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Influenza A virus (IAV) is a segmented negative-stranded RNA virus that brings a potentially 
serious threat to public health and animal husbandry. Mast cells play an important role in 
both the inherent and adaptive immune response. Previous studies have indicated that 
mast cells support the productive replication of H1N1, H5N1, and H7N2. To date, the 
distinct molecular mechanism behind the pathogenesis in mast cells among the three 
different viruses has been poorly understood. In this study, we investigated the genomic 
profiles in detail and the dynamic change of genomes regulated by different subtypes of 
IAV in mouse mast cells using microassays. Compared with any two of the three 
IAV-infected groups, many more differentially expressed genes (DEGs), cellular functions, 
and signaling pathways were confirmed in H1N1 or H7N2 group, with the H7N2 group 
showing the highest levels. However, few DEGs were detected and various cellular 
functions and signaling pathways were dramatically suppressed in the H5N1 group. With 
an in-depth study on the H1N1 and H7N2 groups, we demonstrated the essential role 
of the 5-HT signaling pathway and the cyclic guanosine monophosphate (cGMP)/protein 
kinase G (PKG) signaling pathway, which were preferentially activated in P815 cells infected 
by H1N1, and the crucial role of the HIF-1 signaling pathway that was preferentially 
activated in P815 cells infected by the H7N2 virus. Furthermore, real-time quantitative 
polymerase chain reaction (RT-qPCR) results showed significantly increased mRNA levels 
of 5-HT and PKG in H1N1-infected P815 cells and increased HIF-1  in H7N2-infected 
P815 cells. In addition, exosomes were preferentially secreted from H1N1-infected or 
H7N2-infected P815 cells and are potentially pivotal in innate immunity to fight IAV infection. 
This study provides novel information and insight into the distinct molecular mechanism 
of H1N1, H5N1, and H7N2 viruses in mast cells from the perspective of genomic profiles.

Keywords: cellular functions, differentially expressed genes, influenza A virus, mast cells, signaling pathways

https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2019.00595﻿&domain=pdf&date_stamp=2019-06-21
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2019.00595
https://creativecommons.org/licenses/by/4.0/
mailto:huyx@cau.edu.cn
mailto:07033@cau.edu.cn
https://doi.org/10.3389/fgene.2019.00595
https://www.frontiersin.org/articles/10.3389/fgene.2019.00595/full
https://www.frontiersin.org/articles/10.3389/fgene.2019.00595/full
https://www.frontiersin.org/articles/10.3389/fgene.2019.00595/full
https://www.frontiersin.org/articles/10.3389/fgene.2019.00595/full
https://www.frontiersin.org/articles/10.3389/fgene.2019.00595/full
https://loop.frontiersin.org/people/341694/overview
https://loop.frontiersin.org/people/753277/overview
https://loop.frontiersin.org/people/352559/overview
https://loop.frontiersin.org/people/753274/overview
https://loop.frontiersin.org/people/753386/overview
https://loop.frontiersin.org/people/352120/overview
https://loop.frontiersin.org/people/633709/overview
https://loop.frontiersin.org/people/633978/overview
https://loop.frontiersin.org/people/332764/overview


Huo et al. Genomic Characterization of Mast Cells

Frontiers in Genetics | www.frontiersin.org 2 June 2019 | Volume 10 | Article 595

INTRODUCTION

Influenza A virus (IAV) is a segmented negative-stranded RNA 
virus that brings a potentially serious threat to public health 
and animal husbandry. Based on the surface hemagglutinin 
(HA) and neuraminidase (NA) proteins of the viruses, IAVs 
are classified into 18 H subtypes (H1-H18) and 11  N subtypes 
(N1-N11) (Fouchier et  al., 2005; Tong et  al., 2013). Waterfowl 
and coastal birds have been considered the reservoir hosts for 
IAVs, and some IAVs that originated from wild birds have 
established stable transmission profiles among birds, pigs, and 
humans. The genome of IAVs consists of eight segments that 
encode 17 viral proteins to perform diverse biological functions 
(Vasin et  al., 2014). IAV-induced acute lung injury or even 
acute respiratory distress syndrome is a major cause of mortality 
by pandemic influenza and highly pathogenic avian H5N1 
infection. In terms of the pathogenic mechanism, the over-
secretion of inflammatory cytokines (“cytokine storm”) induced 
by the immune or inflammatory response during viral infection 
is considered a major factor (Tisoncik et  al., 2012).

Mast cells, a type of immune cells with numerous allochromatic 
granules, originate from hematopoietic stem cells and can 
be  transferred to target tissues after early differentiation and 
eventually reach maturation (Galli et  al., 2011). Mature mast 
cells are mainly concentrated in the skin, airways, and digestive 
tracts and play an important role in both the inherent and 
adaptive immune response (Henz et  al., 2001; Galli et  al., 
2005). Mast cells can participate in the anti-parasitic response, 
autoimmunity diseases, wound healing, and tissue remodeling 
during chronic asthma (Abraham and St John, 2010). Mast 
cells are also involved in inflammatory responses such as the 
release of a variety of inflammatory cytokines and chemokine 
responses to bacterial and viral infection (Marshall et al., 2003). 
Our previous studies have demonstrated that mast cells support 
the productive replication of H1N1 (A/WSN/33), H5N1 
(A/chicken/Henan/1/04), and H7N2 (A/chicken/Hebei/2/02) 
(Liu et  al., 2014; Meng et  al., 2016). All the three viruses 
could induce mast cell apoptosis and pro-inflammatory cytokine 
response. Furthermore, toll-like receptor 3 (TLR3) plays a key 
role in the expression of pro-inflammatory cytokines in 
IAV-infected mast cells. To date, there has been little research 
that focuses on explaining the distinct molecular mechanism 
behind the pathogenesis in mast cells among the three different 
viruses by comparison at the whole genomic level.

