyang et al., 2012). Chromatin condensation and eventually the
apoptotic body formation are taken place during the apoptosis. It
is demonstrated that the influenza virus could promote different
cells apoptosis (Ito et al., 2002; Liu et al., 2014). The role of
apoptosis is considered to be complex during IAV infection.
On one hand, apoptosis induced by influenza virus infection
is crucial for hosts to defense against invading viruses. On
the other hand, it can facilitate the replication and spread of

virus during the IAV infection (Herold et al., 2012). Apoptosis
has also been involved in the symptoms of influenza virus
infection that includes tissue damage (Brydon et al., 2005). In
this way, apoptosis and the virus-induced hyperproduction of
cytokines that occurs during the inflammatory response play a
definitive role in the pathogenesis of influenza. Understanding
the mechanisms of apoptosis and the pro-inflammatory response
that are initiated following IAV infection would provide valuable
information for development of novel therapeutic aids.

During IAV infection, viral double-stranded RNA (dsRNA)
could be recognized through several pattern-recognition
receptors (PRRs), such as Toll-like receptor 3 (TLR3), cytolytic
RNA helicases retinoic acid-inducible gene I (RIG-I), and
melanoma differentiation-associated gene 5 (MDA-5) (Yu and
Levine, 2011; Tang et al., 2014). After TLR3, RIG-I and/or MDA-
5 are stimulated with their respective agonist, these pathways will
activate the transcription factor nuclear factor (NF)-κB. Then the
production of inflammatory cytokines and chemokines can be
induced, while interferon regulatory factor (IRF) 3 and/or 7 will
be activated and induce the type I interferons (IFNs) secretion
(Takeuchi and Akira, 2009). To date, however, little reports have
evaluated the role of these signaling pathways in the process of
IAV infection in pancreatic cells.

Here we demonstrated that both pancreatic cell lines express
α-2,3- and α-2,6-linked SA receptors that initiate H5N1 infection.
Furthermore, PAN02 and PANC-1 cells supported the productive
replication of the H5N1 highly pathogenic avian influenza while
exhibited the limited replication of IAV subtypes H1N1 and
H7N2 in vitro. The infection of H5N1 in pancreatic cells was
confirmed by the histopathological and immunohistochemical
staining of pancreas tissue from mice. We also examined
the expression of some molecules associated with apoptosis
and the inflammatory response in IAV infected pancreatic
cells. Our results are the first to demonstrate that the H5N1
IAV can induce apoptosis in pancreatic cells. Besides, TLR3,
RIG-I and MDA-5 signaling pathways are likely involved in
the process of inflammatory response of PAN02 and PANC-
1 cells. Significantly, PAN02 and PANC-1 cells mediated
substantial hyperinduction of pro-inflammatory cytokines and
chemokines following H5N1 IAV infection. Collectively, our
findings are the first to address the molecular mechanism of
H5N1 IAV invasion and activation in pancreatic cells, which will
contribute to a greater understanding of H5N1 IAV pathogenesis.

MATERIALS AND METHODS

Viruses and Cell Culture
The avian influenza viruses H5N1 (A/Chicken/Henan/1/04) and
H7N2 (A/Chicken/Hebei/2/02) were isolated from infected
chicken flocks and propagated in the allantoic cavities
of 10-day-old embryonated chicken eggs for 24–48 h at
37◦C. The working stocks of human influenza virus H1N1
(A/WSN/33) were generated in Madin-Darby canine kidney
(MDCK) epithelial cells and virus titers were determined
by standard plaque assays. All experiments with H5N1
viruses were conducted in a biosafety level 3 containment
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laboratory approved by the Ministry of Agriculture of
China.

The mouse pancreatic cell line PAN02, human pancreatic cell
line PANC-1, and MDCK cells were provided and cultured as
previously described (Liu et al., 2014)

In vitro Viral Infection
Cells were seeded and viral infection was taken as previously
described (Liu et al., 2014). Here, TPCK trypsin was not included
in media for H1N1 culture but was added to media for plaque
assays.

In vivo Viral Infection
The procedures of viral infection in vivo and histopathological
and immunohistochemical staining were the same as
previous reference published by our team (Huo et al.,
2017). Animal experiments were approved by the Animal
Ethics Committee of China Agricultural University (approval

number 201206078) and were performed in accordance
with Regulations of Experimental Animals of Beijing
Authority.

