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Abstract: Avian influenza A (H7N9) virus infections frequently lead to acute respiratory distress
syndrome and death in humans. The emergence of H7N9 virus infections is a serious public health
threat. To identify virus–host interaction differences between the highly virulent H7N9 and pandemic
influenza H1N1 (pdmH1N1), RNA sequencing was performed of normal human bronchial epithelial
(NHBE) cells infected with either virus. The transcriptomic analysis of host cellular responses to
viral infection enables the identification of potential cellular factors related to infection. Significantly
different gene expression patterns were found between pdmH1N1- and H7N9-infected NHBE cells.
In addition, the H7N9 virus infection induced strong immune responses, while cellular repair
mechanisms were inhibited. The differential expression of specific factors observed between avian
H7N9 and pdmH1N1 influenza virus strains can account for variations in disease pathogenicity. These
findings provide a framework for future studies examining the molecular mechanisms underlying
the pathogenicity of avian H7N9 virus.

Keywords: avian influenza A(H7N9) virus; pandemic influenza H1N1 (pdmH1N1); transcriptome

1. Introduction

The influenza A virus is a negative-sense, single-stranded, and enveloped RNA virus
that belongs to the Orthomyxoviridae family. Through gene rearrangement, influenza viruses
swap gene segments, leading to the production of new viruses [1]. There have been several
genetic recombination influenza pandemics in history, such as H2N2 in 1957 and H3N2 in
1968. The latest influenza virus pandemic was pandemic influenza H1N1 (pdmH1N1) in
2009. The pdmH1N1 virus is transmitted efficiently among humans and there were many
patients with severe pdmH1N1 infection because of the widespread transmission [2]. The
CDC estimated that approximately 151,700–575,400 people worldwide died from pdmH1N1
infection during the first year of the virus [3]. Avian-origin influenza A H7N9 infection in
humans was initially reported in China in March 2013 [4–6]. A phylogenetic study demon-
strated that the novel H7N9 virus originated from multiple reassortment events [7]. H7N9
transmission occurs from poultry to humans, with ducks and chickens likely acting as inter-
mediate hosts. The ability of the avian influenza virus to break the species barrier and infect
humans is determined by HA and PB2. Two key amino acid mutations, namely, G186V and
Q226L, in HA increase the binding force of avian viruses to α2-6-linked sialidases, which
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are abundant on human respiratory epithelial cells, and the E627K mutation in PB2 facili-
tates replication of the virus in human cells [8,9]. Avian influenza A H7N9 virus infections
frequently lead to acute respiratory distress syndrome, multiorgan disfunction, shock, and
death in humans; there were 133 laboratory-confirmed H7N9 virus cases in March to July
2013, with 43 deaths reported, giving a case fatality of 32%. All fatal cases experienced
pneumonia and acute respiratory distress syndrome [10]. To date, there have been 1564
confirmed cases of H7N9 infections with at least 612 deaths [11]. The emergence of H7N9
virus infections is a serious public health threat. When viruses attach to host cells, host
defense mechanisms are triggered, and the innate immune system plays a major role. To
identify virus–host interaction differences between the highly virulent H7N9 and pdmH1N1,
RNA sequencing (RNA-seq) was performed on normal human bronchial epithelial (NHBE)
cells infected with either virus. Importantly, the transcriptomic analysis of host cellular
responses to viral infections enables the investigation of potential cellular factors related to
viral infection [12,13]. Significantly different gene expression patterns were found between
pdmH1N1- and H7N9-infected NHBE cells. We determined that H7N9 virus infection
induced a strong immune response, while inhibiting cellular repair mechanisms. These
findings provide a framework for future studies examining the molecular mechanisms
underlying the pathogenicity of avian H7N9 virus.

2. Materials and Methods
2.1. NHBE Cells

NHBE cells from a 24-year-old female donor and BEGM™ Bronchial Epithelial Cell
Growth Medium BulletKit™ culture medium (CC-3170) were obtained from Lonza (Walk-
ersville, MD, USA). Cells at the third passage were grown in a confluent monolayer for
subsequent infection experiments, as we described previously [14].

2.2. Virus Isolation and Preparation

A/Taiwan/4-CGMH2/2014 (H7N9) is genetically close to the A/Anhui/1/2013 strain,
which was the fourth H7N9 infection reported on 25 April 2014 in Taiwan [15]. A/Taiwan/4-
CGMH2/2014 (H7N9) and A/California/7/2009 (pdmH1N1)pdm09-like virus (CGMH-
90126) were isolated from infected patients in Chang Gung Memorial Hospital in Taiwan.
The viruses were propagated in 10–11-day-old embryonated eggs and incubated at 37 ◦C
for 3 days, as we described previously [16]; subsequently, the allantoic fluid of inoculated
chicken eggs was harvested and stored at −80 ◦C until use.

2.3. Virus Infection

NHBE cells were challenged by three multiplicity of infection (MOI) of H7N9, pdmH1N1,
or mock control. After 1 h viral adsorption, the medium was removed and the cells were
washed with phosphate-buffered saline before further incubation for 4, 8, 12, and 36 h in
BEBM™ Bronchial Epithelial Basal Medium (CC-3171, Lonza), followed by the collection
of culture medium supernatants and cell pellets.

2.4. RNA Extraction

The total RNA of the NHBE cell pellets collected from 12 and 36 h incubation with
H7N9, pdmH1N1, or mock control was extracted by TRIzol™ Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) following the manufacturer’s instructions.

2.5. Influenza A Virus Quantification by Quantitative Real-Time Reverse Transcription Polymerase
Chain Reaction

All procedures were conducted in biosafety level 2 facilities by personnel wearing
biosafety level 3 personal protective equipment. Quantitative real-time reverse transcrip-
tion polymerase chain reaction (qRT-PCR) was used for influenza A viral load quantitation,
as we described previously [11]. Viral RNA was extracted from culture supernatants
using a QIAamp Viral RNA Mini kit (Qiagen Inc., Valencia, CA, USA), followed by qRT-
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PCR. The primers and probe that targeted the conserved sequences on matrix gene (M)
of influenza A used in this study were originally developed by the World Health Orga-
nization Collaborating Centre in Beijing, China (2013). The nucleotide sequences were
as follows: forward primer, 5′-GACCRATCCTGTCACCTCTGAC-3′; reverse primer, 5′-
AGGGCATTYTGGACAAAKCGTCTA-3′; and probe, 5′-FAM-TGCAGTCCTCGCTCACT
GGGCACGBHQ1-3′. For quantification, plasmid DNAs at six different concentrations,
ranging from 10–106 copies/µL, were run in parallel with all samples.