Identification and quantification of differentially expressed 
genes (DEGs) can be  performed by gene ontology (GO) 
enrichment analysis and the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis using a gene chip assay. GO consists 
of three parts including molecular function (MF), biological 
process (BP), and cellular component (CC), and each of them 
gets various GO terms. Therefore, the information regarding 
the relationships between DEGs and cellular functions can 
be  obtained (Gusev, 2008). KEGG analysis is regarded as a 
pathway analysis to search for the cellular pathways as well 
as the relationships among them. According to the pathway 
enrichment terms of DEGs, it is helpful to acquire the  
crucial cellular pathways that are associated with DEGs 

(Kanehisa et  al., 2008). To date, these techniques have been 
widely used in many fields of life science and can be  used to 
detect gene expression levels and explore gene regulation 
mechanisms (Sugiura et  al., 2011). Researchers have adapted 
this gene expression analysis and have found the genes coding 
for chemokines are also strongly and, in many cases, continuously 
induced in H5N1-infected ferrets (Cameron et al., 2008). However, 
a systematic comparison of the genomic changes activated by 
different subtypes of IAV infection has yet to be  explored.

To gain a deeper understanding of the relationship between 
mast cells and the various IAV viruses and to explore the 
distinct molecular mechanism behind the pathogenesis in mast 
cells among the three different viruses, we  used microarray 
analysis to obtain unbiased quantitative information on the 
relative gene abundance in mouse mast cells (P815) during 
infection by human H1N1, avian H5N1, or H7N2 IAV at 
12  h. In particular, we  aimed to provide insights into the 
mechanistic differences in host responses induced by these 
three subtypes of IAV viruses.

MATERIALS AND METHODS

Viruses and Cell Culture
The H1N1 (A/WSN/33), H5N1 (A/Chicken/Henan/1/04), and 
H7N2 (A/Chicken/Hebei/2/02) viruses were isolated, and virus 
titers were determined as described previously (Huo et  al., 
2018). The mouse mastocytoma cell line P815 and MDCK 
cells were provided and cultured as previously described (Hu 
et  al., 2012). All experiments with IAV were conducted in a 
biosafety level 3 containment laboratory approved by the Ministry 
of Agriculture of China.

In vitro Viral Infection
Cells were seeded and viral infection was taken at a multiplicity 
of infection (MOI) of 1 for 12  h as previously described 
(Meng et  al., 2016).

RNA Extraction
Total RNA was extracted from cells after 12  h post-infection 
using Trizol reagents according to the manufacturer’s 
recommended protocol.

Microarray Analysis
Mouse gene expression was examined with the GeneChip Mouse 
Genome 4300 2.0 array (Affymetrix). Briefly, first strand cDNA 
was reverse transcribed using a First Strand Enzyme Mix 
(Affymetrix) and T7 Oligo (dT) Primer according to the 
manufacturer’s instructions. The reaction was run on a PCR 
instrument (PTC-225, MJ). Second Strand Enzyme Mix 
(Affymetrix) was then used to convert the DNA-RNA hybrid 
into second strand cDNA, and double-stranded DNA was 
synthesized. In vitro transcription and synthesis of cRNA 
was performed by using T7 Enzyme Mix (Affymetrix), which 
was added with biotin according to the manufacturer’s instruction. 
During the process of cRNA purification, cRNA was purified 
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by magnetic beads, impurities such as salt and enzyme were 
removed and cRNA was quantified. cRNA was then fragmented 
into the appropriate size to facilitate hybridization. Finally, 
cRNA was hybridized to the GeneChip array according to the 
manufacturer’s protocol. The GeneChips were finally washed 
and stained using the GeneChip Fluidics Station 450 (Affymetrix) 
and then scanned with the GeneChip Scanner 3000 (Affymetrix).

Sequence Database Search and  
Data Analysis
The original microarray data were uploaded into NCBI GEO 
repository and the GEO accession number was GSE129623. 
The raw mass data were processed for the gene data analysis 
using the normalized FPKM values obtained by DEGseq. Based 
on the negative binomial distribution model, heterogenetic 
analysis among samples was obtained by controlling the Fold-
change (FC) and p statistical methods. The screening conditions 
of this study were |log2FC|  >  1 and p  <  0.05. An analysis of 
variance (ANOVA), using the Benjamini-Hochberg multiple 
testing correction, was performed to identify genes significantly 
differentially expressed (p < 0.05) in response to virus infection. 
Significantly differential expressed genes with fold change ≥2 
were then merged into a gene list for further gene ontology 
(GO) and pathway analysis.

Bioinformatics and Statistical Analyses
The GO and KEGG pathway analyses on the DEGs were 
performed using DAVID Bioinformatics Resources 6.81. The 
threshold of significantly enriched genes was determined 
according to the enrichment degree (count ≥ 2) and correct 
p (Benjamini) (p ≤ 0.05). The default parameters (hypergeometric 
algorithm, Benjamini-Hochberg multiple testing correction) was 
performed to take over-representation analyses. Results with 
p of <0.05 after multiple testing corrections were considered 
statistically significant. Results with only a single GO term or 
pathway were not considered. The heatmaps of DEPs were 
achieved with the pheatmap packages from R. The DEGs related 
to IAV were used to predict genegene interactions network 
by using STRING online2 and visualized by Cytoscape software.

