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ABSTRACT Guanylate-binding protein 7 (GBP7) belongs to the GBP family, which
plays key roles in mediating innate immune responses to intracellular pathogens.
Thus far, GBP7 has been reported to be a critical cellular factor against bacterial
infection. However, the relationship between GBP7 and influenza A virus (IAV) repli-
cation is unknown. Here, we showed that GBP7 expression was significantly upregu-
lated in the lungs of mice, human peripheral blood mononuclear cells (PBMCs), and
A549 cells during IAV infection. Using the CRISPR-Cas9 system and overexpression
approaches, it was found that GBP7 knockout inhibited IAV replication by enhancing
the expression of IAV-induced type | interferon (IFN), type Ill IFN, and proinflamma-
tory cytokines. Conversely, overexpression of GBP7 facilitated IAV replication by sup-
pressing the expression of those factors. Furthermore, GBP7 knockout enhanced IAV-
induced nuclear factor-kB (NF-kB) activation and phosphorylation of stat1 and stat2;
overexpression of GBP7 had the opposite effect. Our data indicated that GBP7 sup-
presses innate immune responses to IAV infection via NF-kB and JAK-STAT signaling
pathways. Taken together, upon IAV infection, the induced GBP7 facilitated IAV repli-
cation by suppressing innate immune responses to IAV infection, which suggested
that GBP7 serves as a therapeutic target for controlling IAV infection.

IMPORTANCE So far, few studies have mentioned the distinct function of guanylate-
binding protein 7 (GBP7) on virus infection. Here, we reported that GBP7 expression
was significantly upregulated in the lungs of mice, human PBMCs, and A549 cells
during AV infection. GBP7 facilitated IAV replication by suppressing the expression
of type | interferon (IFN), type Ill IFN, and proinflammatory cytokines. Furthermore, it
was indicated that GBP7 suppresses innate immune responses to IAV infection via
NF-kB and JAK-STAT signaling pathways. Taken together, our results elucidate a criti-
cal role of GBP7 in the host immune system during IAV infection.

KEYWORDS guanylate-binding protein 7 (GBP7), influenza A virus, antiviral response,
innate immunity, IFN, NF-kB

nfluenza A virus (IAV) is a single-stranded, negative-sense RNA virus, with a genome

consisting of eight RNA segments, that belongs to the Orthomyxoviridae family and
poses a serious threat to global public and human health (1, 2). In the last hundred
years, several serious worldwide pandemics have occurred. The Spanish influenza pan-
demic of 191810 1919 was caused by a founder H1N1 virus and resulted in approxi-
mately 50 million fatalities (3). The pandemics of 1957, 1968, and 2009 were caused by
offspring of the 1918 virus, which acquired one or more genes by means of mutation
or reassortment (4). The innate immune system, which typically involves a highly con-
served host-cell signaling mechanism, is the first line of defense to protect the host
against viral infections, and the complex interaction between the innate immunity of
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host cells and the influenza virus determines viral replication and deadly virus infec-
tions (5). Host factors serve as ideal drug targets, and a detailed understanding of host-
virus interactions offers a worthy strategy to develop therapeutics for preventing or
treating potentially fatal IAV infections (6).

During IAV infection, the host’s innate immune system effectively recognizes micro-
bial components, called pathogen-associated molecular patterns (PAMPs), through a
limited amount of pattern recognition receptors (PRRs) (7), and ultimately type | inter-
feron (IFN-a/B), type Ill IFN (IFN-A), and proinflammatory cytokines are produced,
which play a crucial role in the antiviral response by inhibiting viral infection (8, 9). The
nuclear factor-kB (NF-kB) signaling pathway performs several roles throughout the
innate immune system. The NF-kB family consists of five members, including p65
(RelA), p50, p52, RelB, and c-Rel, which activate the expression of IFNs and proinflam-
matory cytokines (10-13). The NF-kB pathway can be activated by many extracellular
signals, such as various viruses, bacteria, and cytokines secreted from the host, and is
mediated by phosphorylation and degradation of the NF-kB inhibitor IkBa protein and
p65 dimer translocation from the cytoplasm into the nucleus (12, 14, 15). The IFN-
induced JAK-STAT signaling pathway gives rise to hundreds of IFN-stimulated genes
(ISGs) whose expression inhibits viral infection (16). The signal transducer and activator
of transcription 1 (stat1) and stat2 phosphorylation result in the transcriptional activa-
tion of ISGs (8).

Guanylate-binding proteins (GBPs) are a large family of 65- to 67-kDa GTPases
induced by IFN that play a key role in innate immunity against intracellular pathogens
(17-20). GBPs bind to GTP and hydrolyze GTP into GMP and GDP and are composed of
a spherical N-terminal GTP binding domain, a C-terminal helix domain, and a middle
domain (18, 20-22). Thus far, seven human GBPs (GBP1 to GBP7) have been confirmed,
displaying a high degree of sequence homology. GBP7 reportedly protects the host
against listeria or mycobacterial infection (17) and exhibits particular resistance to
Shigella flexneri E3 ligase 1paH9.8 (23); however, few reports have mentioned the dis-
tinct function of GBP7, and the relationship between GBP7 and virus infection is
unknown.

For the first time, our reports showed that GBP7 facilitates IAV replication by nega-
tively modulating innate immune responses to |AV infection. Importantly, GBP7 could
serve as a therapeutic target for controlling viral infection.

