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A B S T R A C T

The mortality of patients with severe pneumonia caused by H1N1 infection is closely related to viral replication
and cytokine storm. However, the specific mechanisms triggering virus replication and cytokine storm are still not
fully elucidated. Here, we identified hypoxia inducible factor-1α (HIF-1α) as one of the major host molecules that
facilitates H1N1 virus replication followed by cytokine storm in alveolar epithelial cells. Specifically, HIF-1α
protein expression is upregulated after H1N1 infection. Deficiency of HIF-1α attenuates pulmonary injury, viral
replication and cytokine storm in vivo. In addition, viral replication and cytokine storm were inhibited after
HIF-1α knockdown in vitro. Mechanistically, the invasion of H1N1 virus into alveolar epithelial cells leads to a
shift in glucose metabolism to glycolysis, with rapid production of ATP and lactate. Inhibition of glycolysis
significantly suppresses viral replication and inflammatory responses. Further analysis revealed that H1N1-
induced HIF-1α can promote the expression of hexokinase 2 (HK2), the key enzyme of glycolysis, and then not
only provide energy for the rapid replication of H1N1 virus but also produce lactate, which reduces the accu-
mulation of the MAVS/RIG-I complex and inhibits IFN-α/β production. In conclusion, this study demonstrated
that the upregulation of HIF-1α by H1N1 infection augments viral replication and cytokine storm by cellular
metabolic reprogramming toward glycolysis mainly through upregulation of HK2, providing a theoretical basis for
finding potential targets for the treatment of severe pneumonia caused by H1N1 infection.
1. Introduction

The avian influenza H1N1 virus has overcome species barriers and
causes severe infections in humans. H1N1 infection usually presents with
severe pneumonia, often complicated by acute respiratory distress syn-
drome and multiorgan failure (Gran et al., 2013; Pleschka, 2013; Iuliano
et al., 2018). More importantly, in certain scenarios, H1N1 has been
found to be resistant to currently approved anti-influenza drugs (such as
neuraminidase inhibitors) (Li et al., 2015; Zumla et al., 2016). Therefore,
an in-depth study of the mechanism by which H1N1 induces severe
pneumonia would provide a key theoretical basis for identifying new
targets for the treatment of H1N1 infection.

Current studies have shown that H1N1 first utilizes its surface protein
hemagglutinin (HA) to bind to sialic acid residues on the alveolar
epithelial cell membrane (Herold et al., 2015), after which the virus in-
vades the alveolar epithelial cell through endocytosis and robustly
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replicates. H1N1 virus replication is the key initiating factor of severe
pneumonia (Short et al., 2016). Specifically, H1N1 virions undergo
uncoating, biosynthesis, assembly and release from host cells to complete
their process of self-replication after infecting alveolar epithelial cells
(Shapira et al., 2009). H1N1 viral RNA can activate host immune
response pathways such as the retinoic acid-inducible gene I (RIG-I),
Toll-like receptor (mainly TLR3 and TLR7) and the NLRP3 inflamma-
some pathways, which is followed by the production of proinflammatory
factors, chemokines and type I interferons (IFN-α/β) (Murdaca et al.,
2021). However, damage to the alveolar epithelial–endothelial barrier is
often caused by a continuous and uncontrollable storm of inflammatory
factors, which results in abnormal accumulation of proteinaceous edema
fluid containing fibrin, red blood cells and inflammatory cells in the
alveolar cavity, accompanied by reduced alveolar gas exchange, which
eventually causes serious respiratory failure and progresses to severe
pneumonia (Iwasaki and Pillai, 2014; Beljanski et al., 2015).
(R. Wang).
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Severe pneumonia induced by H1N1 infection can cause severe
breathing difficulties and refractory hypoxemia (Sarda et al., 2019).
Studies have found that hypoxia inducible factor-1α (HIF-1α) is an
important transcription factor activated in cells to adapt to hypoxic
conditions (Akman et al., 2021). Under normoxic conditions, HIF-1α is
quickly hydroxylated by oxygen-dependent prolyl hydroxylase (PHD)
and further degraded in the proteasome after being ubiquitinated. Under
hypoxic conditions, HIF-1α cannot be hydroxylated due to the reduced
activity of PHD. The stabilized HIF-1α protein is then transferred to the
nucleus, where it associates with HIF-1β and the cofactor P300/CBP to
promote the transcription of downstream genes (Triner and Shah, 2016).
The activity of HIF-1α is also affected by hypoxia-inducible factor
inhibitor-1 (FIH-1). FIH-1 can hydroxylate the asparagine residue at
position 803 of HIF-1α and then weaken the binding of HIF-1α to the
cofactor P300/CBP. Therefore, the activity of HIF-1α is inhibited.
Notably, multiple studies have shown that the expression of HIF-1α can
also be upregulated under normoxic conditions (Koyasu et al., 2018). A
host-based whole-genome sequencing study identified the potential
involvement of the HIF-1 transcription factor and the IFN-γ pathway in
the pathogenesis of severe influenza A (H1N1) infection (Li et al., 2021).
H1N1 infection can cause lung and intestinal injury and imbalance of the
intestinal flora. Houttuynia cordata polysaccharide, an important herbal
medicine extracted from Houttuynia cordata, was found to significantly
inhibit the expression of HIF-1α, reduce the quantity of mucosubstances
in goblet cells and restore the level of zonula occludens-1 in the intestine
(Chen et al., 2019). It was found that mortality in H1N1-infected
AANAT�/� melatonin-deficient mice was significantly higher than that
in wild-type mice. Additionally, the administration of melatonin signif-
icantly reduced mortality caused by H1N1 infection. These results sug-
gested a protective effect of melatonin against H1N1 infection. Further
study revealed that melatonin downregulated gene expression in the
HIF-1 pathway and inhibited the H1N1 infection-induced release of
proinflammatory cytokines from mast cells (Huo et al., 2023). HIF-1α
was found to be responsible for the glycolysis and oxidative
phosphorylation-induced germinal center response and alterations in
follicular helper T-cell differentiation after H1N1 infection. Blocking
glycolysis and upregulating oxidative phosphorylation activity signifi-
cantly restored follicular helper T-cell differentiation after H1N1 infec-
tion and ameliorated inflammatory damage in mice (Dong et al., 2019).
In our previous studies, we found that H1N1 infection could reduce the
degradation of HIF-1α by inhibiting the function of the host cell pro-
teasome and the expression of FIH-1 (Guo et al., 2017; Ren et al., 2019).
However, the mechanism of action of HIF-1α in H1N1-infected alveolar
epithelial cells is still unclear.