Real-Time Quantitative Polymerase Chain 
Reaction Analysis
The procedures were performed as previous described (Liu 
et  al., 2014). The primers for genes were as follows: 5-HT 
(2A) (F: 5′-ATGTGGTGCCCATTCTTCAT-3′, R: 5′-CGGCT 
GAGGAGAGATAACCA-3′); PKG II (F: 5′-GCTGTGTCTG 
CTCAGGTATTAGGGGC-3′, R: 5′- GCCAGCTCGCAGAGC 
ACTCCCGCAG-3′); HIF-1α (F: 5′-GGACAAGTCACCACAG 
GACA-3′, R: 5′-GGGAGAAAATCAAGTCGTGC-3′).

Exosome Isolation and Western Blotting
Exosomes from cell culture supernatants were isolated and 
characterized by Western blotting as described previously 

1 https://david.ncifcrf.gov/
2 http://string-db.org/

(Welton et al., 2010). Here, the concentration of CD63 antibody 
(System Biosciences) was 1:1,000.

Enzyme-Linked Immuno Sorbent Assay
Exosomes quantification was taken by detecting the concentration 
of CD63 through enzyme-Linked Immuno Sorbent Assay 
(ELISA) kits according to the manufacturer’s instructions.

RESULTS

Identification and Quantification of 
Differentially Expressed Genes by  
Using Affymetrix Microarray
We used the Affymetrix GeneChip Mouse Genome 4300 2.0 
array to compare the global gene expression profiles of mouse 
mastocytoma cell line P815 infected with H1N1, H5N1, H7N2 
viruses and mock-infected control cells at 12  h post-infection. 
By detecting and quantifying unique genes, we  found that 216 
genes were acquired in line with biological statistics in H1N1 
compared with Mock. At the same time, there were 101 genes 
in H5N1 compared with Mock as well as 745 genes in H5N1 
compared with Mock, respectively (Figure 1A). Further analysis, 
the numbers of genes that up- and down-regulated their 
abundance were summarized in this study using a cutoff ratio 
of >2 or  <  0.5 (p  <  0.05). As shown as in Figure 1B, H1N1 
virus induced 121 significantly up-regulated genes and 95 
significantly down-regulated genes as well as 6 non-coding 
RNAs (ncRNAs) in mast cells (H1N1vsMock). There were 101 
abundant genes including 74 significantly up-regulated genes 
and 27 significantly down-regulated genes in cells infected by 
H5N1 virus (H5N1vsMock) at 12  h. As for H7N2 virus, the 
up-regulation of 274 genes, the down-regulation of 471 genes 
and 17 ncRNAs were confirmed in P815 cells at 12 hpi following 
H7N2 infection (H7N2vsMock).

In addition, we also compared and analyzed the differentially 
expressed genes (DEGs) from the obtained genes (Figure 2A). 
We  summarized 116 DEGs uniquely in H1N1-infected P815 
cells, 20 DEGs uniquely in H5N1-infected P815 cells and also 
629 DEGs uniquely in H7N2-infected P815 cells, respectively. 
At the same time, 43 differentially abundant genes were commonly 
obtained from three groups. As shown in Figure 2B, the heat 
map of DEGs showed that these DEGs were all significantly 
distributed in P815 cells infected with the corresponding 
influenza virus, respectively. Taken together, identification of 
a larger number of differentially abundant genes in P815 cells 
following different subtypes of IAVs suggested that infection 
with various IAV strains resulted in significantly changes in 
the global genome of P815 cells.

Functional Annotations and Bioinformatic 
Characterization of Unique DEGs in  
P815 Cells Infected With H1N1 Virus 
Compared With H5N1 Virus
After comparison of DEGs in P815 cells with challenge of 
H1N1 virus and H5N1 virus, we  demonstrated that the 
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162 unique DEGs were identified in H1N1-infected P815 cells 
and 47 unique DEGs were identified in H5N1-infected P815 
cells, respectively. Then, GO enrichment analysis and KEGG-
pathway analysis were conducted using the DAVID online 

analysis system for the probe ID of these screened DEGs. 
As shown in Figure 3, 141 DEGs enriched in the 190 GO 
biological process terms, 150 DEGs enriched in the 103 GO 
cellular component terms, and 133 DEGs actively participated 

A

B

FIGURE 1 | Identification and quantification of differentially abundant genes between IAV-infected P815 cells and uninfected cells. (A) Scatter plots of gene 
abundance ratio in H1N1vsMock, H5N1vsMock, and H7N2vsMock, respectively. (B) Bar chart showing the up-regulated DEPs (red) and down-regulated DEGs 
(green) in P815 cells infected with different subtypes of IAV (H1N1vsMock, H5N1vsMock, and H7N2vsMock), respectively.