RESULTS

GBP7 expression is upregulated during IAV infection. First, we determined
whether GBP7 expression was induced during IAV infection. C57BL/6 mice were
infected intranasally with the influenza A/Puerto Rico/8/34 HIN1(PR8) strain or inocu-
lated with phosphate-buffered saline (PBS) for 48 h, and the protein level of GBP7 in
the lungs of mice was assessed using Western blotting. We showed that GBP7 protein
level in the lungs of mice infected with PR8 was significantly upregulated (Fig. 1A).
Furthermore, GPB7 mRNA expression in the lungs of mice was measured using quanti-
tative real-time PCR (qRT-PCR), and the results showed that GPB7 mRNA expression
was also upregulated after IAV infection (Fig. 1B). Next, freshly isolated human periph-
eral blood mononuclear cells (PBMCs) were infected with PR8 for the specified times,
and GBP7 mRNA was measured using qRT-PCR. The results suggested that GBP7 mRNA
was induced during IAV infection (Fig. 1C).

Additionally, we infected A549 cells with PR8 at a multiplicity of infection (MOI) of
0.1 or 0.5 for the specified times and assessed the expression level of GBP7 mRNA
using gRT-PCR. The results showed that GBP7 mRNA expression was upregulated in
A549 cells during IAV infection in a time- and dose-dependent manner (Fig. 1D). The
same experiments were performed in HEK293T cells and THP-1 cells, and mRNA
expression of GBP7 agreed with previous results, indicating time- and dose-dependent
upregulation during IAV infection (Fig. 1E and F). GBP7 protein levels in A549 cells
infected with IAV were measured using Western blotting, exhibiting obvious upregulation
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FIG 1 |AV infection induces GBP7 upregulation. (A and B) Mice were infected with PR8 (100 PFU; mouse 1 and
mouse 2) or inoculated with PBS (mouse 1 and mouse 2) intranasally for 48 h. (A) The GBP7 protein levels in
the lungs of mice were quantified using Western blotting. (B) The GBP7 mRNA levels in the lungs of mice were
quantified using gqRT-PCR. (C) Human PBMCs were infected with PR8 (MOI of 0.1) for the specified times. The
GBP7 mRNA levels were quantified using qRT-PCR. (D to F) A549 cells, HEK293T cells, and THP-1 cells were
infected with PR8 (MOI of 0.1 or 0.5) for the specified times. The levels of GBP7 mRNA were quantified using
qRT-PCR. (G) A549 cells were infected with PR8 (MOI of 1) for the specified times. The levels of GBP7 protein
were quantified using Western blotting. (H) Eight HIN1 plasmids, including HA, NS1, NA, PB2, NP, M2, PA, and
PB1, were transfected into 293T cells for 24 h. The GBP7 mRNA levels were quantified using qRT-PCR. Ctrl,
control. All experiments were independently performed at least three times. The results are expressed as

means *+ standard deviations (SD). **, P < 0.01.
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during IAV infection and reaching a maximum peak at 48 h postinfection (Fig. 1G). We
transfected 293T cells with HIN1 plasmids, including HA, NS1, NA, PB2, NP, M2, PA, and
PB1, and the results suggested that PB2 and M2 proteins induced GBP7 mRNA expression
(Fig. TH). Taken together, these data suggested that GBP7 expression was upregulated
during IAV infection.

GBP7 knockout inhibits IAV replication. The finding that GBP7 was significantly
upregulated in response to IAV infection prompted us to explore whether GBP7 influ-
ences |AV replication. We generated A549 cell lines with GBP7 knockout (KO) using
CRISPR/Cas9 genome technology (24, 25). The GBP7 knockout cell lines were con-
firmed using Western blotting (Fig. 2A). GBP7 knockout exerted no effect on viability of
A549 cells (Fig. 2B).

A549 control cells and GBP7 KO cells were infected with PR8 at an MOI of 0.1 and
collected 12 and 24 h after infection. The viral titer was assessed using the plaque
assay. Results indicated that GBP7 knockout decreased the viral titer (Fig. 2C).
Furthermore, compared with control cells, Western blotting indicated that GBP7 KO
cells exhibited notably reduced IAV NP, PB2, and M2 protein expression (Fig. 2D) as
well as decreased relative levels of IAV NP gene, including mRNA, cRNA, and vRNA,
using gRT-PCR in the IAV replication experiment (Fig. 2E). Finally, immunofluorescence
microscopy indicated that GBP7 knockout reduced the percentage of viral NP protein
(Fig. 2F). In conclusion, GBP7 knockout inhibited IAV replication.

Overexpression of GBP7 facilitates IAV replication. To further confirm the hy-
pothesis that GBP7 facilitates IAV infection, we transfected A549 cells with the GBP7-
expressing plasmid or empty vector plasmid. After 24 h, we infected the GBP7-overex-
pressing or vector cells with HINT at an MOI of 0.1 for 12 h. Thereafter, the infected
cells were harvested. Increased GBP7 mRNA and Flag-GBP7 protein expression (Fig. 3A)
in cells transfected with the GBP7 plasmid confirmed GBP7 overexpression. Western
blotting results indicated that viral protein NP, PB2, and M2 expression levels were
increased in GBP7-overexpressed cells (Fig. 3B). Furthermore, we observed that GBP7-
overexpressed A549 cells exhibited higher virus titers than empty vector cells using
the plaque assay (Fig. 3C). Using qRT-PCR, we observed that the relative levels of the
IAV NP gene, including mRNA, cRNA, and VRNA, were enhanced following GBP7 over-
expression (Fig. 3D). GBP7 overexpression exerted no effect on A549 cell viability (Fig.
3E). Thus, our results further confirmed that GBP7 facilitates IAV replication.