2.6. Affymetrix Analysis

Human gene expression was examined using the GeneChip™ Human Transcriptome
Array (HTA) 2.0 (Affymetrix, Santa Clara, CA, USA). HTA 2.0 maximizes the amount of
unique and valuable information possible by minimizing the conserved sequence synthe-
sized on the array. This high-resolution array design contains an unprecedented >6.0 million
probes covering coding transcripts and non-coding transcripts. 70% of the probes on this
array cover exons for coding transcripts, and the remaining 30% of probes on the array
cover exon–exon splice junctions and non-coding transcripts. The unparalleled coverage of
this array provides the deepest insight into all coding and non-coding transcripts available.
RNA quality control, sample labeling, GeneChip hybridization, and data acquisition were
performed at the Genomic Medicine Research Core Laboratory at Chang Gung Memorial
Hospital in Linkou. The total RNA quality was checked using an Agilent Technologies
2100 Bioanalyzer (Santa Clara, CA, USA). The RNA was then amplified and labeled us-
ing a GeneChip® WT Sense Target Labeling and Control Reagents kit (Affymetrix, Santa
Clara, CA, USA). cDNA was synthesized, labeled, and hybridized to the GeneChip array
according to the manufacturer’s protocol. Hybridization controls were used to assess
hybridization quality. The arrays were washed and stained using a GeneChip Fluidics
Station 450 (Affymetrix) and then scanned using a GeneChip Scanner 3000 7G (Affymetrix).
GeneSpring GX 11 (Agilent) was used for the normalization, filtering, and statistical data
analysis of microarray data. The linear data were first summarized using the Exon Robust
Multichip Average (RMA) summarization algorithm on the CORE probe sets and baseline
transformation to the median of all samples for the three major tasks, background correc-
tion, normalization, and probe summarization. We also used Exon RMA for GC-based
background correction.

2.7. Bio-Plex Cytokine Analysis

Culture supernatants were collected at 4, 8, and 12 h and assayed for cytokines using
a Bio-Plex Cytokine panel (Bio-Rad Laboratories, Hercules, CA, USA) and analyzed using
a Bio-Plex Luminex 200 (Bio-Rad Laboratories). The assay was performed according to
the manufacturer’s instructions to measure the concentrations of the following 27 target
cytokines: IL-1β; IL-1 receptor antagonist; IL-2; IL-4; IL-5; IL-6; IL-7; IL-8; IL-9; IL-10;
IL-12p70; IL-13; IL-15; IL-17A; basic fibroblast growth factor; eotaxin; granulocyte colony-
stimulating factor (G-CSF); granulocyte macrophage CSF (GM-CSF); IFN-γ; IFN-γ-induced
protein 10; monocyte chemotactic protein 1 (MCP-1); macrophage inflammatory protein
1α (MIP-1α); MIP-1β; platelet-derived growth factor BB; regulated on activation, normal
T cell expressed and secreted (RANTES); TNF-α; and vascular endothelial growth factor
(VEGF). The samples were incubated with antibody-coupled beads for 60 min followed
by incubation with a detection antibody for 30 min. Next, conjugates were incubated with
streptavidin for 10 min, washed using a Bio-Plex Pro II Wash Station (Bio-Rad Laboratories),
resuspended, and vortexed before fluorescence measurement using a Bio-Plex® 200 system
(Bio-Rad Laboratories). The obtained data were analyzed and standard curves (log (x) −
linear(y)) were generated using Bio-Plex Manager v6.0. The cytokine concentration levels
were measured in triplicate and compared against standard curves generated by Bio-Plex
Manager v6.0. Correction and quantile normalization were then performed using a median
polish probe summarization. In addition to the quality control of the RNA samples and
hybridization, principal component analysis was performed to check the data quality. Only
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data of those samples found to be satisfactory in all quality control tests were included
for further analysis. In the process of data filtering, probe sets with an intensity value of
the lowest 20th percentile of all intensity values were removed. The resulting working
transcript list of filtered entities was then used for statistical analysis. Analysis of variance
(ANOVA) was performed to identify those genes that were significantly expressed (p < 0.05)
in response to viral infection. To reduce the overall number of false positives, Benjamini and
Hochberg multiple testing correction was employed. Significantly differentially expressed
genes (DEGs) with a fold change more than 1.5 in response to pdmH1N1 and seasonal
pdmH1N1 infection compared with mock were then merged into a gene list for further gene
ontology (GO) and pathway analysis. GO and pathway over-representation analysis, as
well as further analysis of protein–protein interactions and transcription factor regulation,
were performed using the Innate DB platform. Over-representation analysis was performed
using a hypergeometric algorithm, and over-represented GO terms or pathways with
p-values ≤ 0.05 were retained, provided that at least two of the uploaded genes mapped to
the entity in question.

3. Results
3.1. Viral RNA Quantities Comparison of Influenza A pdmH1N1 and H7N9 in NHBE Cells

We compared the viral RNA quantities of influenza A pdmH1N1 and H7N9 in NHBE
cells (Figure 1). NHBE cultures were infected with each virus at an MOI of 3, and culture
supernatants at 4, 8, 12, and 36 h post-infection (hpi) were collected and viral RNA copies
evaluated using qRT-PCR. We found a higher viral load of pdmH1N1 than H7N9 at 4 hpi,
with a p-value of 0.0293, but a higher viral load of H7N9 than pdmH1N1 at 8, 12, and 36 hpi,
with p-values of 0.0177, 0.0075, and 0.0104, respectively. This indicates that the growth of
H7N9 can reach higher titers than pdmH1N1.
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Figure 1. Normal human bronchial epithelial (NHBE) cell cultures were infected with pandemic
influenza H1N1 (pdmH1N1) and H7N9 at a multiplicity of infection of three and performed in
triplicate. Culture supernatants at 4, 8, 12, and 36 h post-infection (hpi) were collected and the viral
load was evaluated using quantitative real-time reverse transcription polymerase chain reaction
(* = p-value 0.01–0.05, significant; ** = p-value 0.001–0.01, very significant).
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3.2. Global Overview of RNA-Seq Data of pdmH1N1- and H7N9-Infected NHBE Cells