A B

FIGURE 2 | Identification and quantification comparison of differentially abundant genes in P815 cells infected with different subtypes of IAV. (A) Venn diagrams 
showing the overlap of DEGs in P815 cells infected with three subtypes of IAV, respectively. (B) Heat map presenting the screened DEGs.
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in the 112 GO molecular function terms could be  present 
in H1N1-infected P815 cells. According to the standard 
screening of DEGs count ≥ 2 and p  <  0.05, 12 biological 
process items, 20 cell component items, and 10 molecular 
function items were significantly enriched, which mainly 
be  involved in the signaling pathways such as transport, 
endocytosis, cytoplasm, membrane, exosomes, protein binding, 
catalytic activity, RNA polymerase II transcription coactivator 
activity terms, and so on. In addition, KEGG-pathway analysis 
showed that 63 DEGs were enriched in the 92 KEGG-pathway 
items, which 20 of these KEGG-pathway items were significantly 
enriched and were associated with the 5-hydroxytryptamine 
(5-HT) synapses, endocytosis, cGMP-PKG signaling pathway, 
neuron-related morphine addiction, glutamate synapses, and 
gap junctions.

By taking the GO enrichment analysis and KEGG-pathway 
analysis of 47 unique DEGs in H5N1-infected P815 cells, 
we found that 30 DEGs were enriched in the 22 GO biological 
process terms, 30 DEGs were enriched in the 39 GO cellular 
component terms and 28 DEGs actively participate in the 
80 GO molecular function terms. Furthermore, one biological 
process items related to neuron development, one cell 
component items for cytoplasmic component, and one 
molecular function items for the activity of transferase and 

transfer acyl were significantly enriched. Notably, though nine 
DEGs were enriched in the two KEGG-pathway items, no 
KEGG-pathway item was significantly enriched. Identification 
of a larger number of DEGs in H1N1vs H5N1 suggested 
that infection with H1N1 strains resulted in more changes 
in the global genome of P815 cells than did infection with 
H5N1 virus.

Functional Annotations and Bioinformatic 
Characterization of Unique DEGs in  
P815 Cells Infected With H1N1 Virus 
Compared With H7N2 Virus
By comparing DEGs in P815 cells with challenge of H1N1 
virus and H7N2 virus, we  identified the 127 unique DEGs 
identified in H1N1-infected P815 cells and 162 unique DEGs 
identified in H7N2-infected P815 cells. Likewise, we also took 
GO enrichment analysis and KEGG-pathway analysis. As shown 
in Figure 4A, in H1N1-infected P815 cells, there were 107 
DEGs enriched in the 155 GO biological process terms, 113 
DEGs enriched in the 89 GO cellular component terms, and 
100 DEGs actively participated in the 90 GO molecular function 
terms. Based on the standard screening of DEGs count ≥ 2, 
p ≤0.05 and Benjamini correction ≤ 0.05, no biological process 

FIGURE 3 | Functional annotations and bioinformatic characterization of unique DEGs in P815 cells infected with H1N1 virus compared with H5N1 virus. The GO 
biological process terms, GO cellular component terms, and GO molecular function terms of unique DEGs in P815 cells infected with H1N1 virus and H5N1 virus 
were analyzed, respectively. Green bar chart represented biological classification of the IAV-regulated unique DEGs in P815 cells. Orange bar chart represented 
cellular classification of the IAV-regulated unique DEGs in P815 cells. Blue bar chart represented molecular classification of the IAV-regulated unique DEGs in  
P815 cells.
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terms and one cellular component terms for protein binding 
were significantly enriched. Nine biological process items were 
found to be  significantly enriched, which were obviously 
classified into the cytoplasm, extracellular exosomes, neuron 
projection, protein binding and so on. In terms of KEGG-
pathway, we  found 5 significant enrichment pathways among 
48 DEGs from our results on KEGG pathways database based 
on DAVID, which mainly participated in the GABAergic 
synapse, morphine addiction, retrograde, gastric acid secretion, 
and insulin secretion.

By contrast, the functions of unique DEGs in H7N2-infected 
P815 cells were different from that in H1N1-infected P815 
cells. As shown in Figure 4B, we  could see that 505 DEGs 
in the 761 GO biological process terms, 543 DEGs in the 235 
GO cellular component terms, and 495 DEGs in the 265 GO 
molecular function terms were enriched in H7N2-infected P815 
cells, respectively. Among them, four biological process terms 
which involved in the response to endoplasmic reticulum stress, 
intrinsic apototic signaling pathway, endoplasmic reticulum 
unfolded protein response, and protein response were significantly 
enriched. Also, four cellular component terms for protein binding 
were significantly enriched, which were mainly involved in 
cytoplasm, endoplasmic reticulum, cell membrane, and nucleus. 
Besides, biological process items for the nucleic acid binding, 
ligase activity, and Poly(A) RNA binding were significantly 
enriched. At the same time, there were 227 enriched in the 
KEGG-pathway terms, and 27 terms of them were enriched 
significantly. These significant KEGG-pathway terms were 
obviously classified into the protein processing in endoplasmic 
reticulum, insulin resistance, influenza A infection, viral 
carcinogenesis, tumor necrosis factor (TNF), phosphatidylinositol, 
and adenosine monophosphate activated protein kinase (MAPK) 
signaling pathways. As shown in Figure 4C, the analysis of 
related DEGs participated in influenza A infection signaling 
pathway could show that IFNAR2, PKB, eIF, NXF1, and GSK38 
genes were up-regulated. However, the genes of PKC, p58IPK, 
MDA5, P13K, IRF3, MDA5, IL-6, Nup98, and Jak1 were all 
down-regulated. All these could be  used as candidate genes 
to study the relationships between influenza A virus and hosts. 
Taken together, these results suggested that infection with H7N2 
strains resulted in more gene changes in the global genome 
of P815 cells than did infection with H1N1 virus.

