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IFIT1 (also known as ISG56) is a member of the interferon-

inducible protein with tetratricopeptide repeats (IFITs) family. 

IFITs are strongly induced by type I interferon (IFN), double-

stranded RNA and virus infection. Here, we investigated IFIT1 

expression in human umbilical vein endothelial cells (HUVECs) 

and in human bronchus epithelial cells (BEAS-2Bs) induced by 

the H9N2 virus and inactivated viral particle at different time 

points. We also investigated the effect of H9N2 virus and viral 

particle infection on IFN-α/β production, and assessed wheth-

er hemagglutinin or neuraminidase protein induced IFIT1 

expression. Results showed that both H9N2 virus infection 

and viral particle inoculation induced the expression of IFIT1 

at mRNA and protein levels in the two cell lines. Hemaggluti-

nin or neuraminidase protein binding alone is not sufficient to 

induce IFIT1 expression. Surprisingly, the expression patterns 

of IFIT1 in response to H9N2 virus and viral particles in the 

two cell lines were opposite, and production kinetics of IFN-

α/β also differed. An additional finding was that induction of 

IFIT1 in response to H9N2 virus infection or viral particle in-

oculation was more sensitive in HUVECs than in BEAS-2Bs. 

Our data offers new insight into the innate immune response 

of endothelial cells to H9N2 virus infection. 
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INTRODUCTION 
 

Pathogen infection can be recognized by pattern recognition 

receptors, which trigger activation of downstream transcript 

factors that control production of cytokines such as type I 

interferon (type I IFN). IFN activates Janus tyrosine kinases 

signal pathway (JAK-STAT) resulting in initiation of the ex-

pression of more than 300 interferon-stimulated genes 

(ISGs) (Metz et al., 2012). The products of these ISGs are 

critical proteins that regulate immune function and domi-

nate antiviral response (Randall and Goodbourn, 2008; von 

Recum-Knepper et al., 2015). Interferon-inducible protein 

with tetratricopeptide repeats (IFITs) is one product of ISGs 

that plays an important role in resistance to virus invasion 

through a variety of mechanisms (Diamond and Farzan, 

2013). To date, IFITs have been identified in various species 

including mammals, birds, reptiles, amphibians and bony fish. 

The number and composition of the genes varies greatly from  
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species to species. In humans, there are four IFIT genes com-

prising IFIT1 (ISG56), IFIT2 (ISG54), IFIT3 (ISG60 or IFIT4) and 

IFIT5 (ISG58) (Fensterl and Sen, 2011). Most types of mam-

malian cells, except some myeloid cell subtypes, do not ex-

press IFIT proteins under basal conditions (Daffis et al., 2007). 

Viral infection can rapidly induce IFIT gene transcription to 

high levels in many cell types (Sarkar and Sen, 2004). 

The avian H9N2 influenza virus occurred predominantly in 

Asia, while the Middle East, Africa and other non-Asian 

countries experienced an outbreak of lesser magnitude sub-

sequently (Davidson et al., 2013; Parker et al., 2012; Tombari 

et al., 2013). Recent reports showed that the H9N2 virus 

was spread from birds to mammals (Yu et al., 2011; Zhang 

et al., 2013), with China experiencing reports of human 

infection (Cheng et al., 2011). Importantly, the H9N2 virus 

shares internal genes with other avian influenza virus (AIV) 

types to form new H7N9, H10N8 and H5N6 viruses that 

could infect and kill humans (Bi et al., 2016; Chen et al., 

2014; Liu et al., 2013). Therefore, H9N2 virus is a potential 

threat to human health that should be investigated to identify 

the innate immune response of human cells to the infection. 

