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Abstract

Guanylate binding protein (GBP) 5 belongs to the GBP fam-
ily, which is involved in important cellular processes, includ-
ing signal transduction, translation, vesicle trafficking, and
exocytosis. Structurally, GBPs display a high degree of ho-
mology and share highly conserved GTP-binding or hydro-
lysis domains. GBP5 was reported to be a critical cellular fac-
tor in inflammasome assembly. However, little is known
about its role in the host antiviral innate immune response.
In this study, we found that GBP5 expression was significant-
ly elevated in influenza patients and influenza A virus-infect-
ed A549 human lung epithelial cells. The overexpression of
GBP5 inhibited virus replication by enhancing the expres-
sion of virus-induced interferon (IFN) and IFN-related effec-
tors. Knockdown of GBP5 had the opposite effect. Moreover,
GBP5 enhanced endogenous IFN expression by interacting
with the NF-kB-essential modulator complex and stimulat-
ing NF-kB signaling. Additionally, the expression of proin-
flammatory factors, such asIL-6, IL-8, tumor necrosis factor-a,

cyclooxygenase-2, and inducible nitric oxide synthase, was
also activated by GBP5. Taken together, our results reveal
that GBP5 inhibited virus replication through the activation
of IFN signaling and proinflammatory factors.

©2017 S. Karger AG, Basel

Introduction

Influenza A virus (IAV) is a negative-sense RNA virus
of the Orthomyxoviridae family, which is the etiological
agent of a contagious acute respiratory disease. Some sea-
sonal and rare pandemic virus strains, such as the deadly
1918 H1IN1 virus, belong to this family. These viruses are
responsible for severe illness and considerable mortality
worldwide. Annually, influenza viruses cause 3-5 million
severe clinical infections and 250,000-500,000 fatal cases
[1-3]. The outcome of IAV infections is largely deter-
mined by the complex interactions between the virus and
the innate immune system; therefore, a detailed under-
standing of the molecular mechanisms involved in innate
immune recognition and response can provide a valuable
framework for the development of therapeutics [4].
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DuringIAV infection, the first line of defense is formed
by the innate immune system, which is quick but lacks
specificity and memory. Innate immunity is formed by
physical barriers and innate cellular immune responses
[5]. IAV infection results in the recognition of PAMPs
(pathogen-associated molecular patterns) by PRRs (pat-
tern recognition receptors) and initiation of antiviral sig-
naling cascades, eventually leading to the induction of in-
terferons (IFNs), cytokines, and chemokines [6, 7]. So far,
3 types of IFNs have been identified [8]. Type I IFNs in-
clude IFN-a and IFN-f, which play an important role in
limiting viral replication [9, 10]. Type I IFNs secreted by
infected cells act on IFN-a/p receptors (IFN-a/BR) of the
same cell or neighboring cells, activating an antiviral sig-
naling cascade that is responsible for the transcription of
over 300 genes that encode antiviral proteins, thus estab-
lishing an antiviral state in the cell to limit viral replica-
tion [11]. IFN-y contributes to the establishment of an
effective adaptive cytotoxic T cell (CTL) response against
the influenza virus infection. IFN-y regulates virus-spe-
cific CTL homeostasis in secondary lymph nodes and
subsequent trafficking of CTLs to the site of infection
[12]. Type III IFNs also control IAV infections in the lung
[13].

Cyclooxygenase-2 (COX-2) is a critical inflammatory
cytokine that plays a role in the response to IAV infection
[14, 15]. COX-2 is an inducible COX isoform that is re-
quired for the biosynthesis of prostaglandins, such as
PGE2, and is primarily involved in pathological process-
es, such as inflammation, fibrogenesis, and carcinogene-
sis. A variety of stimuli, including cytokines, mitogens,
and growth factors, promote COX-2 induction at the
transcriptional level [16, 17].

Guanine nucleotide binding proteins (GBPs) are in-
volved in important cellular processes, including signal
transduction, translation, vesicle trafficking, and exocy-
tosis [18]. Structurally, GBPs have a molecular weight of
67-73 kDa, display a high degree of homology, and share
highly conserved GTP-binding or hydrolysis domains
[19, 20]. These GTPases bind phosphoinositides, cardio-
lipin, soluble NSF attachment protein receptor adaptor
proteins, and other p47 IRGs (immunity-related guano-
sine triphosphatases) to direct their membrane regula-
tory activities against compartmentalized bacteria and
protozoa [21-23]. Among them, guanylate binding pro-
tein 5 (GBP5) belongs to the family of IFN-y-induced p65
GTPases, which has 7 members in humans [24].This fam-
ily of GBPs was originally identified by the ability of its
members to bind to immobilized guanine nucleotides
with similar affinities for GTP, GDP, and GMP [25, 26].
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GBP5 was reported to be a critical cellular factor in in-
flammasome assembly. Furthermore, GBP5 has been re-
ported to induce inflammatory cytokines, including IL-
1P and IL-18, through the activation of NLRP3 and AIM2
[27, 28]. Recently, the research of Kirchhoff and col-
leagues [29] has shown that GBP5 is expressed in the pri-
mary target cells of HIV-1, where it impairs viral infectiv-
ity by interfering with the processing and virion incorpo-
ration of the viral envelope glycoprotein.

Murine GBPs have been confirmed to be coordinately
regulated by IFN-y and play an important role in host
defense against bacterial pathogen infection [30], but few
reports have mentioned the relationship between GBP5
and virus infection. Here, we investigated the role of
GBP5 during viral infection to determine the mechanism
of GBP5-mediated antiviral activity and the effects of cy-
tokines regulated by GBP5.