Functional Annotations and Bioinformatic 
Characterization of Unique DEGs in  
P815 Cells Infected With H5N1 Virus 
Compared With H7N2 Virus
Comparison of DEGs in P815 cells with infection of H5N1 
virus and H7N2 virus could show that the 31 unique DEGs 
were identified in H5N1-infected P815 cells and 162 unique 
DEGs were identified in H7N2-infected P815 cells.  
Eleven GO biological process terms were enriched with 
162 DEGs, 15 GO cellular component terms were enriched 
with 20 DEGs, and 11 GO molecular function terms were 
enriched with 17 DEGs, respectively. However, none of these 
terms showed significant enrichment. Although three DEGs 

actively participated in a metabolic KEGG-signaling pathway 
terms, the result of this signaling pathway was false positive 
according to the standard screening of DEGs count ≥ 2, p ≤ 0.05.

The functions of 675 unique DEGs in H7N2-infected P815 
cells were also distinct to some extent. As shown in Figure 5, 
there were 526 DEGs enriched in the 783 GO biological 
process terms, 570 DEGs enriched in the 245 GO cellular 
component terms, and 517 DEGs enriched in the 274 GO 
molecular function terms in H7N2-infected P815 cells, 
respectively. With the standard screening of DEGs count ≥ 2, 
p ≤ 0.05 and FDR  ≤  0.05, three biological process terms, five 
cellular component terms, and nine biological process terms 
were significantly enriched, which were obviously classified 
into the response to endoplasmic reticulum stress, endoplasmic 
reticulum unfolded protein response, protein transport, 
cytoplasm, endoplasmic reticulum, membrane, nucleus, early 
endosome, Poly(A) RNA binding, and ligase activity. In terms 
of KEGG-pathway, we found 26 significant enrichment pathways 
among 236 DEGs from our results on KEGG pathways database 
based on DAVID, which mainly participated in such as 
he  protein processing in endoplasmic reticulum, insulin 
resistance, hypoxia-inducible factor (HIF), influenza A infection, 
viral carcinogenesis, tumor necrosis factor (TNF), and adenosine 
monophosphate activated protein kinase (MAPK)-signaling 
pathways. The analysis of related DEGs participated in influenza 
A infection signaling pathway could show that IFNAR2, PKB, 
eIF, NXF1, and GSK38 genes were up-regulated. Meanwhile, 
the genes of PKC, p58IPK, MDA5, P13K, IRF3, MDA5, IL-6, 
Nup98, and Jak1 were all down-regulated. All of these could 
be  used as candidate genes to study the relationships between 
influenza A virus and hosts. Taken together, these results 
suggested that infection with H7N2 strains resulted in more 
gene changes in the global genome of P815 cells than did 
infection with H5N1 virus.

Functional Annotations and Bioinformatic 
Characterization of Common DEGs in 
P815 Cells With Three Different Subtypes 
of IAV Infection
Despite P815 cells were challenged with different subtypes 
of IAV (H1N1/H5N1/H7N2), there were also 43 common 
DEGs that could be  identified in infected cells. Among these 
common DEGs, there were 33 DEGs enriched in the 38 GO 
biological process terms, 33 DEGs enriched in the 34 GO 
cellular component terms, and 33 DEGs actively participated 
in the 23 GO molecular function terms (Figure 6). Based 
on the standard screening of DEGs count ≥ 2 and p ≤ 0.05, 
10 biological process terms, 4 cellular component terms and 
9 biological process items were significantly enriched, which 
were obviously classified into the nucleosome assembly, DNA 
methylation on cytosine, positive regulation of gene expression, 
epigenetic, chromatin silencing at rDNA, axonogenesis,  
protein ubiquitination, posttranscriptional regulation of gene 
expression, DNA replication-independent nucleosome assembly, 
regulation of exocytosis, positive regulation of exocytosis, 
nucleosome, nucleus, nuclear chromosome, Poly(A) RNA 
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binding, histone binding and ligase activity. In terms of 
KEGG-pathway, we  found 5 significant enrichment pathways 
among 48 DEGs from our results on KEGG pathways database, 
which mainly participated in the systemic lupus erythematosus 

and alcoholism. Furthermore, the genes involved in these 
two signaling pathways were all up-regulated genes and 
belonged to the histone family genes, including H3F3b, 
Hist1h2bc, Hist1h3a, and Hist1h4a, indicating that histone 

FIGURE 6 | Functional annotations and bioinformatic characterization of common DEGs in P815 cells with IAV infection. The GO biological process terms, GO 
cellular component terms and GO molecular function terms of common DEGs in P815 cells with IAV infection. Blue bar chart represented biological classification of 
the IAV - regulated unique DEGs in P815 cells. Orange bar chart represented cellular classification of the IAV-regulated unique DEGs in P815 cells. Green bar chart 
represented molecular classification of the IAV-regulated unique DEGs in P815 cells.

FIGURE 5 | Functional annotations and bioinformatic characterization of unique DEGs in P815 cells infected with H5N1 virus compared with H7N2 virus. The GO 
biological process terms, GO cellular component terms and GO molecular function terms of unique DEGs in P815 cells infected with H7N2 virus were analyzed 
compared with H5N1 virus. Blue bar chart represented biological classification of the IAV-regulated unique DEGs in P815 cells. Orange bar chart represented cellular 
classification of the IAV-regulated unique DEGs in P815 cells. Green bar chart represented molecular classification of the IAV-regulated unique DEGs in P815 cells.