GBP7 knockout enhances IAV- or poly(l-C)-triggered expression of IFNs. As our
data demonstrated that GBP7 facilitates IAV replication, we investigated whether GBP7
influenced the antiviral response to a viral infection. Therefore, we aimed to explore
the effect of GBP7 on IAV-induced expression of IFNs and ISGs. We found that after IAV
infection, IFN-«, IFN-B, and IFN-A mRNA levels were increased in GBP7 KO cells com-
pared with control cells (Fig. 4A). Polyribocytidylic acid [poly(I-C)] is a synthetic analog
of viral double-stranded RNA (dsRNA) that can be detected by cytoplasmic PRRs,
including RIG-I, TLR3, and MDA-5 (26). It is widely accepted that the replicative inter-
mediate dsRNA produced by IAV is critical for influenza infection (27). We treated GBP7
KO cells and control cells with poly(l-C); after 6 h of treatment, compared with control
cells, type I and Il IFN mRNA levels in GBP7 KO cells were significantly increased; in par-
ticular, a>65,000-fold increase in the IFN-B level was observed (Fig. 4B). Next, we
determined ISG expression, including MX1, ISG15, and ISG56; the results showed that
after 6 h of treatment with poly(l-C), compared with control cells, the mRNA levels of
MX1, I1SG15, and ISG56 in GBP7 KO cells increased notably (Fig. 4C). Together, the data
indicated that endogenous GBP7 negatively modulates the IAV-induced expression of
IFNs, which is associated with IAV replication.

GBP7 suppresses IAV- and poly(l-C)-triggered IFNs. Considering that GBP7 over-
expression facilitated IAV replication, we hypothesized that GBP7 would negatively
affect the innate immune responses to IAV infection. To evaluate this hypothesis, we
transfected A549 cells with the GBP7-expressing plasmids or empty vector plasmids
and infected the cells with PR8 after 24 h. The results showed that overexpression of
GBP7 efficiently suppressed IAV-induced IFN-q, IFN-B3, and IFN-A mRNA levels in A549
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cells (Fig. 5A). Furthermore, we treated GBP7-overexpressing or vector cells with poly
(I-C) for 6 h, and the data showed GBP7 suppressed poly(l-C)-induced IFNs as well (Fig.
5B). We detected the expression of the ISGs, including MX1, ISG15, and 1SG56, using
gRT-PCR. The results indicated that after poly(l-C) treatment, GBP7 suppressed MX1,
ISG15, and 1SG56 mRNA expression (Fig. 5C). Collectively, GBP7 suppressed IAV- and
poly(l-C)-triggered IFNs.

GBP7 is a negative regulator of IAV- and poly(l-C)-induced proinflammatory
cytokines. As our data suggested that GBP7 suppressed IAV-induced IFN production,
we further investigated the role of GBP7 in the expression of IAV-induced proinflam-
matory cytokines, such as interleukin-6 (IL-6), IL-8, and tumor necrosis factor alpha
(TNF-a). After 1AV infection in control cells and GBP7 KO cells, results indicated that
GBP7 knockout increased IL-6, IL-8, and TNF-a mRNA levels in response to IAV infection
compared to controls (Fig. 6A). Furthermore, we treated GBP7 KO cells and control cells
with poly(l-C), and a similar trend was observed in GBP7 KO cells (Fig. 6B). To confirm
that GBP7 negatively regulates the antiviral response to IAV infection, we conducted
GBP7 overexpression experiments. The data suggested that overexpression of GBP7
suppressed IAV-induced IL-6, IL-8, and TNF-a mRNA levels (Fig. 6C). Subsequently, we
observed that overexpression of GBP7 inhibited IL-6, IL-8, and TNF-a mRNA expression
after poly(l-C) treatment (Fig. 6D). Taken together, the results showed that GBP7 is a
negative regulator of IAV- and poly(l-C)-induced proinflammatory cytokines. These
results may provide a new target for treating cytokine storms.

GBP7 negatively regulates NF-kB pathway induced by IAV infection and poly
(I-C) treatment. As the production of proinflammatory cytokines was related to the
NF-kB signaling pathway, we next explored the role of GBP7 in modulating NF-kB sig-
naling induced after IAV infection. We infected GBP7 KO cells and control cells with
PR8 and assessed the protein expression of IkBea, p-IkBa, and p65 proteins in the nu-
cleus and cytoplasm using Western blotting. Compared with control cells, GBP7 KO
cells exhibited increased p-lkBa and decreased IkBa post-IAV infection (Fig. 7A). We
treated GBP7 KO cells and control cells with poly(l-C) for the specified times; poly(l-C)
treatment increased p-IkBa and reduced IkBa in GBP7 KO cells relative to control cells
(Fig. 7B). Our data revealed that IAV infection increased p65 protein within the nucleus
but reduced p65 in the cytoplasm in GBP7 KO cells relative to control cells (Fig. 7C).
Next, we transfected A549 cells with the GBP7-expressing plasmids or empty vector
plasmids and infected the cells with PR8 for the specified times. The results showed
that overexpression of GBP7 efficiently suppressed IAV-induced p-IkBa expression (Fig.
7D). Together, the results suggested that endogenous GBP7 suppresses NF-kB pathway
activation after IAV infection and poly(l-C) treatment.