Materials and Methods

Clinical Samples

Throat swab samples were collected from 19 IAV-infected pa-
tients and 18 healthy individuals in phosphate-buffered saline
(PBS) and stored at 4°C for less than a week before use. These
clinical samples were submitted to the Hubei Provincial Center for
Disease Control and Prevention. The collection of clinical samples
for this research was conducted according to the principles of the
Declaration of Helsinki and approved by the Institutional Review
Board of the College of Life Sciences, Wuhan University, in accor-
dance with its guidelines for the protection of human subjects.
Written informed consent was obtained from each participant in
this study.

Cell Culture and Virus

Human lung epithelial cells (A549) were cultured in F12K me-
dium. MRC5 and rhabdomyosarcoma (RD) cells were cultured in
MEM medium. Human embryonic kidney (HEK-293T) and Huh?
cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM). All media were supplemented with 10% fetal bovine se-
rum (FBS). All cell cultures were maintained at 37°C in a 5% CO,
incubator. The influenza virus strain A/Hong Kong/498/97
(H3N2) and A/Yamagata/120/86 (HIN1) used in this study was
provided by the China Center for Type Culture Collection. The
human enterovirus 71 (EV71) strain (GenBank accession No.
JN230523.1) and hepatitis B virus (HBV) expression plasmid
pHBV-1.3 (genotype D, serotype ayw, U95551) were reported pre-
viously [31, 32].

Isolation of PBMCs and ATII Cells

PBMC:s (peripheral blood mononuclear cells) were isolated by
density centrifugation diluted 1:1 in an isolation solution of human
lymphocytes (TBD-science) as described previously [33]. PBMCs
were washed twice with PBS and cultured in RPMI 1640 medium
at37°Cina 5% CO, incubator. Human ATII (alveolar type II) cells
were purchased from Wuhan PriCells Biotechnology & Medicine
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Co. Ltd., and cultured in RPMI 1640 medium. The ATII cells were
infected with TAV at a multiplicity of infection (MOI) of 1 and har-
vested at 24 h postinfection (hpi) for real-time PCR.

Transfection and Luciferase Assay

Cells were plated at a density of 4 x 10° per plate and grown to
80% confluence prior to the transfection. They were transfected
with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA)
for 24 h, serum starved for an additional 24 h, and then harvested
for analysis. A Renilla luciferase reporter assay system (Promega,
Madison, W1, USA) was used to measure the luciferase activity of
each sample 48 h after transfection. Renilla luciferase activities
were determined as internal controls for transfection efficiency.

Plasmids, Antibodies, Chemical Reagents, and Inhibitors

The coding regions of GBP5 were amplified from template
cDNA from the Han Jiahuai laboratory of Xiamen University. The
GBP5 fragment containing the KOZAK sequence was then insert-
ed into the Kpnl/BamHI sites of p3XxFLAG-CMV 10 to generate an
expression plasmid. The I kappa B kinase (IKK) B, TBK1, NEMO
(NF-xB-essential modulator), MDAS5, RIG-I (retinoic acid-induc-
ible gene I), and IRAK1 expression plasmids with an HA tag in
pKH3 were generated in our lab. The NF-«B promoter, IFN-f pro-
moter, and ISRE promoter were provided by Prof. Hongbing Shu
of Wuhan University, China. A fragment of the GBP5 promoter
(-800 to +200) was amplified from human genomic DNA and sub-
cloned into the pGL3-promoter vector (Promega). COX-2 wild-
type and mutant promoters in pGL3-Basic were previously de-
scribed [34].

Antibodies against Influenza A NS1 antibody, OAS, PKR, IFN
regulatory factor 3 (IRF3), NF-kB/p65, NF-kB/p50, and glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibod-
ies against GBP5 (OriGene Technologies Inc., Rockville, MD,
USA), EV71-VP1 (Abnova, Taipei City, Taiwan), lamin A (Epito-
mics), FLAG (MBL International Co. Ltd, Nagoya, Japan), HA
(Sigma-Aldrich, St. Louis, MO, USA), and COX-2 (Cayman
Chemical, Ann Arbor, MI, USA) were also used.

MTT Method

Methylthiazolyldiphenyl-tetrazolium bromide (5 mg/mL) was
dissolved in PBS (0.01 M, pH 7.4) and stirred with a constant-tem-
perature magnetic stirrer for 30 min. The solution was then passed
through a 0.22-um microfiltration membrane to remove bacteria
and was kept for no longer than 2 weeks. A549 cells were seeded
in a 96-well culture plate at a density of 10*/cm? and then 200 uL
of DMEM containing 10% FBS was added to each well. After the
cells had been cultured for 24 h, they were transfected with the
GBP5 expression plasmid or vector. After 3 days, the cell culture
plate was taken out for the MTT assay. We added 20 uL of the MTT
reagent to each well and then cultured the cells for 4 h. Subsequent-
ly, the medium was removed and 150 uL of DMSO was added to
each well to dissolve the formazan. The 96-well culture plate was
agitated for 10 min on a shaker. Finally, a well with DMSO but
without cells was used to adjust the zero value, and the optical den-
sity (OD) value of each well was determined at 490 nm.

Western Blot, Nuclear Extraction, and ELISA
Whole-cell lysates were prepared by lysing cells in PBS contain-
ing 0.01% Triton X-100, 0.01% EDTA, and 10% protease inhibitor
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mixture (Roche, Indianapolis, IN, USA). To separate and collect
the cytosolic and nuclear protein fractions, cells were washed with
ice-cold PBS and collected by centrifugation. The resulting pellets
were resuspended in hypotonic buffer (10 mm HEPES, pH 7.9, 10
mM KCI, 0.5 mM dithiothreitol [DTT], 10% protease mixture in-
hibitor) for 15 min on ice and were vortexed for 10 s. Nuclei were
pelleted by centrifugation at 13,000 g for 1 min and the pellets and
cytosolic protein-containing supernatants were collected. The
protein concentration of each sample was determined using a
Bradford assay kit (Bio-Rad, Hercules, CA, USA). A 100-pg aliquot
of each sample was subjected to 12% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and was transferred to a nitrocel-
lulose membrane (Amersham). Blots were blocked with nonfat dry
milk prior to incubation with primary and secondary antibodies.
Bands were detected using the Super Signal chemiluminescent re-
agent (Pierce, Rockford, IL, USA).