The NHBE cells were harvested at 12 and 36 hpi, and RNA-seq was performed. We
identified a total of 67,528 differentially expressed genes (DEGs) from a comparison among
mock and virus-infected groups that were either twofold upregulated or downregulated.
The DEGs were identified using a false discovery rate q-value threshold of less than 0.05
(Table 1). In our analysis, we found that the number of DEGs in the pdmH1N1-infected
group decreased during infection. At 12 hpi, there were 3448 DEGs in pdmH1N1-infected
cells, representing about 5% of all genes. Of these DEGs, the proportion of upregulated
and downregulated DEGs was 71% and 29% (2451/3448 and 997/3448), respectively. At
36 hpi, there were 1213 DEGs in pdmH1N1-infected cells, representing about 2% of the total
genes; however, the proportion of upregulated DEGs increased to 92% (1122/1213), with a
corresponding decrease to 8% (91/1213) of the downregulated DEGs. In comparison, there
were more DEGs in the H7N9-infected cells, and the number of DEGs increased during
infection. At 12 hpi, we identified 10,353 DEGs in the H7N9-infected cells, comprising
approximately 15% of all genes. Of these DEGs, we found that 81% (8379/10,353) were
upregulated and 19% (1974/10,353) were downregulated. At 36 hpi, there were 12,669 DEGs
in the H7N9-infected cells, representing about 19% of the total genes, and the proportion
of upregulated and downregulated DEGs was 78% (9940/12,699) and 22% (2729/12,699),
respectively (Figure 2A). Using a Venn diagram to illustrate the overlapping DEG profiles
for pdmH1N1 and H7N9 (Figure 2B), we found 319 and 5215 overlapping DEGs between
12 and 36 hpi for the pdmH1N1 and H7N9 groups, respectively. In addition, there were
1665 and 829 overlapping DEGs between the two groups at 12 and 36 hpi, respectively.
Volcano plots show that the number of DEGs in the H7N9-infected group was significantly
higher than the pdmH1N1-infected group (Figure 2C). Based on statistical enrichment
analysis, we identified and listed the top 10-fold-change upregulated and downregulated
DEGs by the absolute value of the log base 2 scale obtained from both groups (Table 2).
Gene expression analysis revealed that the interferon-related genes, IFI6, IFI44L, IFIT1,
IFIT3, IFI44, and IFIT2, were upregulated in NHBE cells infected with pdmH1N1 at 12 hpi,
but the effect on these interferon-related genes declined over time. There were more RNA
synthesis-related genes upregulated at 36 hpi, especially VTRNA1-3, which had a fold
change of 1663. The most upregulated genes in NHBE cells infected with H7N9 were
similar at 12 hpi, and the top three upregulated genes were RP1-12G14.6, RNA5SP115,
and POLG2. We also determined that the top downregulated genes were similar in NHBE
cells infected with pdmH1N1 or H7N9. Those genes showing the greatest expression
decrease were the cellular repair pathway-related genes, KRT4, RPTN, and PPL. In fact, the
expression of these genes was significantly inhibited in H7N9-infected NHBE cells, with
KRT4 showing a fold change of −640.

Table 1. Overview of RNA sequencing (RNA-seq) data.

Total Gene No. 67,528
Upregulation Downregulation Significant

Gene No.
% in Total

GeneCoding Non-Coding Coding Non-Coding

H1N1_12hpi VS Mock 1678 773 735 262 3448 5%

H1N1_36hpi VS Mock 908 214 78 13 1213 2%

H7N9_12hpi VS Mock 5559 2820 1566 408 10,353 15%

H7N9_36hpi VS Mock 6727 3213 2155 574 12,669 19%

The number of upregulated and downregulated DEGs with more than twofold change identified from comparisons
between the mock and virus-infected groups. DEGs were identified using a false discovery rate (FDR) q-value
threshold of less than 0.05.
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Figure 2. A global overview of RNA-seq data of NHBE cells infected with mock, pdmH1N1 virus,
or the H7N9 virus. The NHBE cells were harvested at 12 and 36 hpi, and RNA-seq was performed.
(A) The number of upregulated and downregulated DEGs with more than twofold change identified
from comparisons between the mock and virus-infected groups. DEGs were identified using an FDR
q-value threshold of less than 0.05. (B) Venn diagrams of overlapping DEG profiles for pdmH1N1- and
H7N9-infected groups. Displayed DEGs have a twofold change or more with a p-value of less than
or equal to 0.05. Differential expression of upregulated and downregulated mRNAs in pdmH1N1-
and H7N9-infected NHBE cells are depicted in two overlapping circles at 12 and 36 hpi. Values
indicate the mRNA counts in the indicated areas. (C) Volcano plots showing DEGs for pdmH1N1-
and H7N9-infected groups. The x-axis represents the log base 2 values of the fold change observed
for each mRNA transcript, and the y-axis represents the log base 10 values of p-values of significance
tests between replicates for each transcript. Data for genes not classified as differentially expressed
are plotted in black.
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Table 2. Top 10 upregulated and downregulated DEGs at 12 and 36 hpi.

Upregulation Downregulation

hpi H1N1 Fold Change p-Value H7N9 Fold Change p-Value hpi H1N1 Fold Change p-Value H7N9 Fold Change p-Value