In this study, we found that HIF-1α promotes the expression of key
glycolytic enzymes, which induces a shift in host cell glucose metabolism
to glycolysis. As a result, on the one hand, this shift provides energy for
viral replication. On the other hand, the lactate produced via glycolysis
directly targets and binds to MAVS, abolishing the mitochondrial local-
ization of MAVS and the formation of the MAVS/RIG-I complex, thereby
inhibiting the production of downstream IFN-α/β and blocking the host
cell innate immune response, which together increase viral replication
and pathogenicity. Consequently, the continuous uncontrollable cyto-
kine storm aggravates lung damage, leading to severe pneumonia.

2. Materials and methods

2.1. Animals and treatment

Surfactant protein C (SPC) is mainly expressed in type II alveolar
epithelial cells. Spc-Cre mice and HIF-1αfl/fl mice were generated on a
C57BL/6 background. Spc-Cre mice and HIF-1αfl/fl mice were purchased
from Shanghai Model Organisms Center, Inc. The sequences of the
HIF-1αfl/fl genotyping primers were 50-GAAGTAAGCACCTGGAAGTAG-
TAG-30 (forward) and 50-CAATCATTCCAAAGTATCTCAGTA-30 (reverse).
The sequences of the Spc-Cre genotyping primers were 50-TTGGCCTTGG-
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CTGAGCTTAGACAT-30 (forward) and 50-CCTTCACGACATTCAACAGAC-
CTT-30 (reverse). SPF-grade 6- to 8-week-old male C57BL/6 mice
(weighing 18–20 g) were purchased from Shanghai Sippr-BK Laboratory
Animal Corp., Ltd. The mouse HIF-1α shRNA AAV6 was constructed by
Shandong ViGene Biosciences (Jinan, Shandong, China). The negative
control was AAV6-U6-GFP with insertion of a nonsense sequence.
C57BL/6 mice were anesthetized and administered HIF-1α shRNA AAV6
or the negative control by nasal drops (30 μL per nostril, 1.0 � 1012 vg/
mL). Changes in HIF-1α expression in lung tissues were detected after
continued feeding for approximately two weeks to verify the efficiency of
HIF-1α inhibition. All animals were maintained in the Animal Experi-
mental Center of the Shanghai General Hospital Affiliated with Shanghai
Jiaotong University. All procedures in this investigation were approved
by the Animal Care and Use Committee of the Research Institute at the
Shanghai General Hospital Affiliated with Shanghai Jiaotong University.

The H1N1 influenza virus strain A/PR/8/34 was a gift from Prof.
Haikun Wang of the Shanghai Pasteur Institute of the Chinese Academy
of Sciences. The H1N1 virus was subcultured in chicken embryos for two
passages. The allantoic fluid then was filtered and stored at �80 �C for
later use. The mice were divided into a blank control group, oseltamivir
(OST; YiChang HEC ChangJiang Pharmaceutical Co., Ltd.) groups (OST
L, 30 mg/kg, intragastric; OST H, 60 mg/kg, intragastric), shHIF-1α
group, and 2-DG (Sigma–Aldrich) group (500 mg/kg, intraperitoneal) (n
¼ 5 mice per group). After anesthetization by intraperitoneal injection of
Zoletil 50 (Shanghai, China), the mice were administered the corre-
sponding dose (1000 pfu) of H1N1 virus via nasal drops. The mice were
then placed in an isolation cage with an independent air supply, reared
normally, and sacrificed at the indicated time. The lung tissues, bron-
choalveolar lavage fluid and serum of the mice were collected and
analyzed.

2.2. Cell culture and treatment

The human lung cancer cell line (A549) was purchased from the
Shanghai Cell Bank of the Chinese Academy of Sciences. Although A549
cells are a type of cancer cell, studies have shown that A549 cells still
retain the characteristics of alveolar epithelial cells. In addition, A549
cells are widely used in lung disease research (Foster et al., 1998; Hit-
tinger et al., 2015; Zhou et al., 2015). Thus, we used A549 cells as
alveolar epithelial cells in this study. The cells were cultured in F-12K
medium containing 10% fetal bovine serum (Gibco, Grand Island, NY,
USA) with 5% CO2 at 37 �C. For H1N1 virus infection, the experiments
were carried out in the biological safety cabinet of the BSL-2 laboratory.
Briefly, A549 cells were plated in a 6-well plate and incubated overnight.
The cells were then incubated with H1N1 virus (MOI ¼ 1) for 2 h with
shaking of the plate once every 20–30 min, washed 2 times with PBS,
treated with virus maintenance solution (F-12K þ 25 mmol/L HEPES þ
1% double antibiotics þ 0.25 μg/mL TPCK-treated trypsin) and incu-
bated for an additional 24 h. The infected cells were then ready for
further analysis. Sodium L-lactate was purchased from Sigma–Aldrich (St.
Louis, MO, USA). The lactate group was incubated with 10 mmol/L
lactate for 24 h.

2.3. Cell transfection

siRNAs targeting HIF-1α or HK2 were generated by GenePharma
(Shanghai, China). The HK2 plasmid was obtained from Genechem
(Shanghai, China). The vector used to construct the HK2 plasmid was
GV230 containing the XhoI/KpnI restriction site (Genechem, Shanghai,
China). The negative control vector was CON083 (CMV-MCS-EGFP-
SV40-Neomycin). For transfection, A549 cells were plated in 6-well
plates at a concentration of 2 � 105 cells/well. After the cell conflu-
ence reached approximately 70%, HIF-1α siRNA (100 pmol per well),
HK2 siRNA (100 pmol per well) or HK2 plasmid (2 μg per well), as
indicated, were transfected with Lipofectamine 2000 (Thermo Fisher
Scientific, Grand Island, NY, USA) according to the manufacturer's
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instructions. After 24 h of transfection, the cells were incubated with
H1N1 virus (MOI ¼ 1) for 24 h. The sequences of the HIF-1α siRNA, HK2
siRNA and HK2 plasmid can be found in Supplementary Table S1.

2.4. Real-time quantitative PCR

Mouse lung tissues and A549 cells were lysed, and total RNA was
extracted with TRIzol (Thermo Fisher Scientific, Grand Island, NY, USA).
The extracted RNA was reverse-transcribed into cDNA by using Prime
Script™ RT Master Mix (TAKARA, Dalian, Liaoning, China). Real-time
PCR was performed with a SYBR® Premix Ex Taq™ Kit (TAKARA,
Dalian, Liaoning, China) for measurement of the mRNA expression levels
of HIF-1α, HK2, M, IFN-α and IFN-β in an Applied Biosystems Quant-
Studio 6 Flex system by Life Technologies. β-Actin was used as the in-
ternal control. Relative expression levels were calculated by the 2–▵▵Ct

method and normalized to β-actin expression levels. The primer se-
quences for amplification of each target gene and the internal reference
gene are shown in Supplementary Table S2.