Standard ELISA kits were used to quantify HBV E and S anti-
gen (HBeAg, HBsAg) levels (Shanghai Kehua Biotechnology,
Shanghai, China). Standard ELISA kits were used to quantify
IFNa,  and A1 protein levels (Neobioscience, Shenzhen, China).

Reverse-Transcription Reaction and Quantitative Real-Time

PCR Analysis

Total cellular RNA was extracted with TRIzol (Invitrogen).
Cellular RNA samples were reverse transcribed with random
primers at 37°C for 1 h. Relative quantitative real-time PCR was
performed using SYBR Select Master Mix (Applied Biosystems,
Waltham, MA, USA) and a LightCycler 480 system (Roche) with
primers for the indicated target genes. The primers are listed in
online supplementary Table 1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000460294).

Measurement of IAV Replication

A549 cells were infected with IAV at an MOI of 1 as previous-
ly described [35]. Viral titers were measured by a hemagglutina-
tion assay in U-shaped plates at various time points postinfection,
as previously described [36]. IAV nucleoprotein (NP) RNA was
reverse transcribed with the following primers: for specific viral
RNA (NP-vRNA), 5'-CTCACCGAGTGACATCAACATCATG-
3'; for NP-cRNA, 5-AGTAGAAACAAGGGTATTTTTCTTTA-
ATTGTCAT-3', and for NP mRNA, oligo(dT). Relative levels of
IAV RNA were measured by quantitative real-time PCR as previ-
ously described [37].

Immunofluorescence

After transfection, cells were fixed with 4% paraformaldehyde
for 15 min, washed 3 times with PBS, permeabilized with PBS con-
taining 0.5% Triton X-100 for 5 min, washed 3 times with PBS, and
blocked with PBS containing 4% BSA for 1 h at room temperature.
Next, the cells were incubated with the primary antibody overnight
at 4°C, followed by incubation with secondary antibodies (Pro-
teinTech Group) for 1 h. Mounting was done with vectashield
mounting medium with DAPI (Vector Laboratories), and the cells
were visualized by confocal laser microscopy (FLUOVIEW
FV1000; Olympus, Tokyo, Japan).

Nuclear Extraction

Cells were incubated in serum-free media for 24 h, washed
twice with cold PBS, and scraped into 1 mL of cold PBS, followed
by centrifugation at 12,000 g for 10 min in a microcentrifuge. The
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cell pellet was then resuspended in 2 packed cell volumes of buffer
A (10 mm HEPES, pH 8, 0.5% NP-40, 1.5 mMm MgCl,, 10 mm KCI,
0.5 mM DTT, and 200 mM sucrose) and incubated for 10 min on
ice with flipping of the tube. Nuclei were collected by centrifuga-
tion (12,000 g for 15 s). Pellets were rinsed with buffer A, resus-
pended in buffer B (20 mM HEPES, pH 7.9, 1.5 mM MgCl,, 420 mM
NaCl, 0.2 mM EDTA, and 1.0 mM DTT), and incubated on a rock-
ing platform for 30 min (4°C). Nuclei were clarified by centrifuga-
tion (12,000 rpm for 15 min), and the supernatants were diluted 1:
1 with buffer C (20 mM HEPES, pH 7.9, 100 mM KCl, 0.2 mM
EDTA, 20% glycerol, and 1 mmM DTT). Cocktail protease inhibitor
was added to each type of buffer. Nuclear extracts were stored at
-70°C until use.

Coimmunoprecipitation

Coimmunoprecipitation analysis was performed as previously
described [38]. Briefly, after cell treatment, cells were lysed using
lysis buffer (20 mMm Tris, pH 7.5, 150 mM NaCl, 0.5% (vol/vol)
Nonidet-P40, 1 mM EDTA, 30 mM NaF, 2 mM sodium pyrophos-
phate, 10 mg/mL aprotinin, and 10 mg/mL leupeptin). Lysates
were mixed and precipitated overnight at 4°C with antibodies or
IgG and protein G-agarose beads. Beads were washed 5 times with
lysis buffer and bound proteins were separated by SDS-PAGE with
subsequent immunoblotting analysis.

Chromatin Immunoprecipitation Assay

A549 cells were incubated for 24 h after transfection (if trans-
fection was necessary), after which they were serum starved for an
additional 24 h. One percent formaldehyde was added to the cul-
ture medium, and the cells were washed twice with PBS, scraped,
and lysed in buffer containing 1% SDS, 10 mM Tris-HCI, pH 8.0,
and protease inhibitor cocktail for 10 min on ice. The lysates were
sonicated on ice and the debris was removed by centrifugation at
12,000 g for 15 min at4°C. One-fourth of the supernatant was used
asa DNA input control. The remaining sample was diluted 10-fold
with dilution buffer (0.01% SDS, 1% Triton X-100, 1 mM EDTA,
10 mM Tris-HCI, pH 8.0, and 150 mM NacCl) followed by incuba-
tion with antibodies against NF-kB/p50, CREB1, or IgG overnight
at 4°C. Immunoprecipitated complexes were collected using pro-
tein A/G-sepharose. The pellets were washed 4 times with dialysis
buffer containing 2 mM EDTA and 50 mM Tris-HCI, pH 8.0. After
washing, the precipitates were incubated in an elution buffer (1%
SDS and 0.1 M NaHCO3) at room temperature. Supernatants were
transferred to clean tubes, and RNase A was added to destroy
bound RNA in the sample. Samples were incubated at 65°C for 5
h to reverse the formaldehyde crosslinks, and DNA was precipi-
tated with ethanol and extracted twice with phenol/chloroform.
Pellets were suspended in TE buffer and subjected to PCR ampli-
fication using the promoter detection primers. The primers are
listed in online supplementary Table 2.