12 hpi

IFI6 315.62 0.00854 RP1-12G14.6 944.41 0.000383

12 hpi

CRNN −293.19 0.003856 ATP12A −2305.39 0.000245

IFI44L 191.33 0.0036 RNA5SP115 435.61 0.00153 LCE3D −273.6 0.017274 CNFN −1263.62 0.010624

IFIT1 138.87 0.006031 POLG2 372.61 0.000438 CNFN −194.27 0.024209 KLK7 −751.41 0.004461

MX1 137.1 0.003247 AMPD1 195.68 0.000091 FLG −149.21 0.012985 CEACAM5 −749.71 0.001844

IFIT3 96.49 0.007147 LINC00641 167.28 0.006579 NCCRP1 −140.35 0.001799 SBSN −719.43 0.009373

IFI44 88.53 0.001676 MSH4 164.85 0.000503 KLK7 −118.29 0.008553 NCCRP1 −642.08 0.001569

RSAD2 86.66 0.015444 MIR215 158.55 0.00367 SBSN −117.62 0.019107 KRT4 −598.76 0.000358

DDX60L 81.55 0.001921 RNY5P3 152.08 0.004924 LCE3E −113.71 0.007499 TMPRSS11E −574.16 0.007775

IFIT2 76.81 0.015337 CKAP2L 123.31 0.004605 ATP12A −110.6 0.003672 IVL −497.27 0.000799

CXCL11 58.57 0.01463 LDHC 107.28 0.000013 WFDC12 −102.89 0.004885 CRNN −435.42 0.003444

36 hpi

VTRNA1-3 1663.32 0.017978 RNA5SP115 1176.93 0.000935

36 hpi

CRNN −21.31 0.03233 ATP12A −1273.8 0.000371

IFI6 738.27 0.062186 RP1-12G14.6 1164.64 0.000848 WFDC12 −10.05 0.040629 KRT4 −640.49 0.000352

RNA5SP402 603.17 0.005802 POLG2 953.23 0.00052 IL36A −7.45 0.027829 CEACAM5 −533.67 0.002502

RNA5SP496 417.73 0.014153 RP11-505P4.6 647.16 0.000201 SPINK5 −5.73 0.019001 SBSN −489.11 0.01055

MIR4521 314.04 0.01979 MIR4659A 508.36 0.001933 GCNT3 −4.97 0.042463 NCCRP1 −486.72 0.001416

RSAD2 267.72 0.045687 HIST2H4B 362.02 0.001517 SCNN1B −4.77 0.022182 KLK7 −410.65 0.005305

TRNAI6 255.48 0.000532 VTRNA1-3 326.31 0.024592 IVL −4.63 0.046796 RPTN −404.42 0.073667

RNA5SP318 248.85 0.011112 HCP5 324.61 0.001104 KCNH5 −4.59 0.032183 CNFN −401.92 0.015334

TRNAI2 243.8 0.002995 RP1-40E16.11 260.6 0.000742 CLCA4 −4.33 0.031389 TMPRSS11E −380.78 0.008919

RSAD2 198.39 0.016356 RGS2 257.86 0.00157 SH3BGRL2 −3.96 0.028623 PPL −376.61 0.010291
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3.3. Canonical Signaling Pathways Analysis Based on DEGs

The Ingenuity Pathway Analysis (IPA) tool was used to generate a list of the most
significant canonical pathways and the highest activated networks with their respective
IPA scores. In pdmH1N1-infected NHBE cells, the IPA scores of both upregulated and
downregulated pathways were at zero-fold at 36 hpi, reflecting a minimal change in the
pdmH1N1-infected group. In contrast, we identified pathways with fold changes that
continued to change over time in the H7N9-infected group. For example, both the PTEN
signaling and HIPPO signaling pathways increased over time, whereas the canonical
pathways of IL-17A signaling in airway cells, signaling by Rho family GTPases, p70S6K
signaling, thrombin signaling, role of NFAT in cardiac hypertrophy, ErbB2-ErbB3 signaling,
and leukocyte extravasation signaling continued to decrease.

The results of our canonical signaling pathway analysis showed that the interferon
signaling pathway and apoptosis pathway were highly activated in H7N9-infected NHBE
cells (Figure 3A). The interferon signaling pathway upregulation in the pdmH1N1-infected
group at 12 hpi was significantly greater than that of the H7N9-infected group, but it
had almost recovered at 36 hpi. The reduced activation of the apoptosis pathway in the
pdmH1N1-infected group may explain the mild symptoms in humans. Further, we also
used IPA to investigate related genes in the interferon signaling pathway (Figure 4) and
apoptosis pathway (Figure 5).

3.4. Differential Cytokine Expression in NHBE Cells Challenged by pdmH1N1 or H7N9

To further understand the cell reactions triggered by pdmH1N1 or H7N9 infection, we
also used a Bio-Plex Cytokine panel to investigate the concentrations of 27 target cytokines,
each of which was classified to one of the following five groups: chemokines (IL-8, IP-10,
RANTES, MIP-1β, eotaxin, MCP-1, and MIP-1α), growth factors (PDGF-BB, FGF basic,
GM-CSF, VEGF, and G-CSF), proinflammatory cytokines (IL-1β, IL-6, and TNF-α), T-helper
cytokines (IL-12, IL-2, IL-5, IL-9, IL-17, IFN-γ, IL-10, IL-4, and Il-13), and others (IL-1Ra, Il-7,
and IL-15) (Table 3). We found that H7N9 infection induced the expression of chemokines
IL-8, IP-10, and RANTES in NHBE cells and reduced the expression of MIP-1β, eotaxin,
MCP-1, and MIP-1α. No expression change of MIP-1β, eotaxin, and MCP-1 was found
in the pdmH1N1-infected group. Further, we found the opposite in the expression of
growth factors GM-CSF and G-CSF between the two groups. Similarly, the expression of
the proinflammatory cytokines IL-1β, IL-6, and TNF-α was induced by H7N9 infection,
but decreased in response to pdmH1N1 infection. The expression of all T-helper cytokines
in the H7N9-infected group decreased, but a 2–91 fold change was found in the expression
of IFN-γ, IL-10, IL-4, and IL-13 in the pdmH1N1-infected group. We also found that the
expression of proinflammatory and T-helper cytokines in H7N9- and pdmH1N1-infected
cells was significantly different (Figure 6).
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Figure 3. Top canonical signaling pathways activated in NHBE cells by pdmH1N1 and H7N9
infection. (A) The Ingenuity Pathway Analysis (IPA) tool was used to identify and list the most
significant canonical pathways and highest activated networks with their respective IPA scores.
(B) The top 10 upregulated canonical signaling pathways activated by H7N9 at 36 hpi.
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Figure 4. Genes associated with the interferon signaling canonical pathway. IPA identified those
pathways that were differentially expressed between pdmH1N1- and H7N9-infected NHBE cells.
DEGs associated with the interferon signaling canonical pathway are shown in color. The color inten-
sity indicates the degree of upregulation (red) or downregulation (green) relative to mock-infected
NHBE cells. Solid lines represent direct interactions and dashed lines show indirect interactions.
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Figure 5. Genes associated with the apoptosis signaling canonical pathway (bold circle). IPA pathway
analysis identified pathways that were differentially expressed between pdmH1N1- and H7N9-
infected NHBE cells. DEGs associated with the apoptosis signaling canonical pathway appear in
color. The color intensity indicates the degree of upregulation (red) or downregulation (green) relative
to mock-infected NHBE cells. Solid lines represent direct interactions and dashed lines show indirect
interactions.
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Table 3. The differential expression of cytokines in NHBE cells challenged by pdmH1N1 or H7N9
infection.