2.5. Western blotting

The lung tissues were ground into powder in liquid nitrogen. The lung
tissue powder and A549 cells were lysed in RIPA buffer (Beyotime
Biotechnology, Shanghai, China) supplemented with protease inhibitors
and were then stored at �80 �C. Nuclear and cytoplasmic proteins were
extracted with NE-PER nuclear and cytoplasmic extraction reagents
(Thermo Fisher Scientific Inc., Grand Island, NY, USA) according to the
instructions. The concentration of the lysates was measured with a BCA
Protein Assay Kit (Beyotime Biotechnology, Shanghai, China), and 30 μg
of protein from each lysate sample was separated by SDS‒PAGE (Beyo-
time Biotechnology, Shanghai, China). The membranes were blocked in
5% nonfat milk at 25 �C for 1 h and incubated with primary antibodies
targeting HIF-1α (1:500, Source: rabbit, Catalog: BS3514, Bioworld
Technology, Inc., St. Louis Park, MN, USA), HK2 (1:1000, Source: rabbit,
Catalog: ab209847, Abcam, Cambridge, MA, USA), NP (1:1000, Source:
rabbit, Catalog: GTX125989, GeneTex, San Antonio, TX, USA), IFN-α
(1:500, Novusbio, Source: rabbit, Catalog: NBP2-75930, Littleton, CO,
USA), IFN-β (1:500, Thermo Fisher Scientific, Source: rabbit, Catalog:
PA5-20390, Grand Island, NY, USA), MAVS (1:1000, Source: rabbit,
Catalog: ab31334, Abcam, Cambridge, MA, USA), RIG-I (1:500, Source:
mouse, Catalog: sc-376845, Santa Cruz, CA, USA), Lamin B1 (1:1000,
Source: mouse, Catalog: 33-2000, Thermo Fisher Scientific Inc., Grand
Island, NY, USA) or β-actin (1:1000, Source: mouse, Catalog: AF0003,
Beyotime Biotechnology, Shanghai, China), respectively, overnight at 4
�C. The next day, the membranes were washed and incubated with a
horseradish peroxidase-conjugated secondary antibody (1:2000, Beyo-
time Biotechnology, Shanghai, China) for an additional 1 h at 25 �C. The
signals of each protein were visualized by ECL (Millipore, Billerica, MA,
USA) with a Tanon 5200 imaging system. β-Actin was used as an internal
control.

2.6. Immunofluorescence analysis

A549 cells were plated in a glass-bottom culture dish and treated as
indicated. The treated cells were rinsed with PBS 3 times, fixed with 4%
paraformaldehyde for 10 min at 25 �C, rinsed with PBS 3 times, per-
meabilized with 0.1% Triton X-100 (Sigma–Aldrich, St. Louis, MO, USA)
for 15 min and blocked with 5% BSA blocking solution (Beyotime
Biotechnology, Shanghai, China) for 60 min at 25 �C. The cells were then
incubated with a primary antibody (anti-HIF-1α, 1:100; anti-NP, 1:100;
anti-MAVS, 1:100; anti-RIG-I, 1:100) diluted with Immunol staining
primary antibody dilution buffer (Beyotime Biotechnology) overnight at
4 �C. The incubated cells were rinsed with PBS three times and stained
with a diluted fluorescently labeled secondary antibody (1:200) at 25 �C
for 2 h. Nuclei were stained with diluted DAPI (Beyotime Biotechnology,
Shanghai, China) for 5 min. The stained cells were then observed and
83
imaged by using a confocal microscope (Leica TCS SP8, Leica). For mouse
lung tissues, frozen sections were prepared and subjected to immuno-
fluorescence staining using procedures similar to those mentioned above.

2.7. Enzyme-linked immunosorbent assay (ELISA)

ELISA kits for human or mouse IL-1β, IL-6 and TNF-α were purchased
from Anogen (Beijing, China). An ELISA kit for human HIF-1α was pur-
chased from Sigma–Aldrich (St. Louis, MO, USA). Mouse IFN-α and IFN-β
ELISA kits were purchased from Neobioscience. Serum, alveolar lavage
fluid, and A549 cell culture supernatant were prepared and subjected to
ELISA according to the manufacturer's instructions.

2.8. Hematoxylin–eosin (HE) staining

The left lower lung lobes were isolated and fixed with 4% para-
formaldehyde (Servicebio, Wuhan, China). The fixed tissues were then
dehydrated with 20% sucrose overnight. The lung tissues were then
embedded in paraffin, sliced into 4 μm sections, and subjected to HE
staining. The stained sections were observed and imaged with a 100�
optical microscope (Leica DM5500 B).

2.9. Lactate and ATP measurement

The lactate concentration in mouse serum and A549 cell culture su-
pernatant was determined using a lactic acid assay kit (Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China). Mouse lung tissues and
A549 cells were lysed according to the manufacturer's instructions for
ATP measurement using an ATP assay kit (Beyotime Biotechnology,
Shanghai, China). Each sample was measured in technical triplicate.

2.10. Coimmunoprecipitation (Co-IP)

Mouse lung tissues and A549 cells were lysed in RIPA buffer as
mentioned for Western blotting. The lysates were centrifuged at
12,000�g and 4 �C for 15 min. Supernatants were collected, and 400 μg
lysate samples were incubated with 2 μg of an anti-MAVS primary anti-
body overnight at 4 �C in a rotator. Then, 20 μL Protein A/G agarose
(Beyotime Biotechnology, Shanghai, China) was added and incubated for
an additional 3 h at 4 �C, after which the lysates were washed 5 times
with PBS and subjected to Western blot analysis with primary antibodies
specific for MAVS (Abcam, Source: rabbit, Catalog: ab31334, Abcam,
Cambridge, MA, USA) and RIG-I (Santa Cruz, Source: mouse, Catalog: sc-
376845, Santa Cruz, CA, USA).

2.11. Statistical analysis

SPSS 22.0 and GraphPad Prism 8.0 software were used for statistical
analysis. Each experiment was repeated at least three times indepen-
dently. All data are presented as the means � standard deviations. Stu-
dent's t-test and one-way analysis of variance (ANOVA) were performed,
and P < 0.05 was considered to indicate a statistically significant
difference.