FIGURE 4 | Functional annotations and bioinformatic characterization of unique DEGs in P815 cells infected with H1N1 virus compared with H7N2 virus. (A,B) The 
GO biological process terms, GO cellular component terms and GO molecular function terms of unique DEGs in P815 cells infected with H1N1 virus and H7N2 virus 
were analyzed, respectively. Orange bar chart represented cellular classification of the IAV-regulated unique DEGs in P815 cells. Green bar chart represented 
molecular classification of the IAV-regulated unique DEGs in P815 cells. Blue bar chart represented biological classification of the IAV - regulated unique DEGs in 
P815 cells. Purple bar chart represented KEGG pathways of the IAV- regulated unique DEGs in P815 cells. (C) The regulation changes of DEGs involved in IAV 
signaling pathway. Red represented up-regulated DEGs. Yellow represented down-regulated DEGs.
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family genes could play a pivotal role in regulated 
signaling pathways.

The Distinct of Gene Expressions of 5-HT, 
PKG, and HIF-1 in P815 Cells Among  
Three Subtypes of IAVs
Based on the genomic results, we  surprisingly found that 
DEGs were significantly enriched in the terms of 5-HT 
signaling pathway and cGMP/PKG signaling pathway in 
P815 cells following H1N1 infection. Besides, DEGs were  
significantly enriched in the terms of HIF-1 signaling pathway 
in P815 cells during H7N2 infection. In order to further 
validate the results, the real-time quantitative polymerase 
chain reaction (RT-qPCR) was used to detect the gene 

expression of 5-HT, PKG and HIF-1  in P815 cells among 
three subtypes of IAVs, respectively. As shown in Figure 7A, 
H1N1 group showed the significantly increased mRNA levels 
of 5-HT (2A) and PKG II genes than any other two groups. 
In addition, the expression of HIF-1α was the much highest 
in H7N2-infected P815 cells among three groups. In terms 
of H5N1 group, all of three genes were lower compared to 
H1N1 group or H7N2 group, which was in accordance with 
above microassays that few cellular functions and signaling 
pathways were found in H5N1 groups. Taken together, 
the results suggested that the gene expressions of 5-HT, 
PKG and HIF-1  in P815 cells were distinct among three 
subtypes of IAVs.

The Distinct of Exosomes in P815 Cells 
Among Three Subtypes of IAVs
According to the results of above genomic profiles, exosomes 
were present in P815 cells following H1N1 and H7N2 infection. 
To further confirm whether exosomes were secreted and 
play roles in infected P815 cells, differential ultracentrifugation 
method was used to isolate the exosomes from P815 cells 
infected with three subtypes of IAVs, respectively. Due to 
that CD63 belongs to a membrane protein that located on 
the surface of exosomes, then the protein expression of  
CD63 was measured. As shown in Figure 7B, the mock 
P815 cells could secret exosomes, which the protein size 
was about 53  kDa. Compared to mock group, H1N1 and 
H7N2 viruses could result in the highly secretion of exosomes, 
respectively. However, the levels of exosomes in H5N1 group 
were the similar to that in mock group, indicating the  
lowest levels of exosomes in P815 cells following H5N1 
infection among three subtypes of IAVs. Moreover, the 
concentration of CD63 was also quantitatively detected by 
using ELISA kits. As shown in Figure 7C, the protein levels 
of CD63  in H1N1 group and H7N2 group were significantly 
higher than that in H5N1 group or mock group, which 
were consistent with the results of western blotting. Together, 
the results verified that exosomes were preferentially secreted 
from H1N1 or H7N2-infected P815 cells rather than H5N1-
infected P815 cells.

DISCUSSION

Genomic and bioinformatic analyses have been used to study 
dynamic alterations in global gene profiles after IAV infection 
of various cell types using microassays (Cameron et al., 2008). 
Recently, mast cells have been found to play an essential 
role during IAV infection (Boyce, 2007; Galli et  al., 2011; 
da Silva et  al., 2014; Liu et  al., 2014; Meng et  al., 2016). 
Immune mediators such histamine, proteases, leukotrienes, 
inflammatory cytokines, and antiviral chemokines can also 
be  directly released by mast cells after IAV (H1N1, H5N1 
and H7N2) infection. Here, we focused on how the quantities 
of mouse mast cells genes may be  regulated by different 

A

B

C

FIGURE 7 | The distinct of expressions of 5-HT, PKG, and HIF-1 as well 
as exosomes in P815 cells among three subtypes of IAVs. (A) The mRNA 
levels of 5-HT, PKG and HIF-1 in P815 cells following H1N1, H5N1, and 
H7N2 infection were determined by real-time PCR (N = 3); *p < 0.05, 
**p < 0.01, ***p < 0.001. (B) The protein levels of CD63 in P815 cells 
following H1N1, H5N1 and H7N2 infection were detected by western 
blotting. (C) The protein levels of CD63 in P815 cells following H1N1, 
H5N1, and H7N2 infection were quantitatively detected by ELISA  
(N = 3); ***p < 0.001.
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subtypes of IAV virus infections, and performed an in-depth 
analysis of the relative functional activities of these various 
genes. Thus, the cellular dynamic processes of DEGs modulated 
by different IAV stains in P815 cells were researched in this 
study. These data will help us further understand the molecular 
mechanisms of IAV infection in mast cells, pathogenesis and 
host defense.