Statistical Analysis

The relationship between GBP5 expression and the IAV gene
NP level in the clinical samples was analyzed by the Pearson cor-
relation coefficient. All other experiments were performed in trip-
licate. Two group comparisons were analyzed by the Student ¢ test,
and the data are expressed as means with standard deviations. p <
0.05 was considered statistically significant.
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Results

GBP5 Expression Is Elevated in Patients Infected with

IAV

In order to investigate the potential role of GBP5 dur-
ing IAV infection, we first determined whether GBP5 ex-
pression was induced by IAV infection by isolating total
mRNA from throat swab samples of patients infected
with IAV (n = 19) and healthy individuals (n = 18). GBP5
mRNA expression levels were significantly higher in IAV
patients than in healthy individuals (60.08 + 45.38 vs.
25.87 + 31.25, respectively, p < 0.05; Fig. 1a).

Furthermore, to verify whether the GBP5 expression
was related to the virus infection, the relationship be-
tween the IAV NP mRNA and GBP5 mRNA levels was
determined by Pearson correlation analysis. A statistical-
ly significant correlation was observed between NP
mRNA and GBP5 expression in patients with seasonal
IAV (NP and GBP5: r = 0.6397, p < 0.01; Fig. 1b). Thus,
GBP5 expression was positively correlated with IAV in-
fection in the IAV patients.

Next, primary cultured cells were tested. Freshly iso-
lated PBMCs, ATII and MRCS5 cells were infected with
influenza virus A/HongKong/498/97 (H3N2) at an MOI
of 1 and harvested at the indicated time points, and the
GBP5 mRNA level was measured by qRT-PCR. The re-
sults showed that IAV infection induced GBP5 expres-
sion in primary cultured cells (Fig. 1c-e).

GBP5 Is Upregulated by IAV Infection

Because GBP5 expression correlated with IAV infec-
tion in influenza patients and primary cultured cells, we
investigated the expression of GBP5 in different cell cul-
tures stimulated by viral infection. The A549 human lung
epithelial cell line was infected with H3N2 at an MOI of
1 or 5 and harvested at the indicated time points, and
GBP5 mRNA expression levels were assessed by qRT-
PCR. As shown in Figure 2a, GBP5 mRNA expression was
induced by IAV infection in a time-dependent manner
(Fig. 2a). Then, the A549 was infected with HIN1 at an
MOI of 1 or 5 and harvested at the indicated time point,
and GBP5 mRNA expression levels were assessed by
qRT-PCR. The result also showed that GBP5 mRNA ex-
pression was induced by HINT1 infection in a time-depen-
dent manner (Fig. 2b).

The same experiments were also conducted in the
293T cells and a similar expression pattern was observed
(Fig. 2c). While in Huh?7, vesicular stomatitis virus (VSV)
also showed this kind of expression pattern (Fig. 2d).
Since a high concentration of EV71 would lead to the
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apoptosis of RD cells, so only 1 MOI EV71 were used to
infected the RD cell, and turned to induce GBP5 in a time-
depend manner (Fig. 2e). GBP5 protein levels were also
measured by Western blot and followed the same trend
in A549 cells infected by H3N2 (Fig. 2f).

NF-xB/p50 Plays a Role in IAV-Induced GBP5

Promoter Activation

To further investigate the mechanism that regulates
GBP5 expression, we generated truncation promoter re-
porters in which different truncated promoters were
cloned upstream of the luciferase gene. To determine
promoter activity, the reporter constructs were transfect-
ed into A549 cells following IAV infection. However, no
significant change in activity was observed until the 2 p50
binding sites were deleted (Fig. 3a), suggesting that p50

TIAV-Induced GBP5 Mediates Antiviral
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may be an important transcription factor that regulates
GBP5 expression.

In order to test which transcription factor correlated
with the expression of GBP5, a GBP5 full promoter re-
porter was cotransfected along with different transcrip-
tion factor expression plasmids or a control vector into
293T cells. A series of transcription factors were tested,
including p50, c-Jun, LAP, LIP, p65, CREB1, CREB2, and
c-Fos. The results showed that GBP5 promoter activity
can be significantly enhanced by p50 (Fig. 3b). Further-
more, p50 shRNA or control shRNA were transfected
into A549 cells to verify the effect of p50 on endogenous
GBP5 expression. The results showed that knockdown of
p50 by specific ShRNA decreased the expression of GBP5
(online suppl. Fig. S1A)
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Fig. 2. Induction of GBP5 by IAV in different cultured cells. a A549
cells were infected with H3N2 at an MOI of 1 or 5, and the cells
were harvested at the indicated time points. GBP5 mRNA was
quantified by qRT-PCR. b A549 cells were infected with HINT at
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Fig. 3. NF-kB/p50 plays a role in IAV-induced GBP5 promoter
activation. a A549 cells were transfected with luciferase reporter
plasmids containing the wild-type GBP5 promoter or with plas-
mids containing truncation mutants of the GBP5 promoter, along
with IAV infection (MOI = 1). Luciferase activities were measured
in each sample after serum starvation for 24 h and were compared
to those obtained from control cells transfected with empty vector.
All data were normalized to the Renilla luciferase value. b A549
cells were transfected with luciferase reporter plasmids containing
the wild-type GBP5 promoter along with the different transcrip-
tion factor expression plasmids. ¢ A549 cells were transfected with
luciferase reporter plasmids containing the wild-type GBP5 pro-
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quantified by Western blot. e RD cells were infected with EV71 at
an MOI of 1, and the cells were harvested at the indicated time
points. GBP5 mRNA was quantified by qRT-PCR. f A549 cells
were infected with H3N2 at an MOI of 1, and the cells were har-
vested at the indicated time points. The GBP5 protein level was
quantified by Western blot. All experiments were repeated at least
3 times with similar results. Bar graphs represent means + SD; n =
3(** p<0.01;* p < 0.05).