GBP7 suppresses stat1 and stat2 phosphorylation induced by IAV infection
and poly(I-C) treatment. As our results showed that GBP7 suppressed IFN production,
we investigated whether GBP7 negatively mediated the JAK-STAT signaling pathway.
We infected GBP7 KO cells and control cells with PR8 for the specified times, and pro-
tein expression of p-stat1, p-stat2, stat1, and stat2 was determined using Western blot-
ting. Results indicated that protein levels of p-stat1 and p-stat2 gradually increased in
GBP7 KO cells compared with control cells (Fig. 8A). We treated GBP7 KO cells and con-
trol cells with poly(l-C), IFN-B3, or lipopolysaccharide (LPS) for the specified times. We
found that poly(l-C) treatment increased p-stat1 and p-stat2 in GBP7 KO cells relative
to control cells (Fig. 8B), and IFN-3 treatment exerted no effect on the protein expres-
sion of p-stat1 and p-stat2 between GBP7 KO cells and control cells (Fig. 8C). The

FIG 2 Legend (Continued)

cells infected with PR8 (MOI of 0.1) for 12 or 24 h. The supernatants of each group were collected, and the viral titers were determined using the
plaque assay. Typical original images of plaque assays are shown above, and the image on the right is the plaque assay of the 10-fold-diluted supernatant
from the left. (D and E) GBP7 KO and control cells infected with PR8 (MOI of 0.1) and harvested 12 h postinfection. (D) The protein levels of NP, M2, and
PB2 were measured using Western blotting. (E) The relative levels of the IAV NP gene, including mRNA, cRNA, and vRNA, were measured using qRT-PCR.
(F) GBP7 KO and control cells infected with PR8 (MOI of 0.1) and harvested 24 h postinfection. The viral NP proteins were measured using
immunofluorescence microscopy assays. All experiments were independently performed at least three times. The results are expressed as means = SD. **,
P <0.01; ***, P<0.001; N.S., not significant.

March 2021 Volume 95 Issue 6 e02038-20 jviasm.org 6


https://jvi.asm.org

GBP7 Facilitates Influenza A Virus Replication Journal of Virology

A A549 B
& 800001
>
9
< 600001
Z A NP
£
'9;5 400001 S—— M2
O
- 20 W ww— P52
©
&
0- e\ Ctin
Vector GBP7
Flag (GBP7 ) i . T Vector GBP7

Actin — —
Vector GBP7

Left 24h
200001 ** [ Vector "
-5 Il GBP7
Ej 150004 Vector
5 \
o
o
~ 10000 1
8 il
12} .
g 5000
=
0.
12h 24h
D E
150 3 Vector
U9
§ 31 i [ Vector NS BN GBP7
4 .. mmGBP7 3
a — ~ 1004 ——
Z 2 < 100
© =
5 3
o 14 'S 504
g 3
0 T T T 0 T
mMRNA cRNA VRNA Vector GBP7

FIG 3 Overexpression of GBP7 facilitates IAV replication. (A) A549 cells were transfected with the plasmid GBP7-expressing or empty vector
for 24 h, the level of GBP7 mRNA was measured using qRT-PCR, and the protein expression of Flag-GBP7 was measured using Western
blotting. (B) A549 cells were transfected with the plasmid GBP7-expressing or empty vector and, after 24 h, infected with PR8 (MOI of 0.1)
and harvested 12 h postinfection. Protein levels of NP, M2, and PB2 were measured using Western blotting. (C) A549 cells were transfected
with the plasmid GBP7-expressing or empty vector and, after 24 h, infected with PR8 (MOI of 0.1) and harvested 12 or 24 h postinfection.
The supernatant of each group was collected and the viral titer was assessed using the plaque assay. Typical original images of plaque
assays are shown above, and the image on the right is the plaque assay of the 10-fold-diluted supernatant from the left. (D) A549 cells were
transfected with the plasmid GBP7-expressing or empty vector and, after 24 h, infected with PR8 (MOl of 0.1) and harvested 12 h
postinfection. Relative levels of the IAV NP gene, including mRNA, cRNA, and vRNA, were measured using qRT-PCR. (E) A549 cells were
transfected with the plasmid GBP7-expressing or empty vector. After 24 h, cell viability was measured using the MTT assay. All experiments
were independently performed at least three times. The results are expressed as means * SD. **, P<0.01; ***, P <0.001.