Generally, influenza virus prefers to bind to epithelial cells 

because of the expression of α-2, 6- or α-2, 3-linked sialic 

acid receptors on these cells in the respiratory tract (Ibricevic 

et al., 2006; Nicholls et al., 2007). However, increasing evi-

dence indicates that endothelial cells might play an im-

portant role in response to influenza virus infection. To date, 

two types of receptors have been detected in most types of 

endothelial cells that may account for the multiple organ 

involvement in influenza infection (Teijaro et al., 2011; Yao 

et al., 2008). Studies have shown that endothelial cells sup-

port influenza virus replication (Viemann et al., 2011; Zeng 

et al., 2012). H5N1 and H7N9 influenza viruses have been 

proven to directly infect human lung microvascular endothe-

lial cells and replicate in endothelial cell lines (Zeng et al., 

2012; 2015). Recent studies demonstrated that endothelial 

cells not only participate in regulating cytokine amplification 

(Teijaro et al., 2011), but also help initiate innate immune 

response by activating type I IFN response during influenza 

virus infection (Zeng et al., 2012). Earlier studies showed 

that IFIT genes could be induced by infection with viruses 

(Broz and Monack, 2013; Jakobsen et al., 2013; Lam et al., 

2014; Siednienko et al., 2011), including influenza. H1N1 

virus infection increases expression of IFIT1 in epithelial cells 

at both the mRNA and protein level (Kim et al., 2015). Our 

preliminary microarray analysis results in human umbilical 

vein endothelial cells showed that H9N2 virus infection in-

duced a 34-fold increase at the transcriptional level com-

pared with the control group. Our findings also showed that 

viral particle inoculation (inactivated by β-propionolactone) 

induced a higher level of IFIT1 than was produced by H9N2 

virus infection (Wang et al., 2015). However, the levels of 

IFIT1 still need to be quantified by Real-Time PCR (RT-PCR) 

and western blot. Further, little is known about the expres-

sion patterns of IFIT1 induced by H9N2 virus or viral particles 

in endothelial and epithelial cells. The present study aimed to 

investigate IFIT1 expression induced by H9N2 virus and viral 

particles in human endothelial and epithelial cells, and to 

ascertain whether IFN-α/β production was induced during 

IFIT1 expression. 

 

MATERIALS AND METHODS 
 

Cell cultures 
Human umbilical vein endothelial cells (HUVECs, CRL-1730, 

ATCC), human bronchus epithelial cells (BEAS-2Bs, CRL-

9609, ATCC) and Madin-Darby canine kidney (MDCK, CCL-

34, ATCC) are commonly used cell lines for evaluation of 

interactions between viruses and mammalian cells. In this 

study, HUVECs and BEAS-2Bs were used for detecting IFIT1 

expression and IFN-α/β secretion. MDCK cells were used for 

the plaque assay. HUVECs, BEAS-2Bs and MDCK were cul-

tured in DMEM medium (Gibco, USA) supplemented with 

FBS 10% (Gibco, USA), penicillin G 100 U/ml (Gibco, USA) 

and streptomycin 100 g/mL (Gibco, USA) in a CO2 5% incu-

bator at 37℃. The cells 5-8 passages were seeded into six-

well plates and cultured for 24 h before each experiment. 

 

Virus and inactivated viral particle 
The H9N2 virus used in this study was A/Chicken/Hebei/4/ 

2008 (Ck/HB/4/08). The complete genome sequence of the 

virus is available from GenBank under the accession num-

bers FJ499463–FJ499470. H9N2 virus was propagated in 9-

day-old embryonated eggs from specific-pathogen-free 

(SPF) hens at 37℃ for 60 to 72 h. Virus titers were deter-

mined by plaque assay. To evaluate H9N2 virus infection, 

cells were washed with phosphate buffered saline (PBS), 

inoculated with virus and incubated for 1 h. Cells were then 

washed with PBS and added to DMEM supplemented with 

TPCK-treated trypsin 0.25 μg/ml. To investigate the expres-

sion of IFIT1 induced by viral particles, we created inactivated 

H9N2 viral particles with β-propionolactone 0.094% (BPL; 

SERVA Electrophoresis, Germany) according to a previously 

described protocol (Jonges et al., 2010). 

 

Plaque assay 
Plaque assay performed on MDCK cells was used to detect 

virus titers as described previously (Tobita et al., 1975). Brief-

ly, MDCK cells were seeded into 6-well plates. Confluent 

monolayers were washed with PBS and infected with H9N2 

virus or cell culture supernatants. The inoculum was discard-

ed after incubation for 1 h and the remaining cells were 

washed with PBS. An overlay consisting of a mixture of aga-

rose 1.6% (Lonza, USA) and double-strength DMEM with 

TPCK-trypsin 0.25 μg/ml (Worthington, USA) was added to 

the above cells and incubated at 37℃ for 72 h. Plaques were 

stained with crystal violet 0.1% and counted. 