moter or with plasmids containing mutants of the GBP5 promoter,
along with IAV infection (MOI = 1). Luciferase activities were
measured in each sample after serum starvation for 24 h and were
compared to those obtained from control cells transfected with
empty vector. All data were normalized to the Renilla luciferase
value. d A549 cells were infected with IAV (MOI = 1) for 12 h and
ChIP assays were performed using 2 pg of anti-p50. Normal rabbit
IgG was used as a control. Immunoprecipitated DNA or control
DNA was collected and amplified using specific primers for the
NEF-«B binding site in the GBP5 promoter. All experiments were
repeated at least 3 times with similar results. Bar graphs represent
means + SD; n =3 (** p <0.01; * p < 0.05).

(For figure see next page.)
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Then, to confirm whether the NF-«B binding sites play
an important role in the regulation of GBP5 production
upon IAV infection, 2 possible NF-kB binding sites were
mutated individually and the mutant constructs were
transfected into A549 cells as described above to examine
the promoter activity in response to IAV infection. The
data indicated that each single site mutant could decrease
the promoter activity significantly and the dual mutant
totally suppressed the promoter activity. These results
prove that both of the NF-«xB binding sites on the pro-
moter contribute to the induction of GBP5 (Fig. 3c).

Next, we performed chromatin immunoprecipitation
(ChIP) in A549 cells to verify the binding of NF-kB to the
GBP5 promoter. We found that p50 bound to both sites
in the GBP5 promoter. Furthermore, more p50 was
bound to these sites in IAV-infected cells than in control
cells. Together, our data demonstrate that NF-«B is an
important cis-regulatory element required for the activa-
tion of the GBP5 promoter by IAV (Fig. 3d).

Expression of GBP5 Inhibits Virus Replication

Since the production of GBP5 can be induced by IAV,
we asked whether GBP5 influences IAV replication. A549
cells were transfected with the GBP5 expression plasmid
or the control plasmid, and 12 h later the cells were in-
fected with IAV (MOI = 1). The cells were then harvested
24 hpi, and the protein expression was detected by West-
ern blot. The results showed that the decrease of viral titer
was observed (Fig. 4a, graph) and the IAV NSI1 was re-
duced significantly following GBP5 overexpression
(Fig. 4a, blot). The viral RNA were then tested. A549 cells
were transfected with the GBP5 expression plasmid or the
control plasmid, and 12 h later the cells were infected with

Fig. 4. Antiviral activity of GBP5. a A549 cells were transfected
with vector or GBP5 expression plasmid for 24 h, then the cells
were infected with IAV (MOI = 1) and harvested at 24 hpi. Viral
titers in the culture supernatants were quantified by a TCID50 test
(left). Protein level of GBP5 and NS1 were measured by Western
blot (right). b A549 cells were transfected with the GBP5 expres-
sion plasmid with 1 or 2 ug for 24 h, then the cells were infected
with IAV (MOI = 1) and harvested at 24 hpi. Relative levels of NP-
specific mRNA, cRNA, and vVRNA were measured by qRT-PCR.
c A549 cells were transfected with the p3xFLAG-GBP5 plasmid
with 1 or 2 pg for 24 h, then the cells were infected with VSV
(MOI =1), and treated with IFNa (300 IU/ml) as a positive control.
After 24 h, the supernatant was harvested for plaque experiment
in Vero cells. d Huh7 cells were transfected with pHBV1.3 along
with the GBP5 expression plasmid with 1 or 2 ug for 48 h, and
treated with IFNa (300 IU/mL) as a positive control. HBeAg and
HBsAg in the supernatant were then measured by ELISA. e RD
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IAV (MOI = 1). The cells were harvested for RNA extrac-
tion 24 hpi. Viral NP gene expression levels, including
VRNA, cRNA, and mRNA, were measured by qRT-PCR.
The expression of GBP5 led to significant decreases in the
expression of all 3 types of viral RNA examined (Fig. 4b).

To test whether GBP5 exerts a universal antiviral func-
tion, we also assessed the effects of GBP5 on the replication
of different viruses, including VSV, HBV, and EV71. VSV
replication was determined by plaque formation after vi-
rus infection in Huh7 cells. The results showed that viral
titers were significantly lower in GBP5-overexpressing
cells than that in control cells (Fig. 4c). HBV1.3 was co-
transfected with the GBP5 expression plasmid or the con-
trol plasmid into Huh7 cells to assess HBV protein (HBeAg
and HBsAg) expression in the culture supernatant. The
result showed that GBP5 also inhibited HBV expression
(Fig. 4d). Furthermore, RD cells were infected by EV71
after transfection with the GBP5 expression plasmid or the
control plasmid. The cells were then harvested 12 hpi, and
the protein expression was detected by Western blot. The
results showed that the viral protein VP1 was reduced sig-
nificantly following GBP5 overexpression (Fig. 4e).

Next, specitic ShRNAs for GBP5 were constructed, and
shGBP5 2# had a high efficiency for knocking down GBP5
at both the mRNA and protein levels (Fig. 4f). Then, shG-
BP5 2# was used in antiviral assays against IAV infection
in A549 cells. The results showed that higher levels of vi-
ral NP mRNA, cRNA, and VRNA were observed after
knockdown of GBP5 (Fig. 4g).