results suggested that GBP7 is not involved in IFN-B-induced p-stat1 and p-stat2, and
the upregulation of p-stat1 and p-stat2 in GBP7 KO cells during IAV infection is caused
by the upregulation of IFN-g after GBP7 deletion. Surprisingly, we found that LPS treat-
ment inhibited p-stat1 in GBP7 KO cells compared with control cells (Fig. 8D). Next, we
transfected A549 cells with the GBP7-expressing plasmids or empty vector plasmids
and infected the cells with PR8 for the specified times. The results showed that
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FIG 4 GBP7 knockout enhances IAV- or poly(l-C)-triggered expression of IFNs. (A) GBP7 KO and control cells were
infected with PR8 (MOI of 0.1) or mock infected and harvested 6 h postinfection. The relative mRNA levels of IFN-q,
IFN-B, and IFN-A were measured using qRT-PCR. (B and C) GBP7 KO and control cells were treated with poly(l-C)
(2 wg/ml) or mock infected and harvested 6 h postinfection. (B) The relative mRNA levels of IFN-a, IFN-B, and IFN-A
were measured using qRT-PCR. (C) The relative mRNA levels of MX1, ISG15, and ISG56 were measured using qRT-PCR.
The data shown are one representative from at least three independent experiments. The results are expressed as

means * SD. ¥, P<0.05; **, P<0.01; ***, P<<0.001; N.S., not significant.

overexpression of GBP7 efficiently suppressed IAV-induced stat1 and stat2 phosphoryl-
ation (Fig. 8E). Taken together, GBP7 suppressed JAK-STAT pathway activation by IAV
infection.

DISCUSSION

In this study, we demonstrated that GBP7 is significantly upregulated during
IAV infection and facilitates IAV replication by suppressing the expression of IAV-
induced IFNs and proinflammatory cytokines. GBP7 negatively modulates the innate
immune responses to IAV infection by inhibiting NF-kB and JAK-STAT signaling
pathways (Fig. 9).

We found that GBP7 expression was markedly increased in the lungs of mice,
human PBMCs, A549, THP-1, and HEK293T cells during H1N1 infection. Human PBMCs
infected with IAV activate several genes involved in the antiviral response (28). These
cells were used to detect the expression of GBP7, and we observed a similar trend.
GBPs were previously reported as IFN-y-induced proteins (18, 20, 29), but few studies
mentioned GBP7 expression related to viral infection. Our data suggest that GBP7 can
be upregulated significantly after infection with IAV, such as the HIN1 virus.
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FIG 5 GBP7 overexpression suppresses IAV- and poly(l-C)-triggered IFNs. (A) A549 cells were transfected with the
plasmid GBP7-expressing or empty vector for 24 h, infected with PR8 (MOI of 0.1) or mock infected, and harvested 6 h
postinfection. The relative mRNA levels of IFN-q, IFN-B, and IFN-A were measured using gRT-PCR. (B and C) A549 cells
were transfected with the plasmid GBP7-expressing or empty vector for 24 h and then treated with poly(I-C) (2 wg/ml)
or mock treated and harvested 6 h postinfection. (B) The relative mRNA levels of IFN-e, IFN-B, and IFN-A were
measured using qRT-PCR. (C) The relative mRNA levels of MX1, ISG15, and ISG56 were measured using qRT-PCR. The
data shown are one representative from at least three independent experiments. The results are expressed as means

+ SD. ¥, P<0.05; **, P<0.01; ***, P<0.001.

As GBP7 expression is related to IAV infection, we next examine the role of GBP7
in IAV replication. We found that GBP7 knockout not only restricted the HIN1 viral
titer in supernatants of infected cells but also inhibited HIN1 viral gene and protein
expression. Correspondingly, GBP7 overexpression facilitated the IAV viral titer,
gene, and protein expression. GBPs play an important role in mediating viral repli-
cation, and GBP1, -2, -5 are well-characterized members of the GBP family that
reduce replication of various viruses, including 1AV (30-37). Here, we concluded
that GBP7 facilitates IAV replication, which indicates a function inverse to that of
some other GBP members, which inhibit IAV infection. GBP7 reportedly protects
host cells from listeria or mycobacterial infection (17); in contrast, GBP7 promotes
IAV replication.

We investigated whether GBP7-facilitated IAV replication was a consequence of the
negative impact of GBP7 exerted on the innate immune system response to IAV infec-
tion. We measured the expression levels of innate immune genes in A549 cells exposed
to IAV infection or poly(l-C) treatment. GBP7 knockout enhanced the expression of IFNs
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FIG 6 Exogenous GBP7 suppresses IAV- and poly(l-C)-triggered proinflammatory cytokines. (A) GBP7 KO and control
cells were infected with PR8 (MOI of 0.1) or mock infected and harvested 6 h postinfection. (B) GBP7 KO and control
cells were treated with poly(-C) (2xg/ml) or mock treated and harvested 6 h postinfection. (C) A549 cells were
transfected with the plasmid GBP7-expressing or empty vector for 24 h, infected with PR8 (MOI of 0.1) or mock
infected, and harvested 6 h postinfection. (D) A549 cells were transfected with the plasmid GBP7-expressing or empty
vector for 24 h, treated with poly(I-C) (2 ug/ml) or mock treated, and harvested 6 h postinfection. (Ato D) The relative
mRNA levels of IL-6, IL-8, and TNF-a were measured using gRT-PCR. The data shown are one representative from at
least three independent experiments. The results are expressed as means = SD. *, P < 0.05; **, P<0.01; ***, P <0.001.