 

RT-PCR analysis 
RT-PCR analysis was used to investigate the expression of 

IFIT1 at the mRNA level. Cells were divided into three 

groups: control, H9N2 virus and viral particle. According to 

earlier work (Wang et al., 2015), we chose a multiplicity of 

infection (MOI) of 5 to infect or inoculate cells in this exper-

iment. Cells in the H9N2 virus group were infected with 

H9N2 viruses at a MOI of 5, cells in viral particle group were 

incubated with viral particles at a MOI of 5 and cells in con-

trol group were inoculated with free media. To detect the 
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effect of hemagglutinin (HA) or neuraminidase (NA) (Sino 

Biological, China) on IFIT1 mRNA expression, HUVECs or 

BEAS-2Bs were divided into control, low concentration and 

high concentration groups. Cells in the control group were 

inoculated with free media, while cells in the low and high 

concentration groups were treated with 0.1 μg/ml and 1 

μg/ml HA or NA, respectively (Dirix et al., 2012; Shi et al., 

2014). Total RNA in each group was isolated using TRIzol 

reagent (Invitrogen, USA) at 6, 12 and 24 h after treatment. 

cDNA was synthesized using random hexamer and a super-

script III reverse transcriptase kit (Invitrogen, USA). RT-PCR 

was performed on the cDNA for RNA quantification using Ex 

TaqMix (Takara Bio, China) and Eva green (Biotium, USA) for 

IFIT1. GAPDH was amplified in parallel with the target genes 

as an endogenous control. All samples were analyzed in 

triplicate. The fold changes of specific mRNA from the dif-

ferent groups was determined via comparison to the control 

group. The primer sequences used were as follows: GAPDH, 

F (5′ to 3′): ACAACTTTGGTATCGT GGAAGGAC and R (5′ to 

3′): AGGGATGATGTTCTGGAGA GCC, IFIT1, F (5′ to 3′): TGA 

CTCTTTTGCCTCTTTCTTCTAA and R (5′ to 3′): TTCTTGGGGT 

GCTCTGTGG. 

 

Western blot 
Expression of IFIT1 at the protein level was detected by 

western blotting. As described above, cells were divided into 

three groups and treated following the same procedure 

used in the RT-PCR analysis. Cells in each group were lysed 

with RIPA lysis buffer (Cell Signaling Technology, USA) at 12, 

24 and 36 h, and the quantity of total proteins measured by 

BCA kit. The cell lysates were centrifuged and supernatants 

separated by SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) before transfer onto polyvinylidene difluoride (PVDF) 

membranes (Roche, China). The membranes were blocked 

with 5% skim milk and probed with a monoclonal antibody 

to β-actin (Santa Cruz Biotechnology, USA), IFIT1 (ORIGENE, 

USA), after a further incubation with peroxidase conjugated 

secondary antibody (ORIGENE, USA). Proteins were visual-

ized using enhanced chemiluminescence reagent (Cell Sig-

naling Technology, USA). The relative protein levels of IFIT1 

to β-actin were performed by Image J software. 

 

ELISA assay 
To evaluate the levels of IFN-α/β induced by H9N2 virus or 

viral particles, cells were divided into four groups: control, 

H9N2 virus, viral particle and positive control. Cells in the 

H9N2 virus group were infected with H9N2 viruses at a MOI 

of 5, cells in the viral particle group were incubated with viral 

particles at a MOI of 5, cells in the control group were inocu-

lated with free media and the positive control group was 

treated with poly-I:C 10 μg/mL (Sigma Aldrich, China) (Her-

bert et al., 2014; Siednienko et al., 2011). Supernatant in 

each group was collected at 6, 12 and 24 h post-infection 

and detected using human IFN-α/β ELISA kits (R&D system 

Inc., USA). 

 

Immunofluorescence 
To locate H9N2 viral particles in HUVECs and BEAS-2Bs, we 

detected HA using immunofluorescence. Cells were inocu-

lated with viral particles at a MOI of 5 and incubated for 1 h. 

They were then washed with PBS and added to DMEM. At 8 

h after inoculation, viral particles were labeled with HA-

specific antibody. According to previous work (Zeng et al., 

2015), cells in each group were fixed directly in paraformal-

dehyde 4% and permeabilized with Triton X-100 0.5%. 

Cells were then blocked with PBS containing bovine serum 

albumin (BSA) 5% for 1 h at 37℃. Subsequently, cells were 

incubated with HA-specific antibody (Sino Biological Inc., 

China) overnight at 4℃ followed by FITC conjugated sec-

ondary antibody (ORIGENE, USA) incubated for 1 h at 37℃. 

To count the number of stained cells, cell nuclei were labeled 

with 4, 6-diamidino-2-phenylindole hydrochloride (DAPI, 

Cell Signaling Technology, USA). Pictures were captured by 

OLYMPUS fluorescence microscope. 

 

Antiviral response stimulated by viral particle 
To investigate the effect of viral particle inoculation on the 

antiviral response in HUVECs and BEAS-2Bs, cells were divid-

ed into control and viral particle groups. Cells in the viral 

particle group were inoculated with viral particle at a MOI of 

5 and incubated for 1 h. Cells in the control group were 

treated with free media and incubated for 1 h. At 24 h after 

inoculation with viral particles, cells in each group were in-

fected with H9N2 virus at a MOI of 5. The supernatant from 

each group was collected at 24 h post-infection and virus 

titers detected using plaque assay.  