All mouse experimental protocols complied with the
guidelines of the Beijing Laboratory Animal Welfare and Ethics
Committee (BLAWEC), and were approved by the Beijing
Association for Science and Technology (the approve ID is
SYXK-2009-0423).

In vitro and in vivo Detection of the
Expression Pattern of Sialic Acid
Receptors
The expression pattern of sialic acid receptors of cells was
detected as previously described (Meng et al., 2016; Tang et al.,
2018).

Representative pancreas sections from mock-treated mice
were collected and were fixated in 70% ethanol and the

FIGURE 1 | Pancreatic cells express α-2,3- and α-2,6-linked sialic acid (SA) receptors. (A,B) The pancreatic cell lines PAN02 and PANC-1 were placed on

polylysine-coated slides and stained with fluorescein isothiocyanate (FITC)-conjugated Sambucus nigra bark lectin (SNA) or Maackia amurensis lectin I (MAA-I) (green),

and 4
′

,6
′

-diamidine-2-phenylindole (DAPI; blue) for nuclei. (C,D) Trypsinized PAN02 and PANC-1 cells were incubated with FITC-conjugated SNA or MAA-I

(concentrations from left to right are 5, 10, and 20µg/mL) and analyzed using flow cytometry to determine the relative percentages of cells expressing α-2,3-SA (MAA,

yellow) or α-2,6-SA (SNA, blue) compared to unstained cells (red). (E) Representative pancreas sections from mock-treated mice were analyzed by

immunohistochemical staining using SNA and MAA-I antibody, respectively. Black arrows indicate positive signals.
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FIGURE 2 | H5N1 IAV could productively infect pancreatic cells while H1N1 and H7N2 showed limited replication. PAN02 and PANC-1 cells were infected with the

three IAV subtypes at an equal multiplicity of infection (MOI) of 1 for the periods specified. (A) Cells were homogenized in Trizol reagent and the viral non-structural

protein 1 (NS1) gene was quantified using real time quantitative PCR (RT-qPCR). (B) The culture media supernatant was used to determine viral titers by plaque assay.

The results shown here were pooled from three independent replicates (ns, not significantly and ***P < 0.001).

FIGURE 3 | Pancreatic cells release infectious virus following H5N1 IAV infection. (A) PAN02 and (B) PANC-1 cells were mock-treated or infected with three IAV

subtypes at an MOI of 1 and transmission electron microscopy was used to observe the viruses released from the cell surface. Arrows denote the virus particles.
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expression pattern of SNA and MAA-I were analyzed by
immunohistochemical staining (Huo et al., 2017).

Flow Cytometry
The procedures of flow cytometry were performed as previously
described (Meng et al., 2016).

Transmission Electron Microscopy (TEM)
The methods of TEM were performed as previously described
(Meng et al., 2016).

Real-Time Quantitative PCR (RT-qPCR)
Expression of the viral NS1 gene, TLR3, RIG-I, MDA5, IFN-α,
IFN-β, IFN-γ, chemokine (C-C motif) ligand 2 (CCL2), tumor
necrosis factor (TNF)-α, and interleukin (IL)-6 was determined
as previously described (Liu et al., 2014; Huo et al., 2017). Primer
sequences were listed in Supplementary Material.

Plaque Assay
Plaque assays were performed as previously described (Liu et al.,
2014).

Assessment of Cytopathic Effects
Assessment of cytopathic effects was performed as previously
described (Liu et al., 2014; Song et al., 2018).

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP-Biotin Nick
End Labeling (TUNEL) Assay
Apoptotic cells were examined with the TUNEL assay, which was
performed as previously described (Liu et al., 2014).

Flow Cytometric Analysis of Apoptosis
The apoptotic responses of pancreatic cells were examined as
previously described (Liu et al., 2014).

Statistical Analysis
Statistical analyses were taken by two-way analysis of variance
(ANOVA) with the GraphPad Prism (version 5.0; GraphPad
Software, San Diego, CA, USA). A P-value of < 0.05 represents
statistically significant. Results were showed as the mean ±

standard deviation of three independent experiments.