Category Name
H7N9 pdmH1N1

4 hpi 8 hpi 12 hpi 4 hpi 8 hpi 12 hpi

Chemokines

IL-8 0.1 0.9 1.0 −2.7 −0.8 −0.1

IP-10 0.8 3.7 4.3 −1.3 3.3 4.2

RANTES −0.2 0.3 0.9 0.0 0.0 4.5

MIP-1β −0.6 −0.9 −0.2 0.0 0.0 0.0

Eotaxin −0.4 −0.8 −0.5 0.0 0.0 0.0

MCP-
1(MCAF) −0.5 −1.1 −0.8 0.0 0.0 0.0

MIP-1α −0.1 −0.1 −0.3 −0.5 −0.5 −0.1

Growth
Factors

PDGF-BB −0.6 −1.1 −1.6 0.0 0.0 0.0

FGF basic −0.1 −0.2 −0.4 1.3 −2.9 −0.1

GM-CSF −0.1 −0.4 −0.3 −0.2 0.01 0.05

VEGF −0.1 −0.1 0.2 −1.9 −1.4 −0.6

G-CSF 0.3 0.5 0.2 −9.5 −2.1 −1.0

Pro
inflammato-

ryFactors

IL-1β 0.2 0.3 0.02 −1.6 −0.3 −0.1

IL-6 0.7 0.9 0.0 −2.9 −0.3 −0.3

TNF-α 0.7 1.6 2.9 −4.1 −1.1 0.2

T-helper
cytokines

IL-12(p70) −0.5 −0.7 −0.5 −3.2 −2.6 −0.5

IL-2 −1.6 −1.9 −1.7 0.0 0.0 0.0

IL-5 −0.2 −1.0 −0.4 0.0 0.0 0.0

IL-9 −0.2 −0.3 −0.3 0.0 0.0 0.0

IL-17 −0.5 −0.6 −0.7 0.0 0.0 0.0

IFN-γ −0.4 −0.5 −0.6 0.0 1.8 1.1

IL-10 −0.1 −0.4 −0.3 0.0 0.2 0.9

IL-4 −0.3 −0.6 −0.4 −0.9 1.7 2.0

IL-13 −0.3 −0.3 −0.8 6.5 6.0 5.9

Others

IL-1Ra 0.0 −0.3 −0.3 0.1 0.1 0.1

IL-7 −0.5 −1.1 −0.9 0.0 0.0 0.0

IL-15 0.0 0.0 0.0 0.0 0.0 0.0

We classified 27 substances into the following five categories: chemokines, growth factors, proinflammatory
factors, T-helper cytokines, and others. In the chemokine analysis of H7N9-infected cells, IL-8, IP-10, and RANTES
showed an upward trend, whereas MIP-1β, eotaxin, MCP-1 (also known as MCAF), and MIP-1α showed a decline
in the H7N9-infected group. There was no change in MIP-1β, eotaxin, and MCP-1 in the pdmH1N1-infected
group, indicating different responses than in H7N9 infection. Growth factor analysis showed the opposite in
GM-CSF and G-CSF between the two groups. Additionally, IL-1β, IL-6, and TNF-α showed an increased response
in the H7N9-infected group, all of which were inhibited in the pdmH1N1-infected group. The expression of all
T-helper cytokines decreased in the H7N9-infected group, but four factors increased in the pdmH1N1-infected
group. The values shown indicate the log base 2 ratio. The color indicates the changes of expression: increased
(red), decreased (green), and consistent (yellow).
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Figure 6. The differential expression of proinflammatory factors and T-helper cytokines in NHBE
cells challenged by pdmH1N1 or H7N9 infection. Culture supernatants collected from NHBE cells
infected with H7N9 and pdmH1N1 at 4, 8, and 12 hpi were assayed for cytokines. (A) The differential
expression of the proinflammatory factors TNF-α, IL-6, and IL-1β. (B) The differential expression of
the T-helper cytokines IL-13, IL-4, IL-10, IFN-γ, IL-17, IL-9, IL-5, IL-2, and IL-12p70. Values shown
indicate the log base 2 ratio.

4. Discussion

Our examination of the viral RNA quantities of influenza A pdmH1N1 and H7N9
in NHBE cells showed that H7N9 replicates more effectively in humans than pdmH1N1.
Similar results were reported in human A549 cells, in which the H7N9 virus replicates
faster and to higher titers than pdmH1N1 strains [17]. A comparison between patients
infected with H7N9 and pdmH1N1 complicated by acute respiratory distress syndrome
shows that the H7N9-infected group had a longer duration of viral shedding from the onset
of illness and from the initiation of antiviral therapy to a negative viral test result than the
pdmH1N1-infected group [18]. Further, H7N9-infected patients had a longer duration of
hospitalization than pdmH1N1-infected patients, and the median time from onset to death
was 18 days vs. 15 days for H7N9 and pdmH1N1, respectively [19].

According to RNA-seq analysis in this study, the number of genes (DEGs) affected
by H7N9 was extremely large. From 12 to 36 hpi, the number of affected genes continued
to increase, whereas in contrast, fewer genes were affected by pdmH1N1 infection and
the number of DEGs decreased with time. The highest expressed DEGs in response to
H7N9 infection were RP1-12G14.6, RNA5Sp115, and POLG2 at 12 and 36 hpi, whereas the
lowest expressing genes were cell repair-related genes, such as KRT4, RPTN, and PPL. Our
findings indicate that H7N9 has a greater impact on cells, and longer time course and the
ability of cells to repair may be limited in H7N9-infected NHBE cells.
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Following influenza A viral infection, the host cell triggers a complex regulatory
system of innate and adaptive immune responses to defend against the virus. One of
the many responses to the viral invasion is the induction of interferons, which function
by stimulating cytotoxic T cells, and by inducing a number of intracellular genes that
directly prevent virus replication or facilitate apoptosis [20–23]. Based on pathway-level
IPA analysis, we found that IFN-related pathways were activated in NHBE cells infected
with either H7N9 or pdmH1N1. At 12 hpi, the degree of activation of IFN-related pathways
was greater in the pdmH1N1-infected group. We also found increased expression of IFN-γ
in our cytokine analysis in the pdmH1N1-infected group at 8 and 12 hpi compared with
the H7N9-infected group. Interestingly, the expression of RNA synthesis-related genes
was more prominent at 36 hpi than IFN-related pathways in NHBE cells infected with
pdmH1N1, indicating that pdmH1N1 infection may be efficiently controlled in NHBE cells
by appropriately elevated IFN-related responses in the early infection stage.