 

IFIT1 CRISPR activation plasmid transfection 
For overexpression assay, cells were transfected with control 

plasmid or IFIT1 CRISPR activation plasmid (Santa Cruz Bio-

technology, USA) using Lipofectamine 3000 transfection 

reagent kit (Invitrogen, USA). The IFIT1 CRISPER activating 

plasmid is a synergy activation medium (SAM) transcriptional 

activation system designed to specifically upregulate gene 

expression. According to instructions of products, we firstly 

prepared mixtures (2 μg plasmid and 7.5 μl Lipofectamine 

3000) of plasmid and Lipofectamine 3000 transfection rea-

gents using Opti-MEM Media. Then cells were covered with 

the mixtures for 36 h at 37℃ in a 5% CO2 incubator. The 

overexpression level of IFIT1 was detected by Western blot at 

36 h after transfection. 

 

Statistical analysis 
Results were expressed as means ± standard deviations (SD). 

The statistical significance of differences was determined 

using the Student’s t-test or one-way analysis of variance 

(ANOVA) as appropriate. Comparison between two groups 

was performed using the unpaired Student’s t-test. All the 

statistical tests were performed using GraphPad Prism soft-

ware 6.0 (GraphPad software, USA). A p-value < 0.05 was 

considered statistically significant. 

 

RESULTS 
 

Infection and replication of H9N2 virus in BEAS-2Bs 
Our previous study indicated that the HUVECs used in this 

study support H9N2 virus infection and replication (Wang et 

al., 2015). Here, we investigated whether BEAS-2Bs support 
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Fig. 1. Replication of H9N2 virus in BEAS-2Bs. BEAS-2Bs 

grown on six-well plates were infected with H9N2 virus 

at MOIs. Culture supernatants were collected at a given 

time, and viral titers were determined by plaque-forming 

units. Values represent the means from three independ-

ent experiments plus standard deviations. (A) Replica-

tion of H9N2 virus at 24 h postinfection with different 

MOIs. (B) Replication of H9N2 virus at different time 

points after infection with MOI of 5 and 0.2, respective-

ly. 

Fig. 2. IFIT1 expression induced by H9N2 virus infection 

and viral particle inoculation in BEAS-2Bs. BEAS-2Bs were 

infected with H9N2 virus (i.e., Virus) and inoculated with 

inactivated viral particle (i.e., Particle) at a MOI of 5, cells 

used for RT-PCR assay were collected at 6 h, 12 h and 

24 h postinfection, cells used for western blot assay

were collected at 12 h, 24 h and 36 h postinfection. 

Values represent the means from three independent 

experiments plus standard deviations. (A) Expression of 

IFIT1 at mRNA level. (B) Expression of IFIT1 at protein 

level. (C) The relative protein level of IFIT1 compared to 

β-actin. *means particle group and virus group com-

pared with control group (*P < 0.05, **P < 0.01, 

ANOVE). # means particle group compared with virus 

group (#P < 0.05, ##P < 0.01, t-test). 
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the replication of H9N2 virus. The virus titers in BEAS-2Bs 

culture supernatant were measured by plaque assay. First, 

replication of H9N2 virus with different MOI (0.2, 2, 5 and 

10) was observed in BEAS-2Bs grown in 6-well plates. When 

BEAS-2Bs were infected with H9N2 virus at different MOIs 

for 24 h, a dose-dependent increment of virus titers was 

observed (Fig. 1A). Subsequently, the kinetics of H9N2 virus 

replication was detected at 6, 12, 24, 36, 48 and 60 h post-

infection at MOI of 5 and 0.2. Productive replication of 

H9N2 virus was detected at 6 h post-infection and reached a 

peak titer of 9.07 × 10
5
 PFU/ml at 24 h at a MOI of 5 (Fig. 

1B). At a MOI of 0.2, virus titers were observed at 12 h post-

infection and reached a peak of 5.69 × 10
5
 PFU/mL at 36 h 

(Fig. 1B). Our data showed that the BEAS-2Bs used in the 

present study supported replication of H9N2 virus. 