3. Results

3.1. HIF-1α knockdown attenuates virus replication and cytokine storm in
H1N1-infected mice

To understand the correlation between H1N1 infection and infection-
induced hypoxic conditions, we utilized the H1N1 infection mouse
model. The lung tissues of infected mice showed obvious inflammatory
cell infiltration, pulmonary interstitial edema and increased alveolar
exudation, which peaked on the 3rd day after H1N1 infection (Supple-
mentary Fig. S1A). No significant changes were observed in the mRNA
expression of HIF-1α after H1N1 infection in either lung tissue or A549
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cells (Supplementary Fig. S1B). HIF-1α protein exhibited significantly
increased expression and accumulated in the nucleus after H1N1 infec-
tion in A549 alveolar epithelial cells (Supplementary Fig. S1C, S1D). To
explore the role of HIF-1α in H1N1 virus infection, we employed Spc-
CreþHIF-1αfl/þ C57BL/6 mice and adeno-associated viral shRNA trans-
duction for HIF-1α silencing (Fig. 1A, Supplementary Fig. S2). HIF-1α
knockdown mice showed decreased mortality compared to wild-type
H1N1-infected mice after H1N1 infection (Fig. 1B). HIF-1α knockdown
also attenuated inflammatory cell infiltration and tissue edema in H1N1-
infected mice, as shown by histopathological analysis (Fig. 1C). These
results suggest that knockdown of HIF-1α ameliorates H1N1-induced
pulmonary injury.

The mortality of patients with severe pneumonia caused by H1N1
virus is closely related to viral replication and cytokine storm (Herold
et al., 2015; Murdaca et al., 2021). We observed that HIF-1α knockdown
significantly reduced the expression of viral RNA (M gene) and the
nucleocapsid (NP) protein (Fig. 1D and E) in vivo. We then investigated
the levels of IL-1β, IL-6 and TNF-α in H1N1-infected mice. Our results
showed that the concentrations of proinflammatory cytokines (IL-1β, IL-6
and TNF-α) were significantly increased in the serum and bron-
choalveolar lavage fluid (BALF) of wild-type H1N1-infected mice.
Knockdown of HIF-1α significantly decreased the concentration of
proinflammatory cytokines after infection (Fig. 1F and G). As innate
immunity is the host's first line of defense against viral infection, and type
I interferon (IFN-I) is an important effector molecule involved in the
antiviral immune response (Samuel, 2001; Haller and Kochs, 2002; Krug
et al., 2003), we further monitored the expression of IFN-α/β, the major
cytokines in the defense against viral infection. In response to H1N1
infection, the levels of IFN-α/β in mouse lung tissues and serum were
increased, and the degree of IFN-α/β secretion was further significantly
increased in mice with HIF-1α knockdown (Fig. 1H–J). These results
demonstrated that HIF-1α is important for H1N1 replication and cytokine
storm induced by H1N1 infection in mice.

3.2. HIF-1α regulates H1N1 replication and the host inflammatory
response in vitro

In this research, we also confirmed that H1N1 virus infection upre-
gulates the expression of HIF-1α and promotes HIF-1α translocation to
the nucleus in A549 cells (Fig. 2A), as shown in our previous studies (Guo
et al., 2017). To verify the potential roles of HIF-1α in the modulation of
H1N1 replication and the host inflammatory response in vitro, siRNA
targeting HIF-1α was used to knock down the expression of HIF-1α in
A549 cells (Fig. 2B and C). We found that HIF-1α silencing significantly
reduced the expression of the viral M gene (Fig. 2D). Western blot and
immunofluorescence analyses further revealed that HIF-1α silencing
significantly decreased the protein level of viral NP in H1N1-infected
A549 cells (Fig. 2E and F). The mRNA levels of proinflammatory fac-
tors, including IL-1β, IL-6 and TNF-α, were significantly increased after
H1N1 infection. However, the mRNA levels of these proinflammatory
factors (IL-1β, IL-6 and TNF-α) were strikingly reduced in HIF-1α defi-
cient cells (Fig. 2G). A similar result was observed in the cell culture
supernatant by ELISA (Fig. 2H). We also found that the mRNA and pro-
tein levels of IFN-α/β were significantly increased after H1N1 virus
infection, while the increases in the IFN-α/β levels were further enhanced
by HIF-1α inhibition (Fig. 2I and J). Taken together, these results suggest
that HIF-1α plays a role in viral replication and the host inflammatory
response in A549 alveolar epithelial cells.

3.3. HIF-1α promotes H1N1 viral replication and the host inflammatory
response by regulating HK2-mediated glycolysis

Metabolic reprogramming is an important mechanism for the regu-
lation of viral replication (Fontaine et al., 2015; Chuang et al., 2017;
Passalacqua et al., 2019). The rapid replication of H1N1 virus depends on
the organelles, energy supply and biosynthetic materials of the host cells
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(Watanabe et al., 2010). Studies have shown that HIF-1α plays an
important role in regulating glycolysis (Papandreou et al., 2006; Zhang
et al., 2016). However, the role and mechanism of HIF-1α in
H1N1-induced glycolysis are still unclear. We found that HIF-1α silencing
attenuated the H1N1-induced lactate production and increased ATP level
in vivo and in vitro (Fig. 3A and B). Similar patterns of changes in ATP,
ADP and AMP levels were also detected by HPLC (Supplementary
Fig. S3). To identify the potential critical enzymes during H1N1-induced
glycolysis mediated by HIF-1α, we used qPCR to determine the expres-
sion profiles of glycolytic enzymes in cells with or without HIF-1α
silencing. Our study showed that the expression of multiple metabolic
enzymes, especially HK2, was increased after H1N1 infection (Supple-
mentary Fig. S4). Importantly, knockdown of HIF-1α reversed the in-
creases in the mRNA and protein levels of HK2 induced by H1N1 (Fig. 3C
and D).

To reveal whether HIF-1α activation promotes glycolysis by regu-
lating HK2 during H1N1 infection, a siRNA targeting the backsplice
sequence of HK2 (siHK2) was adopted. As expected, siHK2 transfection
significantly downregulated HK2 expression and attenuated the eleva-
tion of the M gene mRNA and NP protein levels in H1N1-infected
epithelial cells (Fig. 3E). Similarly, inhibition of HK2 also significantly
suppressed H1N1-induced production of proinflammatory factors (IL-1β,
IL-6 and TNF-α) (Fig. 3F). The mRNA and protein expression levels of
IFN-α/β were significantly increased after HK2 inhibition (Fig. 3G).
Collectively, these results indicate that HK2, a key enzyme of glycolysis,
is involved in the pathogenic process of H1N1 infection.