To test whether the antiviral function of GBP5 de-
pends on the presence of IFN, Vero cells, a cell line lack-
ing functional type I IFN genes [39, 40], were chosen for
investigation of the antiviral function of GBP5 against

cells were transfected with the GBP5 expression plasmid for 24 h,
then the cells were infected with EV71 (MOI = 1) and harvested at
8 hpi. EV71 VP1 protein was then measured by Western blot.
f A549 cells were transfected with shNC or specific shRNA for
GBP5, and GBP5 levels were measured by qRT-PCR and Western
blot. g A549 cells were transfected with shGBP5 2# for 24 h, then
the cells were infected with IAV (MOI = 1) and harvested at 6 hpi.
Relative levels of NP-specific mRNA, cRNA, and vVRNA were mea-
sured by qRT-PCR and the protein level of GBP5 was measured by
Western blot. h Vero cells were transfected with the p3xFLAG-
GBP5 plasmid for 24 h, then the cells were infected with VSV
(MOI = 1). After 24 h, the supernatant was harvest for plaque ex-
periments in Vero cells. i Huh7.5.1 cells were transfected with
pHBV1.3 along with the GBP5 expression plasmid for 48 h. HBeAg
and HBsAg in the supernatant were then measured by ELISA. All
experiments were repeated at least 3 times with similar results. Bar
graphs represent means + SD; n =3 (** p < 0.01; * p < 0.05).

(For figure see next page.)

Feng/Cao/Wang/Wan/Peng/Wang/Chen/
Zhou/Zhu



IAV
[— Vector
1 ug GBPS vy
H3N2
_, 6.0E4 - 1.27 " 5 1.0€8 -
g S © _
E - GBPS 3 09 g 8.0E7
Q 4.0E4 - p
S 1 395 Zg & 6.0E7
ol W “
g = g i
2 20E4 - = o3 £ 4087
I 1 036 T S 2.0E7
S, e Ac:n o >,
< < Vector GBP5S cRNA mRNA VRNA
C‘O (§§ b AS49 Vector 1upg 2 pug Vector +
c Huh7 “
1.2+ 1 HBeAg 1.6 -
B HBsAg
: -
5 094 T 1.2
o [a)
g - <z
© -_—
o 06 S £v71 VP Q5 08+
2 B
gy A Ctin
0 - 0 -
Vector 1pg 2pg  Vector + Vector GBP5 GRPS  — —~
GBPS 3001 1 08 051 076
d Huh?7 e )
Actin < N —
Crl  1#  2# 3¢
f A549
Y, 1 HBeAg
I HBsAg
. AV ¢l ns ns
5 B shGBPS 1.2E7 4 1.2 - _—
o * % o
3 2 £ € 09
S 24 * 2 8.0E6 2 %77
R [ E
< w T 56
z e o 0.
o 2 =
o 14 5 4.0E6 =
3 © < 03
- s .
“ 0 0 0 ) ‘
cRNA mRNA VRNA Vector GBP5 Vector GBP5
A549 i Huh7.5.1
GBP> l - Flag _
1 0.53
ACtin [ ——
Vector GBP5
Ctrl shGBP5
Vero
g A549 h
TIAV-Induced GBP5 Mediates Antiviral J Innate Immun 2017;9:419-435 427

Response

DOI: 10.1159/000460294



VSV. VSV is a pathogen that is extremely sensitive to the
action of type I IFN. When Vero cells were transfected
with the GBP5 expression plasmid or the control plasmid
in the presence of VSV, no significant difference in viral
titer was observed (Fig. 4g). Similarly, in Huh 7.5.1, a cell
line derived from Huh?7 cells with a point mutation in the
dsRNA sensor RIG-I [41-43], transfected with the
HBV1.3 plasmid, the expression of the viral HBeAg and
HBsAg proteins was not changed in the presence of GBP5
(Fig. 4h). Overall, our data indicate that GBP5 exerts a
universal antiviral function in response to infection by
different viruses and it is likely that the antiviral function
of GBP5 depends on the presence of IFN.

GBP5 Activates IFN-Related Pathways

Since our results demonstrated that GBP5 can inhibit
viral replication and that its antiviral activity may depend
on the presence of IFN, we sought to determine the rela-
tionship between GBP5 and IFN. In IEN pathway-related
reporter assays, GBP5 significantly promoted IAV-in-
duced activation of the IFN, IFNAIL, ISRE, and NF-«B
promoters in 293T cells (Fig. 5a). In contrast, the promot-
er activities of IFN{, IFNA1, ISRE, and NF-«xB were down-
regulated by GBP5 shRNA (Fig. 5b). The data showed that
GBPS5 does not affect cell viability (Fig. 5c). The RNA lev-
els of IFNa, IFNp, and IFNA1 were then detected by qRT-
PCR. The data showed that GBP5 activates IFN expres-
sion in A549 cells (Fig. 5d). ELISAs of culture superna-
tants demonstrated that GBP5 activate the production of
secreted IFNs in A549 cells (Fig. 5e). We next assessed
whether GBP5 induced IFN downstream effectors. A549
cells were transfected with the GBP5 expression plasmid
followed by IAV infection, and qRT-PCR and Western
blot were performed to determine the levels of MxA, PKR,
and OAS1 induced by IFN. As expected, GBP5 increased

Fig. 5. GBP5 activates the expression of IFNs. a The indicated lu-
ciferase promoter plasmids were transfected into 293T cells along
with the GBP5 expression plasmid or a control plasmid. Lucifer-
ase assays were performed 24 h after H3N2 (MOI = 1) infection.
b The indicated luciferase promoter plasmids were transfected
into 293T cells along with the shGBP5 expression plasmid or a
negative control. Luciferase assays were performed 24 h after
H3N2 (MOI = 1) infection (left). Cells were harvested for Western
blot analysis with the indicated antibodies (right). ¢ A549 cells
were transfected with the GBP5 expression plasmid or a control
vector for 24 h (left), and transfected with the shGBP5 expression
plasmid or a negative control vector for 24 h (right), then the cell
viability was measured by the MTT assay. d A549 cells were trans-
fected with the indicated plasmids and infected with IAV (MOI =
1) for 24 h, then the mRNA levels of IFNa, IFNf, and IFNA1 were
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the mRNA and protein levels of each IFN effector exam-
ined (Fig. 5f). Furthermore, the cellular localization of
transcription factors were assessed in A549 cells transfect-
ed with the GBP5 expression plasmid for 24 h. Cytosolic
and nuclear fractions were prepared from GBP5-trans-
fected cells, and Western blot analysis was performed to
detect the protein distribution. Our data revealed that the
levels of p65 and p50 protein within the nucleus increased
in the GBP5-transfected cells (Fig. 5g). Together, our re-
sults suggest that GBP5 not only contributes to the activa-
tion of IFNs and downstream IFN effectors, but also acti-
vates the NF-kB pathway.