 

H9N2 virus infection induced higher IFIT1 expression in 
BEAS-2Bs 
To investigate the effect of H9N2 virus infection and viral 

particle inoculation on expression of IFIT1 in BEAS-2Bs, cells 
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Fig. 3. IFIT1 expression induced by H9N2 virus infection 

and viral particle inoculation in HUVECs. HUVECs were 

infected with H9N2 virus (i.e., Virus) and inoculated with 

inactivated viral particle (i.e., Particle) at a MOI of 5, cells 

used for RT-PCR assay were collected at 6 h, 12 h and 

24 h postinfection, cells used for western blot assay 

were collected at 12, 24 and 36 h postinfection. Values 

represent the means from three independent experi-

ments plus standard deviations. (A) Expression of IFIT1 

at mRNA level. (B) Expression of IFIT1 at protein level. 

(C) The relative protein level of IFIT1 compared to β-

actin. *means particle group and virus group compared 

with control group (*P < 0.05, **P < 0.01, ANOVE). # 

means particle group compared with virus group (#P <

0.05, ##P < 0.01, t-test). 

were analyzed by RT-PCR and western blot at different time 

points. As shown in Fig. 2, both H9N2 virus infection and 

viral particle inoculation rapidly induced the expression of 

IFIT1. Compared to the particle group, H9N2 virus infection 

induced higher expression of IFIT1 at the mRNA level at 6, 

12 and 24 h post-infection (Fig. 2A). Protein levels induced 

by H9N2 virus infection were also higher than that induced 

by viral particle inoculation (Figs. 2B and 2C). The results 

suggested that expression of IFITl in BEAS-2Bs is more effec-

tively induced by H9N2 virus infection than by viral particle 

inoculation. 

 

Viral particle inoculation induced higher IFIT1 expression 
in HUVECs 
To investigate the distinct expression pattern of IFIT1 be-

tween epithelial and endothelial cells, we determined the 

expression of IFIT1 at mRNA and protein levels in HUVECs. 

Consistent with BEAS-2Bs, H9N2 virus infection and viral 

particle inoculation induced IFIT1 expression in HUVECs at 

both mRNA and protein levels (Fig. 3). However, the expres-

sion of IFIT1 induced by H9N2 virus infection was lower than 

with viral particle inoculation. At 12 h post-infection, H9N2 

virus infection induced a 450-fold increase in IFIT1 at the 

mRNA level, and viral particle inoculation induced up to a 

700-fold increase compared to the control group (Fig. 3A). 

The IFIT1 protein level induced by viral particles was also 

higher than that induced by H9N2 virus at 24 h (Figs. 3B and 

3C). The results suggest that viral particles are more effective 

than H9N2 virus at inducing IFITl expression in HUVECs. In-

terestingly, H9N2 virus and viral particle induction of IFITl 

expression at the mRNA level was much higher in endotheli-

al cells (450- and 700-fold, respectively) than epithelial cells 

(70- and 20-fold, respectively). 

 

IFN-α/β levels in HUVECs and BEAS-2Bs 
As described earlier, type I IFN can induce IFIT1 expression, 

and influenza virus infection can stimulate production of 

type I IFN. Therefore, we investigated whether IFN-α/β was
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Fig. 4. Evaluation of IFN-α/β production in HUVECs and BEAS-2Bs inoculated with H9N2 virus or viral particle. HUVECs and BEAS-2Bs 

were infected with H9N2 virus (i.e., Virus) and inoculated with inactivated viral particle (i.e., Particle) at a MOI of 5, and then superna-

tants were collected at 6 h, 12 h and 24 h postinfection. Levels of IFN-α/β were detected using human ELISA kits. Values represent the 

means from three independent experiments plus standard deviations. (A) IFN-α levels in BEAS-2Bs. (B) IFN-β levels in BEAS-2B cells. (C) 

IFN-α levels in HUVECs. (D) IFN-β levels in HUVECs. *means particle group and virus group compared with control group (*P < 0.05, 

**P < 0.01, ANOVE). # means particle group compared with virus group (#P < 0.05, ##P < 0.01, t-test). 
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Fig. 5. IFIT1 mRNA levels induced by HA or NA protein in HUVECs and BEAS-2Bs. HUVECs and BEAS-2Bs were incubated with HA or NA 

at concentrations of 0.1 or 1 μg/ml. Cells used for RT-PCR analysis were collected at 6 h, 12 h and 24 h postinfection. (A) IFIT1 mRNA 

levels induced by HA in HUVECs. (B) IFIT1 mRNA levels induced by HA in BEAS-2Bs. (C) IFIT1 mRNA levels induced by NA in HUVECs. (d) 

IFIT1 mRNA levels induced by NA in BEAS-2Bs. 