and proinflammatory cytokines, including IL-6, IL-8, and TNF-«, which promote antivi-
ral responses. Overexpression of GBP7 exerted the opposite effect. However, excessive
expression of IFNs and inflammatory cytokines are severely deleterious to the human
host. Severe influenza virus infections, leading to human death, are usually associated
with the excessive induction of proinflammatory cytokines, which is defined as a
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FIG 7 Endogenous GBP7 inhibits NF-kB activation induced by IAV infection and poly(l-C) treatment. (A) GBP7
KO and control cells were infected with PR8 (MOI of 0.1) for the specified times. Cells lysates were collected
and p-lkBa, IkBa, and p65 proteins were measured using Western blotting. (B) GBP7 KO and control cells were
treated with poly(I-C) (2. ug/ml) for the specified times. Cell lysates were collected and p-IkBe, IKBa, and p65
proteins were measured using Western blotting. (C) GBP7 KO and control cells were infected with PR8 (MOI of
0.1) for the specified times. Thereafter, cytoplasm and nuclear extraction was performed and p65, actin, and H3
proteins were measured using Western blotting. Actin was used as a cytoplasm marker, and H3 was used as a
nuclear marker. (D) A549 cells were transfected with the plasmid GBP7-expressing or empty vector and, after
24 h, were infected with PR8 (MOI of 0.1) for the specified times. Cells lysates were collected, and p-IkBa, IkBe,
and p65 proteins were measured using Western blotting. The results shown are one representative from at
least three independent experiments.

cytokine storm and can cause acute respiratory distress syndrome (ARDS), acute lung
injury, or other organ damage (38-40). GBP5 reportedly enhances IFNs and proin-
flammatory cytokines, including IL-8, IL-6, and TNF-a expression (37). We showed
that the effect of GBP7 in the innate immunity response to IAV was likely different
from that of other GBP members. During a cytokine storm, a large amount of proin-
flammatory cytokines was produced; we guess that inducing GBP7 expression leads
to the suppression of excessive inflammation. Finally, our study demonstrated that
GBP7 facilitates influenza infection by suppressing the innate immune system
response to viral infections.

The NF-kB pathway plays a critical role in the antiviral response through induction
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FIG 8 GBP7 suppresses IAV and poly(l-C)-triggered stat1 and stat2 phosphorylation. (A) GBP7 KO and control
cells were infected with PR8 (MOI of 0.1) for the specified times. Cell lysates were collected and p-stat1, p-stat2,
stat1, and stat2 proteins were measured using Western blotting. (B to D) GBP7 KO and control cells were
treated with poly(I-C) (2g/ml) (B), IFN-B (20ng/ml) (C), or LPS (100 ng/ml) (D) for the specified times. Cell
lysates were collected and p-stat1, p-stat2, stat1, and stat2 proteins were measured using Western blotting. (E)
A549 cells were transfected with the plasmid GBP7-expressing or empty vector (Vec) and, after 24 h, were
infected with PR8 (MOI of 0.1) for the specified times. Cells lysates were collected and p-stat1, p-stat2, statl,
and stat2 proteins were measured using Western blotting. The results shown are one representative from at

least three independent experiments. The results are presented as means = SD. *, P<0.05; **, P<0.01.

of IFNs and proinflammatory cytokines, such as IL-8 and TNF-« (10, 11, 37, 41, 42). Our
results demonstrated that GBP7 inhibited phosphorylation of IkBa and suppressed NF-
kB translocation from the cytoplasm to the nucleus (Fig. 9). It is plausible that GBP7
affects other signaling pathways to control IFN induction. Due to several reasons, we
failed to further explore whether GBP7 phosphorylated IRF3 and IRF7, leading to IFN
production (43). In our study, we revealed that GBP7 suppresses the innate immune
responses to IAV infection and poly(l-C) stimuli by inhibiting the NF-kB signaling
pathway.

Type I and Il IFNs bind to IFN-« and IFN-3 receptors (IFNAR) and the IFN-A receptor
(IFNLRT) (8), respectively, leading to stat1 and stat2 phosphorylation, as well as activa-
tion and induction of ISGs with an antiviral response (16). In our study, we showed that
GBP7 knockout upregulated IAV-induced stat1 and stat2 phosphorylation and expres-
sion of IFN-¢, IFN-B, IFN-A, and poly(l-C)-induced ISGs, for instance, MX1, ISG15, and
ISG56. It is known that IAV infection is sensitive to the antiviral response and could be
restricted by ISGs (44, 45). We demonstrated the inhibitory effect of GBP7 on IFN
expression and the JAK-STAT signaling pathway upon IAV infection. GBP7 was reported
to protect the host from listeria or mycobacterial infection (17). Unexpectedly, we
found that GBP7 knockout inhibited phosphorylation of stat1 in A549 cells treated
with LPS, which perhaps clarified the mechanism of GBP7 against bacterial infections.

In conclusion, our results revealed, for the first time, that GBP7 facilitates IAV repli-
cation. We further highlighted the negative role of GBP7 in virus-induced innate
immune responses by inhibiting NF-kB and JAK-STAT signaling pathways, which leads
to reduced expression of IFNs and proinflammatory cytokines. Our research indicates
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FIG 9 Hypothetical molecular model explains the role of GBP7 in the antiviral response. IAV infection induced
GBP7 expression, and endogenous GBP7 protein suppressed the innate immunity to IAV infection by inhibiting
the activation of NF-kB and JAK-STAT pathways. Mechanistically, GBP7 suppressed NF-kB activation by reducing
phosphorylation of IkBa and p65 translocation from cytoplasm to nucleus. GBP7 inhibited IFN production,
leading to reduction of stat1 and stat2 phosphorylation. Ultimately, induction of IFNs, proinflammatory cytokines,
and ISGs decreased, which resulted in enhanced viral replication. Our research highlights the important role of
GBP7 in facilitating IAV replication by negatively regulating innate immunity, which suggests that GBP7 acts as a
therapeutic target in controlling 1AV infection.

that inhibition of GBP7 expression leads to inhibited IAV infection and suggests that
GBP7 serves as a therapeutic target for controlling virus infection.