RESULTS

Pancreatic Cells Express Both α-2,3- and
α-2,6-Linked SA Receptors
SA receptors are necessary for influenza viruses when they will
enter cells. To assess the susceptibility of pancreatic cells to
influenza viruses, the surface location of SA receptors were
observed in the mouse and human pancreatic cell lines PAN02
and PANC-1, respectively. Both α-2,3- and α-2,6-linked SA
receptors were expressed on the surface of PAN02 and PANC-1
cells (Figures 1A,B). To quantitatively analyze the SA residues,
pancreatic cells were stained with different concentrations of
FITC-conjugated lectins and analyzed by flow cytometry. The
results showed that expression of α-2,3-linked (FITC-MAA)
and α-2,6-linked (FITC-SNA) SA receptors was detected in

both PAN02 and PANC-1 cells at all lectin concentrations
(Figure 1). Themean fluorescence intensity (MFI) increased with
increasing concentrations of lectin. In the PAN02 cells, the MFI
of SNA was dramatically higher (>4 fold) than that of MAA at
each concentration tested (Figure 1C). However, PANC-1 cells
exhibited higher MFI of MAA compared with SNA (Figure 1D).
These results are consistent with the observations obtained by
confocal microscopy and suggest that SA receptors are abundant
on the surface of PAN02 and PANC-1 cells. Furthermore, in vivo
results also showed the expression pattern of sialic acid receptors
of mouse pancreatic cells and were consistent with above results
of the of PAN02 and PANC-1 cell lines (Figure 1E). In summary,
the results demonstrate that both α-2,3- and α-2,6-linked SA
receptors are expressed on the surface of pancreatic cells.

Pancreatic Cells Support H5N1 IAV
Replication
To assess if H5N1 IAV can replicate productively in pancreatic
cells, we investigated the kinetics of IAV replication in PAN02
and PANC-1 cells by viral RNA expression and plaque formation.
As shown in Figure 2A, the levels of the viral NS1 gene could
be detected by RT-qPCR in both cell types following infection.
Moreover, replication of the H5N1 virus was the most efficient
among the three IAV subtypes. Besides, the viral infectivity
titers in both PAN02 cells and PANC-1 cells treated with H5N1
were higher than those treated with H1N1 by the method of
plaque assay. H7N2 seemed not to be replicated in both cells,
which detected by plaque assay (Figure 2B). To further validate
the permissiveness of PAN02 and PANC-1 cells for H5N1 IAV
replication, we observed the cells using TEM. As shown in
Figure 3, budding virions were found on the surface of both
pancreatic cell types infected with IAV including H1N1, H5N1
and H7N2. Furthermore, much more viral particles were seen
on the surface of H1N1 or H5N1 infected pancreatic cells
than H7N2 infected cells. To further assess whether IAVs could
infect pancreatic cells, in vivo experiments were performed.
Mice were treated with H1N1, H5N1, H7N2, or PBS. The
pancreas tissues were collected and analyzed by histopathological
and immunohistochemical staining. As shown in Figure 4A,
no pathological damage was found in the pancreas of PBS
or H7N2 treated group. The mice in H1N1 group showed
slight changes such as hemorrhage. In contrast, more serious
injury was found in H5N1 group, including dilatation and
exudate in pancreatic duct and necrosis of pancreatic cells.
To detect the distribution of viral antigen in the pancreas,
immunohistochemical staining was performed using a specific
IAV nucleoprotein (NP) antibody (Figure 4B). Positive signals
were widely found in both pancreatic duct epithelial cells and
pancreatic cells in H5N1 group. These results indicate that H5N1
IAVs could productively infect pancreatic cells while H1N1 and
H7N2 showed limited replication.

H5N1 IAV Infection-Induced Apoptosis of
Pancreatic Cells
Extensive cytopathic effects were observed in PAN02
and PANC-1 cells during H5N1 IAV replication. While
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FIGURE 4 | H5N1 IAV could infect pancreatic cells in vivo. Representative pancreas sections from control or IAV-infected mice. (A) Sections were analyzed by H & E

staining. Black arrows indicate hemorrhage. Hollow arrows indicate necrosis of pancreatic cells. Triangles indicate dilatation and exudate in pancreatic duct.