According to the pathway-level IPA analysis, we found that the apoptosis pathway
was highly activated in H7N9-infected NHBE cells. Lee et al. [24] showed that H7N9-
infected monocytes died rapidly via apoptosis, but pdmH1N1-infected monocytes did not.
The IL-17A signaling in airway cells was downregulated in H7N9-infected NHBE cells in
IPA analysis, and IL-17 was negatively expressed in our cytokine analysis. The result is
consistent with other studies: Bao et al. [25] claimed that the IL-17A protein and mRNA
levels were decreased in patients with H7N9 infection and a restored Th17 and Tc17 cell
frequency might serve as a biomarker for disease progression in patients infected with
this virus.

We also discovered that the HIPPO pathway was highly activated in H7N9-infected
NHBE cells, and the degree of activation continuously increased at 12–36 hpi. At 36 hpi,
HIPPO was the most activated pathway in H7N9-infected NHBE cells, but there was no
expression of HIPPO signaling in cells from the pdmH1N1-infected group. The HIPPO
pathway plays critical roles in the regulation of innate immunity. The core components of
the canonical HIPPO pathway in mammals consist of mammalian Ste20-like kinases 1/2
(MST1/2) and their downstream effectors LATS and NDR, which limit proinflammatory
cytokine (IL-6 and TNFα) production by inhibiting IRAK1/NF-κB and Mekk2. During viral
infection, HIPPO signaling blocks the negative regulatory effect of virus-activated kinase
IKK phosphorylation of YAP on antiviral immunity. The HIPPO pathway plays important
roles in innate immunity against pathogens and protects the host from inflammatory injury
during infection [26]. In the early stage of H7N9 infection, the HIPPO pathway activates
in avian cells, but not in human cells. The pathway allows the H7N9 virus to remain in
its low pathogenicity form in the avian host, resulting in a non-diseased state during an
H7N9 epidemic [27]. Interestingly, we found activation of the HIPPO pathway in NHBE
cells in the middle and late stages of H7N9 infection, but not in pdmH1N1 infection. The
concentration of cytokines in NHBE cells in response to infection in our study indicated
that the expression of the proinflammatory cytokines IL-1β, IL-6, and TNF-α was induced
by H7N9 infection, but reduced by pdmH1N1 in the early stage of infection. Similarly,
Lee et al. [24,28] also showed that H7N9-infected peripheral blood mononuclear cells had
significantly higher mRNA levels of proinflammatory cytokines and type I interferons
at 6 hpi.

The expression of proinflammatory and T-helper cytokines in H7N9- and pdmH1N1-
infected cells was significantly different. As a result, in the early stage of infection, T-helper
cytokines were highly triggered in the pdmH1N1-infected group to defend against the
infection, and there was a negative proinflammatory reaction to protect the host cell from
inflammation injury. Although H7N9 infection induced the stable and continuous activation
of IFN-related pathways, there was a negative expression of T-helper cytokines in the early
stage of infection. On the contrary, the proinflammatory factors were highly activated; we
hypothesize that there is a lack of control of H7N9 infection in human cells in the early
stage of infection, and the host cell must trigger a more efficient immune regulation against
the infection, thus activating the HIPPO pathway. A report about the clinical outcome
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in patients with the H7N9 infection indicated that high chemokine and cytokine levels
were observed [29,30]. Our findings indicate that H7N9 causes a strong proinflammatory
cytokine and chemokine reaction at the early stage of infection, leading to a cytokine storm
and causing greater symptom severity in human hosts.

5. Conclusions

In this study, we determined that there were significantly different gene expression pat-
terns between pdmH1N1- and H7N9-infected NHBE cells. H7N9 virus infection induced
a strong immune response, while inhibiting cellular repair mechanisms. The differential
expression of specific factors observed between avian H7N9 and pdmH1N1 influenza virus
strains can explain variations in disease pathogenicity. These findings provide a framework
for future studies examining the molecular mechanisms underlying the pathogenicity of
avian H7N9 virus. In addition, the results of our study provide valuable information
regarding the virus–host interaction between H7N9 and NHBE cells, which improves our
understanding of the pathogenic mechanisms that lead to severe complications. Collec-
tively, our data provide a new insight into the underlying mechanisms of the differential
pathogenicity of avian influenza viruses.

Author Contributions: Conceptualization, methodology, M.-J.H. and C.-G.H.; software, validation,
H.-J.W., L.-T.C., and M.-J.H.; formal analysis, investigation, Y.-J.L.; writing—original draft preparation,
T.-H.H.; writing—review and editing and visualization, S.-L.Y.; supervision and funding acquisition,
C.-G.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the Chang Gung Memorial Hospital (grant number
CMRPG3G1931), and CMRPG3J1322.