 

 

 

induced during H9N2 virus and viral particle induced IFIT1 

expression. We treated BEAS-2Bs and HUVECs with H9N2 

virus or viral particles at a MOI of 5, and the supernatants 

were collected at 6, 12 and 24 h. The results showed that 

H9N2 virus infection significantly increased levels of IFN-α/β 

in BEAS-2Bs at 6, 12 and 24 h, whereas viral particle inocula-

tion only increased IFN-α/β at 6 h (Figs. 4A and 4B). In con-

trast, secretion of IFN-α/β in HUVECs was not significantly 

changed after infection with H9N2 virus or viral particles 

(Figs. 4C and 4D). The results suggested that IFN-α/β might 

be involved in H9N2 virus and viral particle induced expres-

sion of IFIT1 in BEAS-2Bs. However, this did not appear to be 

the case in HUVECs. 
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Fig. 6. Localization of viral particles in HUVECs and

BEAS-2Bs. BEAS-2Bs and HUVECs were inoculat-

ed with viral particles at a MOI of 5 for 24 h, then

cells were double-stained with an anti-HA anti-

body (green) and 4′, 6-diamidino-2-phenylindole

(DAPI, blue). 

HA and NA proteins had no effect on the expression of 
IFIT1 
Inactivated viral particle inoculation significantly increased 

the expression of IFIT1 independently of IFN-α/β in HUVECs 

and in BEAS-2Bs. Thus, we investigated whether virus en-

velope proteins were involved in IFIT1 expression. We incu-

bated HUVECs and BEAS-2Bs with HA or NA protein at 

different concentrations. Cells in each group were extract-

ed for RT-PCR and Western blot analysis. The results 

showed that IFIT1 mRNA levels were not significantly in-

creased at 6, 12 and 24 h (p > 0.05, ANOVA) in either cell 

type (Fig. 5). This suggested that HA or NA protein binding 

alone is not sufficient to induce IFIT1 expression in HUVECs 

or BEAS-2Bs. 

 

Location of viral particles in HUVECs and BEAS-2Bs 
Viral particle inoculation induced IFIT1 expression in HUVECs 

via a mechanism that was independent of IFN. Envelope 

protein binding could not induce IFIT1 expression. We 

speculated that the effect of viral particles on IFIT1 expres-

sion was generated after cellular entry. Therefore, we locat-

ed viral particles within cells using immunofluorescence. The 

results showed that HA-positive cells were observed at 8 h 

after H9N2 infection in both HUVECs and BEAS-2Bs (Fig. 6). 

The results indicated that cellular interaction between HU-

VECs and viral particles might be involved in the induction of 

IFIT1 expression. 

 

Viral particle inoculation decreased the virus titers in 
HUVECs and BEAS-2Bs 
H9N2 viral particle inoculation induces IFIT1 expression at 

mRNA and protein levels in HUVECs and in BEAS-2Bs. We 

investigated the effect of viral particle inoculation on antiviral 

response in these two cell lines. As shown in Fig. 7, virus 

titers in the particle group were significantly reduced in both 

HUVECs and BEAS-2Bs. Compared to the control group, 

virus titers in the particle group decreased by 40.49 ± 4.90% 

in HUVECs and 55.02 ± 3.88% in BEAS-2Bs.
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Fig. 7. Antiviral response induced by viral particle inoculation in BEAS-2B2 and HUVECs. HUVECs and BEAS-2Bs cells were pretreated 

inactivated viral particle (i.e., Particle) at a MOI of 5 for 24 h, and then HUVECs and BEAS-2Bs were infected with H9N2 virus at a MOI 

of 5. At 24 h postinfection, supernatant in each group was collected, and viral titers were determined by plaque-forming units. Values 

represent the means from three independent experiments plus standard deviations. (A) Virus titers in HUVECs treated with viral particles. 

(B) Virus titers in BEAS-2Bs treated with viral particles. *means viral particle group compared with control group (*P < 0.05, t-test). 
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Fig. 8. Overexpression of IFIT1 could not significantly 

reduced virus titers in HUVECs and BEAS-2Bs. HUVECs 

and BEAS-2Bs were transfected with control plasmid 

(Control) or IFIT1 CRISPR activation plasmid (IFIT1) for 

36 h, then cells were infected with H9N2 virus at 

MOI of 5. Virus titer of each group was detected by 

plaque assay at 36 h postinfection. The overexpres-

sion of IFIT1 was detected by Western blot. (A) IFIT1 

protein levels after transfected with plasmid in BEAS-

2Bs and HUVECs. (B) Virus titers in BEAS-2Bs and 

HUVECs transfected with control plasmid or IFIT1 

CRISPR activation plasmid. 