(B) Sections were analyzed by IHC staining. Black arrows indicate positive signals.

FIGURE 5 | Cytopathic effects were induced in H5N1 IAV-infected pancreatic cells. (A) PAN02 and (B) PANC-1 cells were mock-treated or infected with H1N1,

H5N1, or H7N2 at an MOI of 1 for 12 h. Morphologic analysis of the effect of IAV infection on cell death were taken. Cell morphology was visualized by light

microscopy. Black arrows indicate numerous rounded cells. Hollow arrows indicate dead cells. Bar = 25µm.

subtle pathologies were detected in cells following H1N1
infection and no obvious pathologies were shown in
H7N2 group (Figure 5). To assess whether apoptosis
would occur following IAV infection in pancreatic cells,
in situ TUNEL staining was employed, which detect DNA
strand breakage. Apoptosis occurred in H5N1, H1N1,
or H7N2 infected PAN02 and PANC-1 cells but not in
mock-treated cells. DNase I was used as positive control
(Figure 6).

The dynamic change of apoptosis was then measured in virus
infected PAN02 and PANC-1 cells at designated times following
infection. FITC-conjugated annexin V and propidium iodide
double staining were processed and analyzed by flow cytometry.
As shown in Figure 7, apoptosis occurred slightly 6 h following
infection. Among the three IAV subtypes, the proportion of
apoptosis in H5N1-infected and H7N2-infected cells was the

highest 12 h following infection, but subsequently decreased to a
level lower than mock-treated cells at 24 h. However, apoptosis
in H1N1-infected cells occurred in a time-dependent manner,
increasing over the course of the experiment. Together, these
results suggest that the H5N1 can induce the apoptotic response
in pancreatic cells.

H5N1 IAV Induced Cytokine and
Chemokine Production in Pancreatic Cells
To further investigate the inflammatory response induced by
H5N1 influenza infection in PAN02 and PANC-1 cells, the
mRNA expression profiles of IFN-α, IFN-β, IFN-γ, IL-6, CCL-
2, and TNF-α were measured by RT-qPCR. The production of a
great amount of pro-inflammatory cytokines and chemokines in
pancreatic cells was upregulated during viral infection (Figure 8).
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FIGURE 6 | Apoptosis was induced in H5N1 IAV-infected pancreatic cells. (A) PAN02 and (B) PANC-1 cells were mock-treated or infected with H1N1, H5N1, or

H7N2 at an MOI of 1 for 12 h. A terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end-labeling (TUNEL) assay was used to measure apoptosis in

PAN02 and PANC-1 cells with DNase I as a positive control. Blue showed nucleus and green showed positive TUNEL signals.

Among three subtypes of IAVs, H5N1 could significantly cause
two pancreatic cells to produce a robust inflammatory response
and release much more cytokines and chemokines. In short,
these results suggest that pancreatic cells participate in the
inflammatory response by producing various pro-inflammatory
cytokines and chemokines during IAV infection. Since the
PRRs serve as a crucial actor in the regulation of the body’s
immune response during IAV infection, we examined the
expression of several viral RNA sensors TLR3, RIG-I, and MDA-
5, which are involved in the transduction of inflammatory signals
(Figure 9). The mRNA expression levels of these sensors in

PAN02 cells infected with H1N1 was the highest among the three
IAV subtypes, peaking at 24 h following infection (Figure 9A).
However, H5N1 andH7N2 could also activate signaling pathways
in PANC-1 cells (Figure 9B). These data indicate that the TLR3,
RIG-I, and MDA-5 signaling pathways are involved in pancreatic
cells following H5N1 IAV infection.