To determine the role of the HIF-1α/HK2 axis in H1N1 infection, a
plasmid for HK2 overexpression was used in HIF-1α-silenced A549
alveolar epithelial cells. There was no influence on cell viability after
transfection with HIF-1α siRNA and the GV-HK2 plasmid (Supplementary
Fig. S5). We found that HK2 overexpression significantly reversed the
changes in lactate and ATP levels caused by HIF-1α silencing (Fig. 3H,
Supplementary Fig. S6, S7A). Thus, the levels of viral RNA (M gene), the
NP protein and proinflammatory factors (IL-1β, IL-6 and TNF-α), which
were reduced by HIF-1α silencing, were increased after HK2 over-
expression (Fig. 3I and J). HK2 overexpression significantly reduced the
increase in IFN-α/β expression caused by inhibition of HIF-1α (Fig. 3K
and L, Supplementary Fig. S7B). Thus, HIF-1α may promote a shift in
glucose metabolism to glycolysis by regulating HK2, thereby increasing
viral replication and enhancing the inflammatory response.

3.4. Inhibiting glycolysis reduces H1N1-induced lung injury

To verify the role of glycolysis in severe pneumonia caused by H1N1
infection, we used 2-DG to inhibit glycolysis and evaluated the changes in
viral replication and the levels of host inflammatory factors. We first
determined the minimum toxic concentration of 2-DG in A549 cells by a
CCK-8 assay. The results showed that a minimum concentration of 20
mmol/L of 2-DG significantly decreased the viability of A549 cells after
24 and 48 h. Therefore, a concentration of 10 mmol/L 2-DG, which
exhibited almost no toxicity to A549 cells over 48 h, was administrated in
subsequent experiments (Supplementary Fig. S8). HE staining suggested
that treatment with 2-DG significantly attenuated the lung injury (in-
flammatory cell infiltration and pulmonary interstitial edema) caused by
H1N1 infection (Fig. 4A). Similar to the observation in our previous study
(Ren et al., 2021), the addition of 2-DG to H1N1-infected A549 alveolar
epithelial cells greatly reduced the levels of viral RNA (M gene) and the
NP protein. Similar patterns were observed in vivo (Fig. 4B and C). In
addition, administration of 2-DG significantly reversed the increases in
the levels of proinflammatory factors (IL-1β, IL-6 and TNF-α) induced by
H1N1 infection both in vivo (mouse serum and BALF) and in vitro (culture
supernatant of A549 cells) (Fig. 4D–F). The expression levels of IFN-α/β
were significantly increased by cotreatment with 2-DG (Fig. 4G and H,
Supplementary Fig. S9). These results clearly suggest that glycolysis plays
an important role in the replication of H1N1 virus and the host inflam-
matory response.
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Fig. 1. HIF-1α knockdown attenuates viral replication and cytokine storm in H1N1-infected mice. A The expression of HIF-1α mRNA after H1N1 infection (1000 pfu
per mouse) in lung tissues of mice with or without HIF-1α knockdown (n ¼ 5) was measured by qPCR. B The survival of H1N1 (1000 pfu per mouse, n ¼ 10)-infected
mice with or without HIF-1α knockdown. C HE staining of lung tissue from H1N1-infected (1000 pfu per mouse) mice with or without HIF-1α knockdown on Day 3
after infection (scale bar ¼ 100 μm) (n ¼ 5). D, E The expression of viral RNA (M) and NP protein in the lung tissues was measured by qPCR and Western blotting on
Day 3 after infection (n ¼ 5). β-Actin served as the loading control. F, G The concentrations of IL-1β, IL-6 and TNF-α in mouse serum and BALF on Day 3 (n ¼ 5) were
measured by ELISA. H, I The amounts of IFN-α/β in lung tissues and serum on Day 3 were measured by qPCR and ELISA (n ¼ 5). J The levels of IFN-α/β in lung tissues
from the Day 1, 3, and 5 groups or Day 3 group were measured by Western blotting (n ¼ 5). β-Actin served as the loading control. The data are presented as the means
with SDs. Statistical analysis was performed by Student's t-test and one-way ANOVA. *P < 0.05.

Fig. 1. (continued).
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3.5. HIF-1α/HK2 axis-mediated lactate accumulation promotes H1N1
replication and the host inflammatory response through the MAVS/RIG-I
signaling pathway

Lactate can directly target MAVS, which affects its correct mito-
chondrial localization (Thyrsted et al., 2021), further interfering with the
formation of the complex between MAVS and RIG-I and ultimately pre-
venting the activation of downstream pathways. Importantly, this effect
is only stimulated by RNA viruses or intracellular RNA (Zhang et al.,
2019). Our results showed that H1N1 infection activated the
MAVS/RIG-I signaling pathway and that the MAVS and RIG-I protein
levels increased gradually in a time-dependent manner after H1N1
infection (Fig. 5A). These two proteins shared similar patterns of abun-
dance and subcellular localization in mouse lung tissues and in A549 cells
after H1N1 infection (Fig. 5B and C).

Given that the HIF-1α/HK2 axis is vital for H1N1 infection, we asked
whether the increased expression of MAVS and RIG-I caused by H1N1
86
infection is correlated with this axis. Our results showed that H1N1
infection enhanced the interaction of MAVS and RIG-I and that
knockdown of HIF-1α further enhanced this interaction in vivo and in
vitro (Fig. 5D and E). To further confirm the role of HIF-1α in the
interaction between MAVS and RIG-I after H1N1 infection, HEK293T
cells were cotransfected with the MAVS, RIG-I or HIF-1α expression
plasmid. The results shown in Supplementary Fig. S10 indicate that
H1N1 infection can enhance the interaction of MAVS and RIG-I. In
addition, overexpression of HIF-1α reduced the interaction of MAVS
and RIG-I. Importantly, overexpression of HK2 reversed the increased
interaction between MAVS and RIG-I, which was caused by the inhi-
bition of HIF-1α during H1N1 infection (Fig. 5F). In H1N1-infected
A549 cells, knockdown of HIF-1α inhibited viral replication, and the
addition of exogenous lactate had the opposite effect (Fig. 5G).
Silencing HIF-1α increased the expression of MAVS and RIG-I, and the
effect was attenuated by adding exogenous lactate (Fig. 5H). Moreover,
the levels of proinflammatory factors (IL-1β, IL-6 and TNF-α), which