Our study showed that both H9N2 virus and inactivated 

viral particles could induce the expression of IFIT1 in BEAS-

2Bs and HUVECs, and that IFIT1 expression patterns are 

different between these two cell types. In addition, IFN-α/β is 

not involved in H9N2 virus and viral particle induced expres-

sion of IFIT1 in HUVECs. These data provide further insight 

into the innate immune response of endothelial cells to 

H9N2 influenza virus. 

 

Overexpression of IFIT1 could not significantly enhance 
the antiviral state 
HUVECs or BEAS-2Bs were transfected with plasmid for 36 h 

before infected with H9N2 virus. The results showed that 

transfection with IFIT1 CRISPR activation plasmid upregulat-

ed the expression of IFIT1 in HUVECs and BEAS-2Bs (Fig. 8A). 

Compared to control group, the virus titers were significantly 

decreased by 9.72 ± 2.53% (P > 0.05, t-test) in BEAS-2Bs 

transfected with IFIT1 CRISPR activation plasmid, the virus 

titers were significantly decreased by 7.76 ± 1.14% (P > 0.05, 

t-test) in HUVECs transfected with IFIT1 CRISPR activation 

plasmid (Fig. 8B). 

 

DISCUSSION 
 

Proteins encoded by ISGs are major components of host 

antiviral effectors, and include the IFIT family.  In humans, 

this family comprises four members with IFIT1 the first of 

these to be discovered (Chebath et al., 1983). IFIT1 has 

broad spectrum antiviral activity and has been shown to 

inhibit replication of a variety of viruses in mammalian cells 

(Raychoudhuri et al., 2011; Reynaud et al., 2015). We inves-

tigated the effect of inactivated viral particle inoculation on 

antiviral response in HUVECs. Results showed that virus titers 

were significantly decreased after treatment by viral particles 

at a MOI of 5 (Fig. 7). Although results showed that overex-

pressed IFIT1 could not decrease the H9N2 virus titers in 

HUVECs and BEAS-2Bs (Fig. 8). The results suggest that 

inactivated viral particle inoculation may confer protection 

against H9N2 virus infection in endothelial cells. In addition, 

influenza virus prefers to target epithelial cells located in the 

respiratory tract in vivo (van Riel et al., 2006; 2007; 2010). 

The basal lamina, with an average thickness of 1 μm, is the 

only structure that separates epithelial and endothelial cells 

in the alveolar wall (Weibel and Knight, 1964). A previous 

study demonstrated that cytokines produced in alveolar epi-

thelial cells could further activate neighboring endothelial 

cells during influenza virus infection (Chan et al., 2009). So it 

is conceivable that interferon released by infected epithelial 

cells could readily spread to endothelial cells. Thus, regard-

less of whether the influenza virus could directly infect endo-

thelial cells in vivo, endothelial cells may be involved in the 

innate immune response of the host during influenza virus 

infection. 

A recent study showed that influenza virus infection could 

induce IFIT1 expression in respiratory tract epithelial cells 

(Kim et al., 2015). Our results also showed that H9N2 virus 

infection increased IFIT1 expression at mRNA and protein 

levels in BEAS-2Bs (Fig. 2). However, the expression pattern 

of IFIT1 induced by H9N2 virus in endothelial cells has not 

been described. The results showed that H9N2 virus infec-

tion induced the expression of IFIT1 in HUVECs (Fig. 3). Fur-

thermore, we found that inactivated viral particle inoculation
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also significantly increased IFIT1expression in both HUVECs 

and BEAS-2B, and H9N2 viral particles were more potent 

than H9N2 viruses at inducing IFIT1 expression in HUVECs. 

The expression patterns of IFIT1 in the two cell lines were 

completely opposite. The levels of IFIT1 induced by H9N2 

virus and viral particles were higher in endothelial cells than 

in epithelial cells (Figs. 2 and 3), indicating that endothelial 

cells may be more sensitive than epithelial cells in response 

to influenza virus infection. These results may further reveal 

the role of endothelial cells in the innate immune response 

during influenza virus infection. 