DISCUSSION

The aim of this study was to evaluate H5N1 IAV replication
in pancreatic cells from two sources and to evaluate the
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FIGURE 7 | Pancreatic cell apoptosis was measured at specified times following IAV infection. PAN02 and PANC-1 cells were mock-treated or infected with IAV

(H1N1, H5N1, or H7N2) at an MOI of 1, taxol served as a positive control. Then the cells were harvested at 6, 12, and 24 h post-infection. The total number of

apoptotic cells in early stage was analyzed by flow cytometry. Asterisks indicate statistically significantly values compared with mock-treated cells (**P < 0.01, and

***P < 0.001).

consequences of infection at the molecular and cellular level
in vitro. We were able to demonstrate that H5N1 IAV
can replicate, induce apoptosis, and stimulate the release of
inflammatory cytokines in two different pancreatic cancer cell
lines. Despite previous studies that reported pancreatic injury
induced by IAV infenction in both animals and humans as well
as the research performed by Capua et al., which has attempted
to establish whether IAV can grow in pancreatic cells, to date the
molecular mechanism of H5N1 IAV pathogenesis in the pancreas
was poorly reported. Our study has generated novel in vitro and
in vivo data which suggested that H5N1 IAV could grow in both
mouse and human pancreatic cell lines and induce apoptosis as
well as the pro-inflammatory cytokine response.

Attachment to SA receptors, which locate on the surface of
cells, is necessary for IAV infection. Here we have showed that
both α-2,3- and α-2,6-linked SA receptors were located on the
surface of PAN02 and PANC-1 cells. Although Kasloff et al.
(Kasloff et al., 2014)described the expression of receptors on
some pancreatic cancer cell lines including PANC-1 cells and
demonstrated that these cells contain certain levels of α-2,3- and
α-2,6-linked SA receptors, we have provided the first description
of differences in the expression of SA receptors between mouse
PAN02 and human PANC-1 cells. To the best of our knowledge,
we firstly showed that SA receptors were expressed on the surface
of cells originating from the mouse pancreas. In particular,
PAN02 cells usually contained higher levels of α-2,6- than α-2,3-
linked SA receptors, rendering the cells easy to attachment by
human influenza viruses, while PANC-1 cells were more easily
infected by avian influenza viruses as a result of relatively higher
levels of α-2,3-linked SA receptors.

We have also revealed that the H5N1 IAV can infect and
replicate in PAN02 and PANC-1 cells productively. This was
evident with the replication kinetics experiments, although we
believe the TEM images were the most compelling. In contrast
with the research of Capua et al. (2013) and Kasloff et al.
(2014) in which only human pancreatic cells were established
to suggest the IAV replication, the infection of both PAN02 and

PANC-1 cells with IAV in this study provided further evidence
of the replication ability of H5N1 IAV in pancreatic cells of
mouse and human origin. Notably, our studies suggest that
pancreatic cells can support H1N1 and H7N2 IAV replication,
but that the life cycle of the virus is impeded in cells. In vivo
experiments further demonstrated that only H5N1 IAV had the
positive pathogenicity and infectivity in the pancreas, rather
than H7N2 and H1N1. Previous studies have suggested that a
deficiency in essential factors supporting productive infections,
intrinsic antiviral immunity that dramatically restrict the viruses
replicating productively could explain the limited release of the
virus (Yan and Chen, 2012; Marcet et al., 2013). These will be
avenues for us to explore the mechanism involved in H5N1
IAV-infected pancreatic cells.

Multiple factors can induce the apoptosis. Different IAV
strains can induce various apoptosis, which is also related
to the cell type. In the present study, three IAV subtypes,
H1N1, H5N1, and H7N2, were used to confirm induction
of apoptosis in PAN02 and PANC-1 cells with several
assays, including the observation of typical morphological
features using positive TUNEL staining and flow cytometric
quantitative analysis. In contrast with the results of Capua
et al. (2013), which only showed that human PANC-1 cells
could undergo apoptosis following influenza viral infection, we
firstly showed that induction of apoptosis by IAV challenge in
pancreatic cells lines derived from both mouse and human.
Several apoptotic signaling pathways involved in influenza
virus infection have been well reported (Takizawa et al.,
1995; Balachandran et al., 2000; Elmore, 2007; Brincks et al.,
2008; Xing et al., 2011), which associated with cell type
and viral components. The molecular mechanisms underlying
apoptosis in H5N1 IAV-infected pancreatic cells are not well
understood and thus will require further exploration in future
studies.