Fig. 2. HIF-1α regulates H1N1 replication and the host inflammatory response in vitro. A The level of HIF-1α protein in the cytosolic and nuclear fractions after H1N1 virus infection. A549 cells were treated with H1N1
virus (MOI ¼ 1) for 24 h. Then, the cytosolic and nuclear fractions were extracted separately. The level of HIF-1α protein in the cytosolic and nuclear fractions was measured by Western blotting. β-Actin and Lamin B1
served as the loading controls. B, C The expression levels of HIF-1α mRNA and protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) transfected with or without siRNA targeting HIF-1α were measured by qPCR and
Western blotting. β-Actin served as the loading control. D, E The expression of viral M mRNA and NP protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) transfected with or without siRNA targeting HIF-1α were
measured by qPCR and Western blotting. β-Actin served as the loading control. F Immunofluorescence analysis of NP protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) transfected with or without siRNA targeting
HIF-1α (scale bar ¼ 50 μm). G The expression of IL-1β, IL-6 and TNF-α mRNA in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) transfected with or without siRNA targeting HIF-1α was measured by qPCR. H The levels of
IL-1β, IL-6 and TNF-α in the culture supernatant of H1N1-infected A549 cells (MOI ¼ 1 for 24 h) after transfection with or without siRNA targeting HIF-1α were measured by ELISA. I, J The protein expression of IFN-α/β
and HIF-1α in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) after transfection with or without siRNA targeting HIF-1αwas measured by Western blotting. β-Actin served as the loading control. The data are presented as the
means with SDs. Statistical analysis was performed by Student's t-test and one-way ANOVA. *P < 0.05.
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Fig. 4. Inhibiting glycolysis attenuates H1N1-induced lung injury. A HE staining of lung tissues from H1N1-infected mice (n ¼ 5, 1000 pfu per mouse) treated with or
without 2-DG by intraperitoneal injection (500 mg/kg, once daily for 3 days). Scale bar ¼ 100 μm. B, C The expression levels of M mRNA and NP protein in lung
tissues (n ¼ 5, 1000 pfu per mouse) and A549 cells (MOI ¼ 1 for 24 h) infected with H1N1 virus and treated with or without 2-DG (10 mmol/L for 48 h for A549) were
measured by qPCR and Western blotting. β-Actin served as the loading control. D, E The concentrations of IL-1β, IL-6 and TNF-α in the serum and BALF of H1N1-
infected mice after treatment with or without 2-DG (n ¼ 5, 1000 pfu per mouse) were measured by ELISA. F The concentrations of IL-1β, IL-6 and TNF-α in the
culture supernatant of H1N1-infected A549 cells treated with or without 2-DG (10 mmol/L for 48 h) were measured by ELISA. G, H The expression of IFN-α/β in lung
tissues of H1N1-infected mice (n ¼ 5, 1000 pfu per mouse) or A549 cells (MOI ¼ 1 for 24 h) treated with or without 2-DG (10 mmol/L for 48 h for A549) was
evaluated by qPCR and Western blotting. β-Actin served as the loading control. The data are presented as the means with SDs. Statistical analysis was performed by
Student's t-test and one-way ANOVA. *P < 0.05.

Fig. 3. HIF-1α promotes H1N1 viral replication and the host inflammatory response by regulating HK2-mediated glycolysis. A The levels of lactate in H1N1-infected
mouse serum (n ¼ 5, 1000 pfu per mouse) and culture supernatant of A549 cells (MOI ¼ 1 for 24 h) with or without HIF-1α knockdown were measured by colorimetry
according to the instructions of the kit. B The levels of ATP in H1N1-infected mouse lung tissues (n ¼ 5, 1000 pfu per mouse) or A549 cells (MOI ¼ 1 for 24 h) with or
without HIF-1α knockdown were measured by colorimetry according to the instructions of the kit. C, D The mRNA and protein expression of HIF-1α and HK2 in
H1N1-infected mouse lung tissues (n ¼ 5, 1000 pfu per mouse) or A549 cells (MOI ¼ 1 for 24 h) with or without HIF-1α knockdown were detected by qPCR and
Western blotting. β-Actin served as the loading control. E The expression of HK2 and viral M and NP in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) transfected with
siRNA targeting HK2 were measured by qPCR and Western blotting. F The expression of HK2 mRNA in A549 cells transfected with or without siRNA targeting HK2
was measured by qPCR. The concentrations of IL-1β, IL-6 and TNF-α in the culture supernatant of A549 cells transfected with or without siRNA targeting HK2 were
measured by ELISA. G The expression levels of IFN-α/βmRNA and protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) transfected with or without siRNA targeting
HK2 were measured by qPCR and Western blotting. β-Actin served as the loading control. H The levels of HIF-1α mRNA, HK2 mRNA and ATP in H1N1-infected A549
cells (MOI ¼ 1 for 24 h) and lactate in the culture supernatant were measured by qPCR or colorimetry according to the kit instructions after transfection of siRNA
targeting HIF-1α together with ectopic expression of HK2 as indicated. I The expression levels of HK2 mRNA, viral M mRNA and NP protein in H1N1-infected A549
cells (MOI ¼ 1 for 24 h) with transfection of siRNA targeting HIF-1α alone or together with ectopic expression of HK2, as indicated, were measured by qPCR and
Western blotting. J The concentrations of IL-1β, IL-6 and TNF-α in the culture supernatant of H1N1-infected A549 cells (MOI ¼ 1 for 24 h) with transfection of siRNA
targeting HIF-1α alone or together with ectopic expression of HK2, as indicated, were measured by ELISA. K, L The expression levels of HIF-1α mRNA, HK2 mRNA,
IFN-α/β mRNA and protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) with transfection of siRNA targeting HIF-1α alone or together with ectopic expression of
HK2, as indicated, were measured by qPCR and Western blotting. β-Actin served as the loading control. The data are presented as the means with SDs. Statistical
analysis was performed by Student's t-test and one-way ANOVA. *P < 0.05.
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Fig. 5. HIF-1α/HK2 axis-mediated lactate accumulation promotes H1N1 virus replication and the host inflammatory response through the MAVS/RIG-I signaling
pathway. A The expression levels of MAVS and RIG-I in lung tissues (n ¼ 5, 1000 pfu per mouse for Days 1, 3, and 5) and A549 cells (MOI ¼ 1 for 24 h) with or without
H1N1 virus infection as indicated were measured by Western blotting. B, C Immunofluorescence analysis of the expression and colocalization of MAVS and RIG-I
in lung tissues of mice (n ¼ 5, 1000 pfu per mouse, Days 1, 3, and 5) and A549 cells (MOI ¼ 1 for 24 h) with or without H1N1 virus infection as indicated. Scale
bar ¼ 50 μm. D, E Co-IP analysis of the expression of and interaction between MAVS and RIG-I in H1N1-infected lung tissues of mice (n ¼ 5, 1000 pfu per mouse for
Days 1, 3, and 5) or A549 cells (MOI ¼ 1 for 24 h) with or without HIF-1α knockdown. Changes in HIF-1αmRNA expression were detected with qPCR. F Co-IP analysis
of the expression of and interaction between MAVS and RIG-I in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) with transfection of siRNA targeting HIF-1α alone or
together with ectopic expression of HK2, as indicated. Changes in HIF-1α and HK2 mRNA were detected with qPCR. G The expression levels of M mRNA and NP
protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) with transfection of siRNA targeting HIF-1α alone or together with exogenous lactate supplementation
were measured by qPCR and Western blotting. H Co-IP analysis of the expression of and interaction between MAVS and RIG-I in H1N1-infected A549 cells (MOI ¼ 1
for 24 h) with transfection of siRNA targeting HIF-1α alone or together with exogenous lactate supplementation. I The concentrations of IL-1β, IL-6 and TNF-α in the
culture supernatant of H1N1-infected A549 cells (MOI ¼ 1 for 24 h) with transfection of siRNA targeting HIF-1α alone or together with exogenous lactate supple-
mentation were measured by ELISA. J, K The expression levels of IFN-α/β mRNA and protein in H1N1-infected A549 cells (MOI ¼ 1 for 24 h) with transfection of
siRNA targeting HIF-1α alone or together with exogenous lactate supplementation were measured by qPCR and Western blotting. β-Actin served as the loading control.
The data are presented as the means with SDs. Statistical analysis was performed by Student's t-test and one-way ANOVA. *P < 0.05.