GBP5 Interacts with the NEMO Complex

In humans, the innate immune system recognizes
pathogens via PRRs, such as Toll-like receptors, to initiate
IFN induction [44, 45]. So far, 3 types of IFNs have been
identified [46]. Type I IFNs include IFN-a and IFN-f,
which play an important role in limiting viral replication
(47, 48]. Type I IFNs secreted by infected cells act on IFN-
a/B receptors (IFN-a/BR) of the same cell or neighboring
cells, and activate the transcription factor NF-«xB through
the IKK complex, which is composed of IKKa, IKKb, and
NEMO, resulting in the induction of IFN and inflamma-
tory cytokines [48, 49].

To further investigate the mechanism of GBP5-in-
duced IFN production, a series of IFN-related factors, in-
cluding NEMO, IKKp, TBK1, RIG-I, MDAS5, and IRAK1,
were cloned into the indicating plasmid and screened for
their interaction with GBP5 by coimmunoprecipitation.
The results indicated that GBP5 interacted with NEMO,
IKKp, and TBK1, but not with IRAK1, MDAS5, and RIG-
I (Fig. 6a). Immunofluorescent staining experiments sug-
gested that GBP5 and NEMO had a similar distribution
pattern (Fig. 6b).

measured by qRT-PCR. e A549 cells were transfected with the
indicated plasmids and infected withIAV (MOI = 1) for 24 h, then
the protein levels of IFNa and IFNA1 were measured by ELISA.
f A549 cells were transfected with the indicated plasmids and in-
fected with IAV (MOI = 1) for 24 h. The protein levels of OASI,
PKR, and IRF3 were measured by Western blot and mRNA levels
were measured by qRT-PCR. g A549 cells were transfected with
the GBP5 expression plasmid or a control plasmid. Then, cyto-
solic and nuclear extracts were prepared at the indicated time
points and were subjected to Western blot analysis. GAPDH and
lamin A were used as markers for the cytosolic and nuclear frac-
tions, respectively. Protein levels were measured by Western blot
analysis with the indicated antibodies. All experiments were re-
peated at least 3 times with similar results. Bar graphs represent
means + SD; n =3 (** p <0.01; * p < 0.05).

(For figure see next page.)
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Fig. 6. GBP5 interacts with the NEMO pro-
tein complex. a 293T cells were transfected
with FLAG-tagged or HA-tagged GBP5
and the indicated plasmids tagged with HA
or Flag. At 48 h posttransfection, coimmu-
noprecipitation and immunoblot analysis
were performed with the indicated anti-
bodies. b 293T cells were transfected with
FLAG-GBP5 and HA-NEMO fOI' 48 h pI'i- b DAPI NEMO-HA-Cy3 GBPS-Hag-FITC Merge
or to immunofluorescence assays.

Fig. 7. GBP5 stimulates the expression of COX-2 during IAV in-
fection. a A549 cells were transfected with 2 ug of GBP5 expression
plasmid for 24 h, then the cells were infected with IAV (MOI = 1)
and harvested at 24 hpi. Relative mRNA levels of the indicated
genes were measured by qRT-PCR. b A549 cells were transfected
with vector or GBP5 for 24 h, then the cells were infected with IAV
(MOI = 1) and harvested at the indicated time. Relative levels of
COX-2 mRNA were measured by qRT-PCR. ¢ A549 cells were
transfected with the GBP5 expression plasmid in a dose gradient
for 24 h, then the cells were infected with IAV (MOI = 1) and har-
vested at 24 hpi. The relative level of COX-2 mRNA was measured
by qRT-PCR and the protein level was measured by Western blot.
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d 293T cells were transfected with luciferase reporter plasmids
containing the wild-type COX-2 promoter or mutant COX-2 pro-
moter, along with IAV (MOI = 1) infection. Luciferase activities
were measured in each sample after serum starvation for 24 h, and
were compared to those obtained from control cells transfected
with empty vector. e A549 cells were transfected with the GBP5
expression plasmid and then infected with IAV (MOI = 1) for
12 h and ChIP assays were performed using 2 pg of anti-CREBI.
Normal rabbit IgG was used as a control. Immunoprecipitated
DNA or control DNA was collected and amplified using specific
primers for the CREB1 binding site in the COX-2 promoter. Bar
graphs represent means + SD; n =3 (** p < 0.01; * p < 0.05).