Institutional Review Board Statement: The study was approved by the Institutional Review Board
at the Chang Gung Medical Foundation, Taoyuan, Taiwan. (201602000A3 and 201900974B0).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The data presented in this study are openly available in FigShare at
doi: 10.6084/m9.figshare.19208673.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Steel, J.; Lowen, A.C. Influenza A Virus Reassortment. Influenza Pathog. Control-Vol. I 2014, 385, 377–401. [CrossRef]
2. Wu, J.T.; Ma, E.S.K.; Lee, C.K.; Chu, D.K.W.; Ho, P.; Shen, A.L.; Ho, A.; Hung, I.F.N.; Riley, S.; Ho, L.M.; et al. The Infection Attack

Rate and Severity of 2009 Pandemic H1N1 Influenza in Hong Kong. Clin. Infect. Dis. 2010, 51, 1184–1191. [CrossRef] [PubMed]
3. Centers for Disease Control and Prevention, 2009 H1N1 Pandemic (H1N1pdm09 Virus), June 2019. Available online: https:

//www.cdc.gov/flu/pandemic-resources/2009-h1n1-pandemic.html (accessed on 9 January 2022).
4. Dai, J.; Zhou, X.; Dong, D.; Liu, Y.; Gu, Q.; Zhu, B.; Wu, C.; Cai, H. Human infection with a novel avian-origin influenza A (H7N9)

virus: Serial chest radiographic and CT findings. Chin. Med. J. 2014, 127, 2206–2211. [PubMed]
5. Chen, Y.; Liang, W.; Yang, S.; Wu, N.; Gao, H.; Sheng, J.; Yao, H.; Wo, J.; Fang, Q.; Cui, D.; et al. Human infections with the

emerging avian influenza A H7N9 virus from wet market poultry: Clinical analysis and characterisation of viral genome. Lancet
2013, 381, 1916–1925. [CrossRef]

6. Wiwanitkit, V. H7N9 influenza: The emerging infectious disease. N. Am. J. Med. Sci. 2013, 5, 395–398. [CrossRef] [PubMed]
7. Liu, D.; Shi, W.; Shi, Y.; Wang, D.; Xiao, H.; Li, W.; Bi, Y.; Wu, Y.; Li, X.; Yan, J.; et al. Origin and diversity of novel avian influenza A

H7N9 viruses causing human infection: Phylogenetic, structural, and coalescent analyses. Lancet 2013, 381, 1926–1932. [CrossRef]
8. Watanabe, T.; Kiso, M.; Fukuyama, S.; Nakajima, N.; Imai, M.; Yamada, S.; Murakami, S.; Yamayoshi, S.; Iwatsuki-Horimoto, K.;

Sakoda, Y.; et al. Characterization of H7N9 influenza A viruses isolated from humans. Nature 2013, 501, 551–555. [CrossRef]
9. Yu, H.; Cowling, B.; Feng, L.; Lau, E.; Liao, Q.; Tsang, T.K.L.; Peng, Z.; Wu, P.; Liu, F.; Fang, V.J.; et al. Human infection with avian

influenza A H7N9 virus: An assessment of clinical severity. Lancet 2013, 382, 138–145. [CrossRef]
10. World Health Organization. Avian Influenza A(H7N9) Response: An Investment in Public Health Preparedness, December 2013.

Available online: https://www.who.int/publications/i/item/avian-influenza-a(-h7n9)-response (accessed on 10 February 2022).
11. Song, L.; Xiong, D.; Hu, M.; Jiao, X.; Pan, Z. Enhanced Th1/Th2 mixed immune responses elicited by polyethyleneimine

adjuvanted influenza A (H7N9) antigen HA1-2 in chickens. Poult. Sci. 2018, 97, 4245–4251. [CrossRef]

http://doi.org/10.1007/82_2014_395
http://doi.org/10.1086/656740
http://www.ncbi.nlm.nih.gov/pubmed/20964521
https://www.cdc.gov/flu/pandemic-resources/2009-h1n1-pandemic.html
https://www.cdc.gov/flu/pandemic-resources/2009-h1n1-pandemic.html
http://www.ncbi.nlm.nih.gov/pubmed/24931229
http://doi.org/10.1016/S0140-6736(13)60903-4
http://doi.org/10.4103/1947-2714.115764
http://www.ncbi.nlm.nih.gov/pubmed/24020046
http://doi.org/10.1016/S0140-6736(13)60938-1
http://doi.org/10.1038/nature12392
http://doi.org/10.1016/S0140-6736(13)61207-6
https://www.who.int/publications/i/item/avian-influenza-a(-h7n9)-response
http://doi.org/10.3382/ps/pey313


Cells 2022, 11, 781 16 of 16

12. Cao, Y.; Zhang, K.; Liu, L.; Li, W.; Zhu, B.; Zhang, S.; Xu, P.; Liu, W.; Li, J. Global transcriptome analysis of H5N1 influenza
virus-infected human cells. Hereditas 2019, 156, 1–10. [CrossRef]

13. Park, S.-J.; Kumar, M.; Kwon, H.-I.; Seong, R.-K.; Han, K.; Song, J.-M.; Kim, C.-J.; Choi, Y.-K.; Shin, O.S. Dynamic changes in host
gene expression associated with H5N8 avian influenza virus infection in mice. Sci. Rep. 2015, 5, 16512. [CrossRef] [PubMed]

14. Huang, C.-G.; Lee, L.-A.; Wu, Y.-C.; Hsiao, M.-J.; Horng, J.-T.; Kuo, R.-L.; Huang, C.-H.; Lin, Y.-C.; Tsao, K.-C.; Chen, M.-C.; et al.
A pilot study on primary cultures of human respiratory tract epithelial cells to predict patients’ responses to H7N9 infection.
Oncotarget 2018, 9, 14492–14508. [CrossRef] [PubMed]

15. Taiwan Centers for Disease Control Press Releases, April 2014. Available online: https://www.cdc.gov.tw/En/Bulletin/Detail/
uKe3mLC55DB0E8TdfwXR2g?typeid=158 (accessed on 8 February 2022).

16. Chen, G.-W.; Kuo, S.-M.; Yang, S.-L.; Gong, Y.-N.; Hsiao, M.-R.; Liu, Y.-C.; Shih, S.-R.; Tsao, K.-C. Genomic Signatures for Avian
H7N9 Viruses Adapting to Humans. PLoS ONE 2016, 11, e0148432. [CrossRef] [PubMed]

17. Simon, P.F.; de La Vega, M.-A.; Paradis, É.; Mendoza, E.; Coombs, K.M.; Kobasa, D.; Beauchemin, C. Avian influenza viruses that
cause highly virulent infections in humans exhibit distinct replicative properties in contrast to human H1N1 viruses. Sci. Rep.
2016, 6, 24154. [CrossRef] [PubMed]

18. Li, H.; Weng, H.; Lan, C.; Zhang, H.; Wang, X.; Pan, J.; Chen, L.; Huang, J. Comparison of patients with avian influenza A (H7N9)
and influenza A (H1N1) complicated by acute respiratory distress syndrome. Medicine 2018, 97, e0194. [CrossRef] [PubMed]