Fig. 5. (continued).
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were reduced by HIF-1α knockdown, were increased by exogenous
lactate supplementation (Fig. 5I). The mRNA and protein expression
levels of IFN-α/β, which were increased by HIF-1α inhibition, were
significantly reduced (Fig. 5J and K). These results suggest that HIF-1α/
HK2 axis-mediated lactate accumulation promotes H1N1 replication
and the host inflammatory response, probably through the MAVS/RIG-I
signaling pathway.

3.6. Oseltamivir inhibits the expression of HIF-1α during H1N1 infection

Neuraminidase inhibitors were identified as first-line drugs for the
prevention and treatment of influenza, including oseltamivir. The
metabolite of oseltamivir selectively binds to the active site of the
influenza neuraminidase to block viral release from host cells (Uyeki,
2009). Our results showed that oseltamivir treatment ameliorated
H1N1-induced lung injury (Fig. 6A) and reduced inflammatory cytokine
(IL-1β, IL-6 and TNF-α) expression in vivo (Fig. 6B and C).

Next, we asked whether HIF-1α expression is affected by oseltamivir
treatment during H1N1 virus infection in vitro and in vivo. The IFA results
showed that oseltamivir treatment suppressed the upregulation of HIF-1α
expression induced by H1N1 infection in A549 cells (Fig. 6D). The HIF-1α
protein level in mouse lung tissue was also significantly decreased in the
oseltamivir-treated group compared to the non-treated group after H1N1
infection (Fig. 6E and F). Taken together, these results confirmed the
92
positive role of HIF-1α in modulating H1N1 infection and the accompa-
nying lung injury.

4. Discussion

The mortality of patients with severe pneumonia caused by H1N1
virus is closely related to viral replication and cytokine storm (Matsuoka
et al., 2016; Rondina et al., 2016). However, the specific mechanism is
still unclear. In this study, we confirmed that HIF-1α is upregulated after
H1N1 virus infection and found a new mechanism underlying the role of
HIF-1α in H1N1-induced severe pneumonia. We showed that HIF-1α
promotes glucose metabolism and a shift to glycolysis. Additional studies
revealed that HIF-1α promotes the expression of HK2, the key enzyme of
glycolysis. This not only rapidly provides energy for viral replication but
also results in the production of lactate, which interacts with MAVS to
prevent its mitochondrial localization and the formation of the
MAVS/RIG-I complex; inhibits IFN-α/β production; and suppresses host
cell innate immune responses, which further enhances virus replication
and pathogenicity. As a result, the continuous uncontrollable cytokine
storm aggravates lung damage, and severe pneumonia develops,
increasing the mortality of patients (Fig. 7).

It has been reported that the HIF-1α/HIF-1β heterodimer can upre-
gulate the expression of DNASE1 and thus reduce HBV replication
through catabolism of the viral DNA genome in the capsid (Hallez et al.,



Fig. 6. Oseltamivir (OST) inhibits the expression of HIF-1α during H1N1 virus infection. A HE staining of lung tissue from H1N1-infected mice (n ¼ 5, 1000 pfu per mouse, Days 3 and 5) treated with or without a low (L)
(OST, 30 mg/kg, intragastric, once every 12 h for Days 3 and 5) or high (H) (OST, 60 mg/kg, intragastric, once every 12 h for Days 3 and 5) dose of oseltamivir. Scale bar ¼ 100 μm. B, C The concentrations of IL-1β, IL-6
and TNF-α in serum and BALF from H1N1-infected mice (n ¼ 5, 1000 pfu per mouse) after treatment with or without oseltamivir were measured by ELISA. D The distribution of HIF-1α protein in A549 cells after OST
treatment (0.75 μg/mL for 48 h) was investigated by immunofluorescence staining (scale bar ¼ 50 μm). E, F The protein expression level of HIF-1α in mouse lung tissues (n ¼ 5, 1000 pfu per mouse for Days 3 and 5) and
A549 cells (MOI ¼ 1 for 24 h) after OST treatment was measured by Western blotting. β-Actin served as the loading control. The data are presented as the means with SDs. Statistical analysis was performed by one-way
ANOVA. *P < 0.05.
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Fig. 7. Diagram of the mechanism by which HIF-1α promotes glycolysis during H1N1-induced severe pneumonia. HIF-1α activation in alveolar epithelial cells
promotes the expression of the key glycolytic enzyme HK2 after H1N1 infection and induces a shift in host cell glucose metabolism to glycolysis. On the one hand, this
shift provides energy for viral replication. On the other hand, the lactate produced via glycolysis can directly target and bind to MAVS, abolish the mitochondrial
localization of MAVS and the formation of the MAVS/RIG-I complex, inhibit downstream IFN-α/β production and block the host cell innate immune response, further
increasing viral replication and pathogenicity. Finally, the continuous uncontrollable cytokine storm aggravates lung damage and leads to severe pneumonia.
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2019). However, HIF-1α is activated during dengue virus infection and
promotes the replication of dengue virus (Frakolaki et al., 2018).
Therefore, the role of HIF-1α in viral replication is context dependent.
The function of HIF-1α in H1N1 infection is incompletely elucidated. It
has been reported that total depletion of HIF-1α in alveolar epithelial
cells leads to increased H1N1 virus replication and reduced survival in
mice (Zhao et al., 2020). Our results also confirmed that HIF-1α knockout
aggravated lung injury in mice infected with H1N1 (Supplementary
Fig. S11). However, it has also been reported that the titer of
anti-influenza A antibody is increased on Day 4 in virus-infected mice
with alveolar epithelial cell-specific knockout of HIF-1α (Xi et al., 2017).
Considering that HIF-1αmight be an important factor in H1N1 infection,
the role of HIF-1α in alveolar epithelial cells during H1N1 virus infection
should be more precisely evaluated.