(For figure see next page.)
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GBP5 Induces COX-2 Activation through CREBI

In human influenza infection, a phenomenon called
“cytokine storm” can lead to acute lung injury or acute
respiratory distress syndrome [50, 51]. During the storm,
a large amount of inflammatory factors (e.g., TNFa, IL-6,
IL-8, IFN-y, etc.) are produced [52]. Therefore, we asked
whether GBP5 affects the expression of inflammatory fac-
tors. Five proinflammatory factors, including IL-6, IL-8,
TNEF, COX-2, and iNOS, were examined. The results
showed that all of these cellular factors were induced in
the presence of GBP5 (Fig. 7a). Because COX-2 is a criti-
cal inflammatory factor related to virus infection and IFN
production [53, 54], we sought to determine how GBP5
regulates COX-2 expression. First, COX-2 expression
was tested at the indicated time points after transfection
with the GBP5 expression plasmid. The result showed
that COX-2 expression was dramatically induced by
GBP5 at 24 h (Fig. 7b). Next, GBP5 was transfected in a
dose gradient in A549 cells, and the expression of COX-2
was assessed after 48 h by qPCR and Western blot. The
result showed that COX-2 was induced by GBP5 in a
dose-dependent manner (Fig. 7c). Furthermore, to find
the mechanism by which COX-2 was activated, a series of
mutant COX-2 promoters were used to test the cis-regu-
latory elements involved. Our results showed that muta-
tion of the CREBI site significantly decreased COX-2
promoter activity (Fig. 7d). A549 cells were transfected
with specific siRNA for CREBI or irrelevant control
siRNA to verify the effect of CREB1 on endogenous
COX-2 expression. The results indicated that knockdown
of CREBI by specific siRNA decreased the expression of
COX-2 (online suppl. Fig. S1B). In addition, ChIP assays
confirmed that CREB1 bound to the COX-2 promoter in
the presence of GBP5 (Fig. 7e).

Discussion

Here, we delineated a previously unrecognized func-
tion of GBP5 and identified cellular signaling pathways
that contributed to GBP5 expression during IAV infec-
tion, as well as the antiviral mechanism of GBP5. Our data
demonstrate that IAV infection induces GBP5 expression
through NF-kB, which then activates the expression of
IFNs, IEN effectors, and proinflammatory factors.

PBMC:s are involved mainly in immune responses and
play a major role in regulating host defense against mi-
crobial infections [55]. In this study, PBMCs were used to
evaluate the expression of GBP5 during viral infection.
These cells are widely used to research the immediate im-
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mune responses to viral and other microbial infections
[55-57]. In fact, our previous study demonstrated that
PBMC:s infected by influenza virus are a clean and effi-
cient model for studying the antiviral immune response
[56].

GBPs are mostly reported as ISGs (IFN-stimulated
genes) to exert an antibacterial protein, but there are also
reports of hGBP1 interacting with IAV NS1 to antagonize
antiviral activity, and also to antagonize the dengue virus
[58, 59]. Murine GBP2 was reported to antagonize VSV
and encephalomyocarditis virus [60]. As a member in the
GBP family, it was reported that pyroptosis induced by
the Salmonella enterica serovar Typhimurium can be
positively regulated by prior IFN-y stimulation, and this
process is mediated by IFN-y-induced GBP5 [30]. How-
ever, there have been few studies regarding GBP5 induc-
tion by viruses. Our results suggest that multiple viruses
are able to activate the expression of GBP5. To investigate
the mechanism by which GBP5 is induced by IAV, we
tested the effects of 8 different transcription factors on
GBP5 promoter activity. The results show that GBP5 is
mainly induced by NF-kB/p50, and the binding of NF-xB
to the GBP5 promoter is necessary for this induction.
However, if some inhibitors exist on the GBP5 promoter,
they will interfere with the result and some important
transcriptional factors may not be found.

Since the induction of GBP5 is related to the viral in-
fection, we also examined IAV replication in the presence
of GBP5. Three different viruses other than IAV were
tested, and the replication of all 3 viruses was suppressed.
These results reveal a critical role for GBP5 in the innate
immune response against viral infection. We also con-
firmed that GBP5 increased the expression of type I IFN
downstream effectors, including OAS, PKR, and Mx [61].
Thus, GBP5 can enhance the production of IFNs and
their downstream effectors. To determine the mechanism
of crosstalk between GBP5 and IFN signaling, IFN path-
way-related cellular proteins were screened for interac-
tion with GBP5 by coimmunoprecipitation. Among
them, the NEMO complex was shown to associate with
GBP5. Because the rapid induction of type I IFN expres-
sion is key in initiating the innate antiviral response, clar-
ification of NEMO-mediated antiviral signaling is impor-
tant for understanding innate immune signaling; how-
ever, NEMO-mediated antiviral signaling is not well
elucidated. Recent studies found that several ubiquitin E3
ligases are involved in the regulation of innate immune
signaling [62-67]. For this reason, it would be interesting
to determine whether NEMO and GBP5 are involved in
ubiquitination. More experiments need to be conducted
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replication.

to explore the mechanism of GBP5 ubiquitination in the
future.

Recently, GBP5 was reported as a critical activator of
AIM?2 during infection with Francisella novicida; GBP2
and GBPS5 targeted cytosolic F. novicida and promoted
bacteriolysis. Thus, in addition to their roles in host de-

fense against vacuolar pathogens, GBPs also facilitate the
presentation of ligands by directly attacking cytosolic
bacteria [28]. These results imply that GBP5 may be in-
volved in the cytokine burst during inflammation. Fur-
thermore, the inducible form of cyclooxygenase, COX-2,
is induced by inflammatory stimuli, which quickly results
in the biosynthesis of prostaglandins of the E-series,
mainly PGE2 [53]. Reports show that COX-2 is activated
by viruses such as EBV, IAV, HBV, HCV, and HSV-1
(herpes simplex virus type 1), and PGE2 has antiviral ac-
tivity in the host response to these viruses [54, 68-72].
The induction of the COX-2 promoter is mainly facili-
tated by NF-kB and CREBI, which bind to and activate
the promoter separately. Our results suggest that COX-2
induction is facilitated by GBP5 during IAV infection.

In conclusion, we demonstrated that GBP5 is a regula-
tor of antiviral immunity that is induced in response to
virus infection. GBP5 plays an important role in endog-
enous IFN production and exhibits antiviral activity to-
ward viral infections in an IFN-dependent manner
(Fig. 8).
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