In IAV infection, the role of PRRs, including TLRs and RLRs,
is indispensable and activated intracellular pathways contribute
to the releasing of crucial pro-inflammatory cytokines and
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FIGURE 8 | H5N1 IAV infection increased the release of pro-inflammatory cytokines and chemokines outside the cells to function. (A) PAN02 and (B) PANC-1 cells

were treated or infected as described in Figure 5 and the culture media supernatant were harvested at 6, 12, and 24 h post-infection. The expression of interferon

(IFN)-α, IFN-β, IFN-γ, chemokine (C-C motif) ligand 2 (CCL2), and tumor necrosis factor (TNF)-α was analyzed by RT-qPCR. Graphs shown are the mean ± SD of

three independent replicates. Asterisks indicate statistically significant increases compared to mock-treated cells (ns, not significantly and ***P < 0.001).

chemokines in several types of IAV-infected cells, including
alveolar epithelial cells. Here, we have provided evidence that
the TLR3, RIG-I, and MDA5 signaling pathways are activated
in pancreatic cells following H5N1 infection. In addition, a
previous report detailed that IAV infection could trigger a
robust pro-inflammatory response in human pancreatic islet
cells, which caused severe damage of the islets (Capua et al.,
2013). Here, we have demonstrated that H5N1 IAV can infect
PAN02 and PANC-1 cells located in the exocrine pancreas,
which resulted in the expression of several cytokines and
chemokines, including a remarkable upregulation in the levels
of IFN-α, IFN-β, IFN-γ, CCL-2, IL-6, and TNF-α, which
deeply involved in host inflammatory response and pancreatic
injury(Sarraf, 1994; Hierholzer et al., 1998; Lampasona et al.,
2003; Perrone et al., 2010; Mehmeti et al., 2011; Tono et al.,
2015). Additionally, our results here show that H5N1, H1N1 and

H7N2 could induce different cytokine and chemokine kinetics
in pancreatic cells. The magnitude of inflammatory responses
caused by H5N1 was greater than H1N1 and H7N2 in both
PAN02 cells and PANC-1 cells. Notably, it seems to have a
positive correlation between NS1 copy number and cytokine
and chemokine expressions, which suggests that viral replication
appears to accelerate the secreting of pro-inflammatory cytokines
and chemokines in H5N1-infected pancreatic cells. Thus, we
have provided novel evidence that pancreatic cells may be
involved in the inflammatory and antiviral responses to H5N1
IAV infection. Previous studies have shown that inflammatory
cytokine storm during IAV infection and apoptosis have an
interactive relation. Hyper-production of cytokines may promote
apoptosis of pulmonary epithelial cells and certain immunocytes
(Li et al., 2007; Hu et al., 2012). Moreover, virus-induced
apoptosis could also promote the secretions of pro-inflammatory
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FIGURE 9 | H5N1 IAV upregulates the mRNA expression of Toll-like receptor 3 (TLR3), cytolytic RNA helicases retinoic acid-inducible gene I (RIG-I), and melanoma

differentiation-associated gene 5 (MDA-5). (A) PAN02 and (B) PANC-1 cells were treated or infected as described in Figure 5 and harvested at 6, 12, and 24 h

post-infection. Total RNA was isolated at the designated times and examined by RT-qPCR. The mRNA expression of TLR3, RIG-I, and MDA-5 is shown. The data are

presented as the relative fold change over mock treatment. Graphs shown are the mean ± standard deviation (SD) of three independent replicates. Asterisks indicate

statistically significant increases compared with mock-treated cells (*P < 0.05, **P < 0.01, and ***P < 0.001).

cytokines and chemokines (Liu et al., 2014). In our present study,
the results also showed the promoting relationship between
apoptosis and cytokine and chemokine expressions in PAN02
and PANC-1 cells during H5N1 IAV infection. Herein, our
results further demonstrate that over expression of inflammatory
cytokines caused by virus infection and apoptosis have an
important role in the pathogenesis of IAV and are intrinsically
linked.

In summary, our present data suggest that pancreatic
cells are susceptible to H5N1 IAV infection and that virus-
induced apoptosis and over expression of pro-inflammatory
cytokines and chemokines occur in pancreatic cells during
H5N1 IAV infection. Considering the potential role of IAV
infection in the etiopathogenesis of pancreatic injury in
mammals, this study provides novel ideas and may benefit the
development of new therapeutic strategy against H5N1 IAV
infection.
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