19. Wang, C.; Yu, H.; Horby, P.; Cao, B.; Wu, P.; Yang, S.; Gao, H.; Li, H.; Tsang, T.K.L.; Liao, Q.; et al. Comparison of Patients
Hospitalized with Influenza A Subtypes H7N9, H5N1, and 2009 Pandemic H1N1. Clin. Infect. Dis. 2014, 58, 1095–1103. [CrossRef]

20. Barber, G.N. Host defense, viruses and apoptosis. Cell Death Differ. 2001, 8, 113–126. [CrossRef]
21. Cameron, C.M.; Cameron, M.J.; Bermejo-Martin, J.F.; Ran, L.; Xu, L.; Turner, P.V.; Ran, R.; Danesh, A.; Fang, Y.; Chan, P.-K.M.;

et al. Gene Expression Analysis of Host Innate Immune Responses during Lethal H5N1 Infection in Ferrets. J. Virol. 2008, 82,
11308–11317. [CrossRef]

22. Maines, T.R.; Szretter, K.J.; Perrone, L.; Belser, J.A.; Bright, R.A.; Zeng, H.; Tumpey, T.M.; Katz, J.M. Pathogenesis of emerging
avian influenza viruses in mammals and the host innate immune response. Immunol. Rev. 2008, 225, 68–84. [CrossRef]

23. Nichols, J.E.; Niles, J.A.; Roberts, N.J. Human Lymphocyte Apoptosis after Exposure to Influenza A Virus. J. Virol. 2001, 75,
5921–5929. [CrossRef]

24. Lee, A.C.Y.; To, K.; Zhu, H.; Chu, H.; Li, C.; Mak, W.W.N.; Zhang, J.; Yuen, K.-Y. Avian influenza virus A H7N9 infects multiple
mononuclear cell types in peripheral blood and induces dysregulated cytokine responses and apoptosis in infected monocytes. J.
Gen. Virol. 2017, 98, 922–934. [CrossRef] [PubMed]

25. Bao, J.; Cui, D.; Wang, X.; Zou, Q.; Zhao, D.; Zheng, S.; Yu, F.; Huang, L.; Dong, Y.; Yang, X.; et al. Decreased Frequencies of Th17
and Tc17 Cells in Patients Infected with Avian Influenza A (H7N9) Virus. J. Immunol. Res. 2019, 2019, 1–11. [CrossRef] [PubMed]

26. Hong, L.; Li, X.; Zhou, D.; Geng, J.; Chen, L. Role of Hippo signaling in regulating immunity. Cell. Mol. Immunol. 2018, 15,
1003–1009. [CrossRef] [PubMed]

27. Taye, B.; Chen, H.; Yeo, D.S.-Y.; Seah, S.G.-K.; Wong, M.S.-Y.; Sugrue, R.J.; Tan, B.-H. A System Based-Approach to Examine Host
Response during Infection with Influenza A Virus Subtype H7N9 in Human and Avian Cells. Cells 2020, 9, 448. [CrossRef]

28. Wu, W.; Shi, D.; Fang, D.; Guo, F.; Guo, J.; Huang, F.; Chen, Y.; Lv, L.; Li, L. A new perspective on C-reactive protein in H7N9
infections. Int. J. Infect. Dis. 2016, 44, 31–36. [CrossRef]

29. Shen, Z.; Chen, Z.; Li, X.; Xu, L.; Guan, W.; Cao, Y.; Hu, Y.; Zhang, J. Host immunological response and factors associated with
clinical outcome in patients with the novel influenza A H7N9 infection. Clin. Microbiol. Infect. 2014, 20, O493–O500. [CrossRef]

30. Betakova, T.; Kostrabova, A.; Lachova, V.; Turianova, L. Cytokines Induced During Influenza Virus Infection. Curr. Pharm. Des.
2017, 23, 2616–2622. [CrossRef]

http://doi.org/10.1186/s41065-019-0085-9
http://doi.org/10.1038/srep16512
http://www.ncbi.nlm.nih.gov/pubmed/26576844
http://doi.org/10.18632/oncotarget.24537
http://www.ncbi.nlm.nih.gov/pubmed/29581859
https://www.cdc.gov.tw/En/Bulletin/Detail/uKe3mLC55DB0E8TdfwXR2g?typeid=158
https://www.cdc.gov.tw/En/Bulletin/Detail/uKe3mLC55DB0E8TdfwXR2g?typeid=158
http://doi.org/10.1371/journal.pone.0148432
http://www.ncbi.nlm.nih.gov/pubmed/26845764
http://doi.org/10.1038/srep24154
http://www.ncbi.nlm.nih.gov/pubmed/27080193
http://doi.org/10.1097/MD.0000000000010194
http://www.ncbi.nlm.nih.gov/pubmed/29561442
http://doi.org/10.1093/cid/ciu053
http://doi.org/10.1038/sj.cdd.4400823
http://doi.org/10.1128/JVI.00691-08
http://doi.org/10.1111/j.1600-065X.2008.00690.x
http://doi.org/10.1128/JVI.73.13.5921-5929.2001
http://doi.org/10.1099/jgv.0.000751
http://www.ncbi.nlm.nih.gov/pubmed/28555541
http://doi.org/10.1155/2019/1418251
http://www.ncbi.nlm.nih.gov/pubmed/31061831
http://doi.org/10.1038/s41423-018-0007-1
http://www.ncbi.nlm.nih.gov/pubmed/29568120
http://doi.org/10.3390/cells9020448
http://doi.org/10.1016/j.ijid.2016.01.009
http://doi.org/10.1111/1469-0691.12505
http://doi.org/10.2174/1381612823666170316123736

	Introduction 
	Materials and Methods 
	NHBE Cells 
	Virus Isolation and Preparation 
	Virus Infection 
	RNA Extraction 
	Influenza A Virus Quantification by Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction 
	Affymetrix Analysis 
	Bio-Plex Cytokine Analysis 

	Results 
	Viral RNA Quantities Comparison of Influenza A pdmH1N1 and H7N9 in NHBE Cells 
	Global Overview of RNA-Seq Data of pdmH1N1- and H7N9-Infected NHBE Cells 
	Canonical Signaling Pathways Analysis Based on DEGs 
	Differential Cytokine Expression in NHBE Cells Challenged by pdmH1N1 or H7N9 

	Discussion 
	Conclusions 
	References