In our study, we  specifically assessed the DEGs in mouse 
P815 cells and the related cellular functions and signaling 
pathways in the three subtypes of IAVs. Among these viruses, 
we  have confirmed that the amount of enrichment of DEGs 
was dramatically different, with H7N2 groups showing the 
highest amount, while H5N1 groups showed the lowest 
amount. According to the results of the GO and KEGG-
pathway analysis, we  also demonstrated that many more 
cellular functions and signaling pathways were actively triggered 
in P815 cells following H7N2 or H1N1 infection, while 
distinct differences continued to exist between these two 
groups. By contrast, few cellular functions and signaling 
pathways were found in H5N1 groups, indicating a variety 
of biological mechanisms were largely suppressed in P815 
cells during H5N1 infection. Taken together, our genomic 
and bioinformatic results illustrate the distinct molecular 
mechanism of H1N1, H5N1, and H7N2 viruses in mast cells. 
In addition, we found cellular functions and signaling pathways 
that uniquely participated in P815 cells during H1N1 or 
H7N2 infection. Well-known cellular functions and signaling 
pathways include protein binding, nucleotide binding, TNF 
signaling pathway, and MAPK signaling pathways. To our 
knowledge, we  are the first group to report additional new 
cellular functions and signaling pathways in mast cells following 
IAV infection.

Essential Role of the 5-HT Signaling 
Pathway and cGMP/PKG-Signaling 
Pathway in P815 Cells Infected by  
H1N1 Infection
Mast cells are known to contain abundant basophilic keratohyalin 
granules and mediators such as histamine, 5-hydroxytryptamine 
(5-HT), heparin, prostaglandin (PGD), and interleukin and 
vascular endothelial growth factor (VEGF) (Marshall, 2004; 
Boyce, 2007). Among them, 5-HT is one of the most extensively 
examined neurotransmitters in the central nervous system 
and also present in a variety of peripheral tissues in constituents 
of the immune system (Dimitrov et al., 2017; Wu et al., 2019). 
Previous studies have shown that 5-HT released by macrophages 
plays an essential role in T-cell and natural killer (NK)-cell 
activation, delayed-type hypersensitivity responses, production 
of chemotactic factors, and natural immunity (Mossner and 
Lesch, 1998). In addition, 5-HT has been shown to play a 
role in the granules of mast cells, which affects degranulation 
of mast cells and expression of inflammatory factors  
(Benditt et  al., 1955; Wu et  al., 2015; Dimitrov et  al., 2017). 
In this study, the 5-HT signaling pathway with p  ≤  0.05 was 
preferentially and significantly modulated by DEGs induced 

by the H1N1 virus in P815 cells. RT-qPCR further confirmed 
the significantly increased gene levels of 5-HT in P815 cells 
infected by H1N1. However, the avian H5N1 or H7N2 virus 
did not trigger the 5-HT signaling pathway and did not 
improve the gene expression of 5-HT in P815 cells. Thus, 
our results demonstrate for the first time that the 5-HT 
signaling pathway has an essential role in P815 cells following 
H1N1 infection.

The cyclic guanosine monophosphate (cGMP)/protein kinase 
G (PKG) signaling pathway is an important intracellular signal 
transduction pathway with a pivotal role in various cells 
(Lohmann et  al., 1997). The upstream molecules are mainly 
nitric oxide (NO) and guanylate cyclase (GC), while its 
downstream molecules are mainly composed of 
phosphodiesterase (PDE), protein kinase G (PKG), and gated 
ion channel. cGMP not only activates PKG to trigger a series 
of downstream reactions mediated by phosphorylation of 
related substrates of serine/threonine but also inhibits PDE3 
to indirectly promote intracellular cyclic adenosine 
monophosphate (cAMP) and thus amplify the biological effects 
of the cAMP-dependent signaling pathway (Conti et  al., 1995; 
Jeremy et  al., 1997). Growing evidence supports a role for 
PKG as an important cGMP target that promotes cGMP effects 
in cardiac myocytes (Murthy, 2001). The activation of PKG 
can cause decreased levels of intracellular calcium ions (Ca2+) 
and finally result in the relaxation of smooth muscle. With 
respect to viral infections, this signaling pathway could have 
a potential role in viral replication (Li et  al., 2018). However, 
the role of this signaling pathway in mast cells following 
various IAV infection remains poorly understood. Here, the 
microassays and RT-qPCR successfully confirmed the 
preferentially expression of PKG in H1N1-infected P815 cells. 
Our results provide novel information that the cGMP/PKG 
signaling pathway has an essential role in P815 cells following 
H1N1 rather than H5N1 or H7N2 infection. We  speculate 
that this signaling pathway may directly influence the replication 
ability of the H1N1 virus in mast cells or affects the host 
responses to infection.