We therefore introduced knockdown but not knockout of HIF-1α to un-
derstand the role andmechanisms of HIF-1α in modulating H1N1 infection.
Our preliminary study found that HIF-1α expression was significantly
increased after H1N1 infection (Guo et al., 2017). In this study, we further
clarified the mechanism of HIF-1α in H1N1 infection. HIF-1α inhibition
greatly inhibits the expression of the viral M gene and NP protein during
H1N1 infection in alveolar epithelial cells, indicating that HIF-1α is impor-
tant for the replication of H1N1. Importantly, further analysis revealed that
HK2, the key downstream target of HIF-1α, normalizes the H1N1 virus
burden, which is reduced in alveolar epithelial cells with HIF-1α inhibition.

The inflammatory response usually results in an abnormal metabolic
microenvironment (Aguilar-Cazares et al., 2022; Al Madhoun et al.,
2022). Variations in the oxygen concentration, pH and immune meta-
bolism regulate immune cells and inflammatory processes. HIF-1α
directly mediates the overexpression of monocarboxylate transporter 4
(MCT-4) and aggravates inflammation in the context of arsenite-induced
glycolysis (Luo et al., 2017). In macrophages, HIF-1α mainly induces the
expression of inflammatory genes, such as IL-6, IL-1β and inducible nitric
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oxide synthase (iNOS), under conditions such as Helicobacter pylori
infection (Matak et al., 2015). Studies have found that viral infection
plays a role in promoting the stability of the HIF-1α protein in target cells,
which is believed to be harmful to the host in some acute viral infections
(Sharma et al., 2022; Zalpoor et al., 2022). In this research, we further
explored the proinflammatory effects of HIF-1α after H1N1 infection,
finding that HIF-1α knockdown reduced the production of proin-
flammatory factors (IL-1β, IL-6 and TNF-α) both in vitro and in vivo.

HIF-1α is an important modulator mediating a shift in cellular
metabolism from oxidative phosphorylation to glycolysis by inducing the
expression of glucose transporters, glycolytic enzymes and glycolysis-
inducing factors (Sun et al., 2019). Recent studies have shown that res-
piratory syncytial virus (RSV) has the ability to promote the stability and
accumulation of HIF-1α and reprogram cellular metabolism, specifically
shifting it toward glycolysis and the pentose phosphate pathway (Morris
et al., 2020). The protein and mRNA expression levels of HIF-1α and
glycolytic enzymes in human liver tissue and hepatocytes were signifi-
cantly higher after infection with hepatitis C virus than in the uninfected
control group. These increases were accompanied by upregulation of
serine biosynthetic enzymes, indicating a shift in cell metabolism toward
the nucleotide synthesis necessary to promote HCV replication (Jung
et al., 2016). In macrophages, as in tumor cells, HIF-1α gene expression
and protein stability were increased even in aerobic environments.
HIF-1α promotes glucose uptake by upregulating target genes such as
those encoding glucose transporters and lactate dehydrogenase. HIF-1α
gene-deficient mice show severe inflammation and develop sepsis under
lipopolysaccharide stimulation (Tai et al., 2009; Mascanfroni et al., 2015;
Miyasaka et al., 2015). Our research found that glucose metabolism shifts
to glycolysis after H1N1 infection. By screening the expression of key
glycolysis enzymes after H1N1 infection, we found that HK2 expression is
increased after infection and is significantly reduced in HIF-1α-inhibited
cells. HK2 has been reported to be a target gene of HIF-1α (Cao et al.,
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2020; Xu et al., 2020). In this study, we further revealed that HIF-1α
upregulated HK2 expression in alveolar epithelial cells, which mediated
H1N1-induced glycolytic reprogramming and thus drove H1N1 virus
replication as well as the host inflammatory response.

Type I IFN plays an extremely important role in the host antiviral
response (El-Baky et al., 2015; Soper et al., 2017). Increased levels of type
I IFNs precede the host immune response, and the IFN response is the first
defense system to respond to influenza virus infection (Samuel, 2001).
RIG-I/MDA5 is a pattern recognition receptor (PRR) localized in the
cytoplasm that recognizes double-stranded RNA (dsRNA) production and
induces IFN synthesis in a TLR-independent manner. Excessive activation
of the RIG-I signaling pathway leads to the upregulation of type I IFN
expression (Song et al., 2022). Many viruses encode specific proteins that
inhibit RIG-I-mediated expression of IFNs and thus evade elimination by
the host immune system (Talon et al., 2000; Hayman et al., 2006).

Mitochondria were first confirmed to participate in innate immune
regulation based on the discovery of mitochondrial antiviral-signaling
protein (MAVS). MAVS is anchored to mitochondria and acts as a key
linker protein in RIG-I signaling (Meylan et al., 2005; Seth et al., 2005).
Specifically, after recognizing the virus, RIG-I undergoes conformational
changes, with exposure of the CARD domain. The CARD domain then
associates with the mitochondrial adaptor protein MAVS and induces
the expression of type I IFN genes (Takeuchi and Akira, 2010). A recent
study showed that lactate, a glycolytic metabolite, can directly target
and bind to MAVS, disrupt its mitochondrial positioning, prevent it from
forming a complex with RIG-I and then reduce the production of IFN-α/β
(Zhang et al., 2019). Here, we found that H1N1 infection promotes the
expression of MAVS and RIG-I and formation of the associated complex.
HIF-1α inhibition or inhibition of glycolysis reduces the production of
lactate, promotes the expression of MAVS and RIG-I and indirectly in-
creases complex formation. Taken together, the above results suggest
that H1N1 infection increases the HIF-1α protein level, promotes
glycolysis to produce lactate, and thus inhibits the expression of MAVS
and RIG-I and formation of the associated complex, leading to a
reduction in IFN-α/β production, which ultimately facilitates the repli-
cation of H1N1 virus and aggravates lung injury through excessive in-
flammatory responses.

5. Conclusions

Overall, this study explored the potential molecular mechanism of
HIF-1α and found that it regulates glucose metabolism reprogramming,
which promotes H1N1 replication and host inflammatory responses.
Therefore, this study provides a theoretical basis for identifying new
molecular targets involved in metabolic disorders for the treatment of
H1N1 infection to reduce the mortality of severe pneumonia associated
with H1N1 infection.
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