MATERIALS AND METHODS

Cells, virus infection, and poly(l-C) transfection. PBMCs, A549, and THP-1 cells were cultured in
RPMI 1640 basic (Gibco, Grand Island, NY, USA) medium. HEK-293T and MDCK cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) (Gibco). All culture media were supplemented with 10% fe-
tal bovine serum (FBS) and 1% penicillin-streptomycin. All cells were cultured at 37°C with 5% CO,.
Influenza virus strain A/Puerto Rico/8/34 HIN1 (PR8), used in this research, was purchased from South
China Agricultural University, Guangzhou, China. Cells were washed with phosphate-buffered saline
(PBS) twice, followed by incubation with PR8 for 1 h at 37°C with 5% CO,. Virus diluent was removed
and replaced with medium containing 1% penicillin-streptomycin and no FBS. To treat A549 cells with
poly(I-C) (Sigma, USA), poly(I-C) was transfected with PolyJet (Signagen, USA) into cells.

Antibodies. The antibody used for GBP7 was purchased from Biorbyt (Cambridge, UK). The antibod-
ies against influenza A virus nucleoprotein and M2 protein were purchased from Abcam (Cambridge,
MA, USA). The antibody against PB2 was purchased from GeneTex (Alton Pkwy Irvine, CA, USA).
Antibodies against Flag tag were purchased from Sigma (St. Louis, MO, USA). Antibodies against -actin,
H3, p-stat1, p-stat2, stat1, stat2, p-IkBe, IkBa, and p65, used in this research, were purchased from Cell
Signaling Technology (Beverly, MA, USA).

Isolation of human PBMCs. PBMCs were provided by healthy volunteers. The Histopaque-1077 kit
(Sigma-Aldrich) was used to separate PBMCs by density gradient centrifugation. PBMCs were immedi-
ately infected with PR8 (MOI of 0.1) at 37°C supplied with 5% CO, for the times indicated, and GBP7
mRNA was extracted and assessed using qRT-PCR.

Mice. Female C57BL/6 mice, aged 6 to 8weeks, used in this study were purchased from the
Guangdong Medical Laboratory Animal Center. The Ethics Committee of Southern Medical University,
Guangzhou, China, approved the animal experiments in this research. Mice were infected with PR8 (100
PFU) or PBS by intranasal inoculation and were euthanized 48 h postinfection. The lungs of mice were
collected to detect GBP7 protein and mRNA expression following IAV infection using Western blotting
and qRT-PCR.

MTT assay. 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Sigma, USA) was
used to measure cell viability. The cells were cultured in 96-well plates with MTT solutions at 37°C sup-
plied with 5% CO, for 4 h. Before detection, we removed supernatants and added dimethyl sulfoxide to
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TABLE 1 Primers for qRT-PCR

Primer Forward primer (5'-3")
GBP7-human (F) GTGGAGCGACTCCTTGTCTG
GBP7-human (R) GTGGGGAATCTCACTTGCTGG
GBP7-mice (F) AACTGAGGGTGAACTCCAAAGC
GBP7-mice (R) GTTTCAGACCTAACTGTGGTGC
NP (F) GGAGACTGATGGAGAACGCC
NP (R) TCTTAGGATCCTTCCCCGCA
IFN-a (F) GCCTCGCCCTTTGCTTTACT
IFN-a (R) CTGTGGGTCTCAGGGAGATCA
IFN-B (F) GGCAATTGAATGGGAGGCT
IFN-8 (R) GGCGTCCTCCTTCTGGAACT
IFN-A (F) CACATTGGCAGGTTCAAATCTCT
IFN-A (R) CCAGCGGACTCCTTTTTGG

IL-6 (F) GTAGCCGCCCCACACAGA

IL-6 (R) CATGTCTCCTTTCTCAGGGCTG
TNF-« (F) CCCAGGGACCTCTCTCTAATCA
TNF-«a (R) GCTTGAGGGTTTGCTACAACATG
IL-8 (F) ATAAAGACATACTCCAAACCTTTCCAC
IL-8 (R) AAGCTTTACAATAATTTCTGTGTTGGC
MX1 (F) GAGGTGGACCCCGAAGGA

MX1 (R) CACCAGATCCGGCTTCGT

ISG15 (F) CACCGTGTTCATGAATCTGC
ISG15 (R) CTTTATTTCCGGCCCTTGAT
I1SG56 (F) CAGCCTAGAGGGCAGAACAG
I1SG56 (R) CACCTCAAATGTGGGCTTTT
GAPDH-human (F) AGGGCAATGCCAGCCCCAGCG
GAPDH-human (R) AGGCGTCGGAGGGCCCCCTC
GAPDH-mice (F) AGGTCGGTGTGAACGGATTTG
GAPDH-mice (R) GGGGTCGTTGATGGCAACA

each well. Subsequently, the absorbance was assessed using a microplate reader at 570 nm (GENios Pro;
TECAN, USA).