Crucial Role of the HIF-1 Signaling 
Pathway in P815 Cells Infected by  
H7N2 Infection
Hypoxia-inducible factor (HIF) transcription factors are 
commanders of the cellular response to hypoxia and regulate 
metabolic processes. HIF-1, which includes HIF-1α and HIF-1β, 
is widely expressed in diverse immune populations including 
macrophages, neutrophils, dendritic cells, and lymphocytes 
(Welsh and Powis, 2003; Palazon et  al., 2014). Under hypoxic 
conditions, HIF-1 is activated. HIF-1α is then transferred into 
the nucleus and heterodimerizes with HIF-1β through 
phosphorylation by MAPK, followed by active transcription 
of downstream genes. It can promote the transcription and 
expression of various target genes such as endothelin-1 (ET-1), 
vascular endothelial growth factors (VEGF), heme oxygenase-1 
(HO-1), erythropoietin (EPO), and Adrenomedullin (ADM). 
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As the primary regulator of oxygen homeostasis, previous 
studies have demonstrated that HIF-1 is also expressed in 
mast cells and affects degranulation of these immune cells 
and expression of inflammatory factors (Liang et  al., 2016). 
Researchers have shown that HIF-1a could contribute to 
response about Staphylococcus aureus infection in mast cell 
under hypoxia (Mollerherm et  al., 2017). However, whether 
the HIF-1 signaling pathway is involved in mast cells following 
IAV infection has yet to be  explored. Here, our data showed 
that the HIF-1α signaling pathway with p  ≤  0.05 was 
preferentially and significantly modulated by DEGs induced 
by H7N2 virus in P815 cells. Interestingly, MAPK was also 
found in H7N2-infected cells, which confirms the dominant 
role of the HIF-1 signaling pathway in mast cells during 
H7N2 infection. RT-qPCR results also confirmed that the 
H7N2 virus leads to the high gene expression levels of HIF-1α 
among the three subtypes of IAVs, indicating the potential 
role of HIF-1α in P815 cells during H7N2 infection. Previous 
studies have also demonstrated that HIFs directly regulate 
the expression of hundreds of genes in mammalian cells 
(Perez-Perri et al., 2011). Here, further analysis indicated more 
genes were upregulated in cells following H7N2 virus infection 
at 12  h. Therefore, we  demonstrated for the first time that 
H7N2 rather than H1N1 or H5N1 infection can trigger the 
HIF-1 signaling pathway. We  speculate that the activation of 
this signaling pathway is an essential factor that results in 
the lowest replication of H7N2  in mast cells among the three 
subtypes of IAV.

Exosomes Are Preferentially Secreted 
From H1N1 or H7N2-Infected P815 Cells
Exosomes are vesicles composed of proteins, lipids, and nucleic 
acids that are surrounded by a bilayer membrane of phospholipids. 
As an intercellular communicator, exosomes can be  secreted 
by almost all cell types, and are widely involved in the transmission 
of intercellular substances and information. They play an 
important role in physiological and pathological processes such 
as intercellular communication, immune response, tumorigenesis, 
and development (Raposo and Stoorvogel, 2013). To date, 
exosomes have been widely used in the diagnosis and treatment 
of diseases due to their unique biological structure and function 
such as their small size (50–150 nm) and good biocompatibility 
(Atay et  al., 2018; Liao et  al., 2019). With respect to viral 
infections, exosomes have been reported to influence the infection 
of viruses in several cells (Longatti et  al., 2015). Notably, the 
components and functions of exosomes differ between the cell 
types. Studies have demonstrated that exosomes secreted from 
dendritic cells contain major histocompatibility complex (MHC) 
molecules and positively activate the immune response of T 
cells and thus play an important role in immune regulation 
(Denzer et al., 2000). However, the presence and role of exosomes 
in mast cells following IAV infection are poorly understood. 
In our study, much to our surprise, we determined that exosomes 
were preferentially present in P815 cells infected by H1N1 or 
H7N2 rather than H5N1. It appeared that the H5N1 virus 

could not significantly prompt the secretion of exosomes from 
P815 cells. We  speculate that these exosomes from mast cells 
are pivotal in triggering the robust innate immunity of cells 
to fight H1N1 or H7N2 infection and effectively eliminate the 
viruses. To our knowledge, we  are the first to report the initial 
discovery of exosomes in mast cells following H1N1 or H7N2 
infection. It remains to be  explored what components of 
exosomes play an essential role in mast cells during IAV 
infection and how they function.

CONCLUSIONS

We investigated the more profound genomic profiles for the 
first time and describe the dynamic change of genomes regulated 
by different subtypes of IAV in mouse mast cells using 
microassays. Compared with any two of the three IAV-infected 
groups, DEGs, cellular functions, and signaling pathways were 
confirmed in the H1N1 and H7N2 groups, and the H7N2 
group showed the highest levels. However, few DEGs were 
detected and various cellular functions and signaling pathways 
were dramatically suppressed in the H5N1 group. Comparison 
of the functional annotations and bioinformatic characterization 
of DEGs in P815 cells infected with three different viruses at 
the same time could show that histone family genes play a 
pivotal role in regulated signaling pathways. With an in-depth 
study on the H1N1 and H7N2 groups, we  demonstrated the 
essential roles of the 5-HT signaling pathway and cGMP/PKG 
signaling pathway, which were preferentially activated in P815 
cells infected by H1N1. We  also demonstrated the crucial role 
of the HIF-1 signaling pathway, which was preferentially activated 
in P815 cells infected by the H7N2 virus. Furthermore, RT-qPCR 
results showed significantly increased mRNA levels of 5-HT 
and PKG in H1N1-infected P815 cells and increased HIF-1 
levels in H7N2-infected P815 cells. Exosomes were also 
preferentially secreted from H1N1-infected or H7N2-infected 
P815 cells and are potentially pivotal in innate immunity to 
fight IAV infection. This study provides novel information and 
insight into the distinct molecular mechanism of H1N1, H5N1, 
and H7N2 viruses in mast cells from the perspective of 
genomic profiles.
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