Generally, most types of cells do not basally express IFIT 

proteins (Daffis et al., 2007). However, IFIT expression could 

be induced by virus and bacterial infection, and strongly 

induced by type I IFN (Kohli et al., 2012; Sarkar and Sen, 

2004; Zhou and Amar, 2007). This is particularly obvious 

with IFIT1, which could be induced by exogenous IFN-α 

within 2 h (Bluyssen et al., 1994). Thus, we investigated the 

levels of IFN-α/β induced by H9N2 virus infection and viral 

particle inoculation. It is well known that influenza virus in-

fection can induce production of type I IFN in respiratory 

epithelial cells (Xing et al., 2011). Under our experimental 

conditions, we found that both H9N2 virus infection and 

viral particle inoculation increased the levels of IFN-α/β in 

BEAS-2Bs (Fig. 4). This suggests that H9N2 virus or viral par-

ticles may induce the expression of IFIT1 via increasing type I 

IFN in BEAS-2Bs. Previous studies indicated that H5N1 virus 

infection could upregulate the expression of type I IFN genes 

in human pulmonary microvascular endothelial cells at 24 h 

post-infection. H5N1 virus infection in HUVECs could also 

induce high levels of IFN-β at earlier time points (Schmolke et 

al., 2009; Zeng et al., 2012). However, neither H9N2 virus 

infection nor viral particle inoculation significantly increased 

the levels of IFN-α/β in HUVECs in the present study (Fig. 4). 

However, both H9N2 virus infection and viral particle inocu-

lation induced the expression of IFIT1 in HUVECs. We specu-

late that induction of ISGs expression depends mainly on the 

interaction between viral particles and HUVECs, but less so on 

viral replication. In our investigation of whether HA or NA pro-

tein binding induced IFIT1 expression, envelope protein bind-

ing alone was insufficient to induce IFIT1 expression (Fig. 5). 

Recent studies indicated that IFIT gene expression could be 

induced by signals generated after the ligation of pattern-

recognition receptors by pathogenic pattern molecules (Di-

amond and Farzan, 2013). Several studies demonstrated 

that IFN-regulatory factors could also directly stimulate IFIT 

gene expression through pathways that remain less well 

defined (Barnes et al., 2004; Grandvaux et al., 2002; Lou et 

al., 2009; Ogawa et al., 2005). Moreover, subsets of IFIT 

genes are selectively induced by virus infection in some cells 

(Fensterl et al., 2008; Terenzi et al., 2006; 2007; Wacher et 

al., 2007). These previous studies provide possible mecha-

nisms for IFIT1 expression induced by H9N2 virus infection in 

HUVECs. However, these studies do not reveal the precise 

mechanism for viral particle induced IFIT1 expression. There-

fore, we speculate that the effect of viral particles on IFIT1 

expression is generated after cell entry. In addition, a previ-

ous study indicated that replication defective human cyto-

megalovirus could induce the expression of ISGs and that 

this is likely mediated by cellular interactions with the enve-

lope glycoprotein B (Boehme et al., 2004). We used immu-

nofluorescence to examine whether inactivated H9N2 viral 

particles could enter cells, with results showing that viral 

particles could enter HUVECs (Fig. 6). Taken together, we 

speculated that intracellular interaction might be involved in 

the induction of IFIT1 in HUVECs. 

It is generally believed that virus infection can induce cellu-

lar antiviral responses, our results suggest that H9N2 virus 

infection and inactivated viral particle inoculation could in-

duce the expression of IFIT1. Although we could not clearly 

clarify the innate immune response of cells to H9N2 virus or 

inactivated viral particle with our existing results, we can 

draw the following inferences. Endothelial cells and epitheli-

al cells are two major cell types in the lung, and are believed 

to play important roles in response to virus infection. On the 

one hand, regardless of whether H9N2 virus infects endo-

thelial cells in vivo, according to the results of this study, 

inactivated H9N2 virus may induce antiviral response in en-

dothelial cells. According to the present results, we could 

inoculate inactivated viral particles through the respiratory 

tract to induce the antiviral state of host. Virus RNA activates 

the cellular antiviral response has been widely reported. In 

the present study, we did not investigate the effect of RNA 

of H9N2 virus on the antiviral response in HUVECs and 

BEAS-2Bs. However, we inoculated endothelial cells and 

epithelial cells with inactivated viral particles at a MOI of 5, 

and the RNA destroyed by β-propionolactone could not be 

replicated. Therefore, we hypothesize that such a low level 

of RNA could not be a major factor in inducing IFIT1 expres-

sion. And we will continue to investigate the effects of vari-

ous components of the H9N2 virus on antiviral responses of 

endothelial cells in subsequent studies. 

It is of course that further studies are necessary to go be-

yond our present results. For example, further investigation 

needs to be done for revealing the precise mechanism of 

distinct expression patterns of IFIT1 in epithelial cells and 

endothelial cells. In addition, the distinct expression patterns 

of IFIT1 between epithelial cells and endothelial cells needs 

to be validated in vivo. In particular, whether inactivated viral 

particle inoculation enhances the antiviral state of host. 
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