Plaque assay. MDCK cells (1.0 x 10¢/ml) were inoculated in 6-well plates. When the cells covered
100% of the well, cells were infected with 10-fold-diluted cell supernatants as described above for 1 h.
After aspirating the diluted virus, cells were cultured in 3ml 2x MEM containing 2% agar (Sigma-
Aldrich) and 1 ug/ml tosylsulfonyl phenylalanyl chloromethyl ketone (Sigma-Aldrich) at 37°C with 5%
CO, for 48to 72 h. Finally, plaque number was obtained by counting after crystal violet staining (Sigma-
Aldrich).

Measurement of IAV replication. A549 cells were infected with PR8 at an MOI of 0.1. The viral titers
were measured using plaque assay. NP RNA was reverse transcribed with the following primers: NP-
cRNA, 5'-AGTAGAAACAAGG-3'; NP-vRNA, 5'-AGCGAAAGCAGG-3’; and NP-mRNA, oligo(dT). Relative lev-
els of IAV NP gene, including mRNA, cRNA, and VRNA, were measured using qRT-PCR.

GBP7 knockout cells produced by the CRISPR-Cas9 system. The Cas9 target design tool (https://
www.genscript.com/gRNA-database.html) was used to design guide RNA sequences targeting the
GBP7 gene. The guide RNA target sequence was 5'-TATACACTAGTGCCCAGAAA-3’. Primer sequences
used for PCR in this research were the following: forward, 5'-CACCGTATACACTAGTGCCCAGAAA-3’;
reverse, 5'-AAACTTTCTGGGCACTAGTGTATAC-3". To package lentivirus, 1 ug GBP7 lentiCRISPR v2/
empty lentiCRISPR v2 with the packaging plasmids, 500 ng pVSVG and 500 ng psPAX2, were cotrans-
fected into HEK293T cells using PolyJet (Signagen, USA) according to the manufacturer’s instructions.
After 24 h, fresh medium replaced the culture medium. Following another 24 h, lentiviruses were col-
lected and stored at —80°C. A549 cells (2.0 x 10°/ml) were seeded in 6-well plates 1 day in advance,
and the cells reached 80% confluence before lentivirus was added to the well. The virus-infected cells
were cultured for 24 h and were screened using purinomycin at 2 ug/ml for 3 days. Surviving single
cells were added into 96-well plates containing RPMI medium 1640 basic, supplemented with 20%
FBS, and were cultured for 2 weeks. Finally, the GBP7 knockout cells were verified using Western
blotting.

Western blotting. A549 cells were lysed in radioimmunoprecipitation assay buffer (Keygen, China)
after two PBS washes. Proteins were quantified by standardization. Each protein sample (20 ul) was
separated using 10% to 12% SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) mem-
brane. Subsequently, the membrane was immersed in 5% milk for 1 h at ambient temperatures and
incubated with primary and secondary antibodies successively. Finally, the FluorChem E imaging system
(ProteinSimple, USA) and Lumiglo reagent kit (Cell Signaling Technology, USA) were used to evaluate
the chemiluminescent signal.

Immunofluorescence microscopy. Cells were washed twice with prechilled PBS, and then the PBS
was aspirated and cells were immobilized with 4% paraformaldehyde for 25 min. Paraformaldehyde was
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then aspirated and cells were permeated with 0.1% Triton X-100 for 5min at room temperature.
Subsequently, cells were blocked with 3% bovine serum albumin (BSA) for 1 h at room temperature, the
blocking solution was then discarded, and cells were incubated with influenza NP protein antibody at
4°C overnight. Following 24 h of incubation, the subsequent experimental steps were performed in the
dark. Cells were washed with PBS-Tween 20 (PBS-T) three times and incubated with the secondary anti-
body (Alexa Fluor 488-conjugated antibody; Cell Signaling Technology, USA) for 1 h. After washing with
PBS-T buffer three times, cells were incubated with Hoechst for 5 min. Finally, cellular fluorescence was
assessed using an inverted fluorescence microscope (Axio Observer; Zeiss, Germany).
Reverse transcription and quantitative real-time PCR. RNA was isolated using the Cell Total RNA
isolation kit (Foregene). RNA samples were reverse transcribed using the PrimeScript RT reagent kit
(TaKaRa, China). qRT-PCR was performed using a Light Cycler 480 (Roche, Switzerland). The primary cus-
tom-designed primers used are shown in Table 1. The relative expression levels of target genes were cal-
culated by the threshold cycle (2"44¢7) method.
Overexpression of GBP7 in A549 cells. GBP7 tagged with Flag-expressing plasmid was purchased
from GeneCopoeia (EX-H5117-Lv242). According to the manufacturer’s instructions, the GBP7 overex-
pression plasmid or vector plasmid was transfected into A549 cells using the Lipofectamine 3000 rea-
gent (Invitrogen, USA). Subsequently, A549 cells were infected with the virus 24 h after plasmid transfec-
tion. Finally, GBP7 overexpression cells were verified using Western blotting and qRT-PCR.

Statistical analyses. Data processing and analysis were performed using GraphPad Prism 7. An
unpaired Student's t test was used for statistical analysis between the two groups. One-way analysis of
variance was performed for multiple comparisons between different groups. In all situations, a P value of
<0.05 was considered statistically significant.
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