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Abstract

Background The innate immune system serves as the host’s first line of defense against invading pathogens. Stimu-
lator of interferon genes (STING) is a key component of this system, yet its relationship with glucose metabolism,
particularly in antiviral immunity, remains underexplored.

Methods Metabolomics analysis was used for detecting metabolic alterations in spleens from STING knockout (KO)
and wild-type (WT) mice. Co-immunoprecipitation was employed for determining ubiquitination of TKT. Mass spec-
trometry was used for detecting interaction proteins of STING. Enzyme activity kits were used for detecting the activi-
ties of TKT and G6PD.

Results In this study, we demonstrate that herpes simplex virus (HSV) infection activates the pentose phosphate
pathway (PPP) in host cells, thereby initiating an antiviral immune response. Using STING-manipulated cells and sys-
temic knockout mice, we show that STING positively regulates PPP, which, in turn, limits HSV infection. Inhibition

of the PPP significantly reduced the production of antiviral immune factors and dampened STING-induced innate
immune responses. Mechanistically, we discovered that STING interacts with transketolase (TKT), a key enzyme

in the non-oxidative branch of the PPP, and reduces its ubiquitination via the E3 ubiquitin ligase UBE3A, stabilizing

TKT. Silencing TKT or inhibiting its activity with oxythiamine diminished antiviral immune factor production.

Conclusion Our findings reveal that the PPP plays a synergistic role in generating antiviral immune factors dur-
ing viral infection and suggest that PPP activation could serve as an adjunct strategy for antiviral therapy.
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Introduction
Viruses are acellular infectious pathogens that can trig-
ger inflammatory reactions and cause damage to the
host [1, 2]. They are broadly classified into DNA and
RNA viruses, each employing distinct mechanisms to
infect their hosts [3, 4]. Viral infection alters the host
cell environment, creating conditions conducive to viral
replication and persistence [5]. DNA virus infections, in
particular, have been associated with the development of
chronic lesions [6].

In response to viral invasion, the host mounts an
immune response to combat infection [7, 8]. Innate

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or
parts of it. The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To
view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12964-024-01983-2&domain=pdf

Wau et al. Cell Communication and Signaling (2024) 22:599

immunity serves as the host’s first line of defense against
viral pathogens. This process is initiated when pathogen-
associated molecular patterns (PAMPs) interact with pat-
tern recognition receptors (PRRs), triggering a cascade
of signaling events that ultimately lead to the secretion
of type I interferon (IFN-I), chemokines, and pro-inflam-
matory cytokines [9, 10]. The cyclic GMP-AMP synthase
(cGAS)-stimulator of interferon genes (STING) signaling
pathway is a crucial DNA-sensing mechanism in innate
immunity and antiviral defense [11, 12]. Upon activa-
tion by DNA viruses, this pathway induces downstream
signaling that promotes the expression of interferons,
chemokines, and inflammatory mediators, effectively
inhibiting viral replication [13, 14].

Interferon (IFN) is central to the host’s antiviral
defense. Upon detecting viral invasion, IFN binds to its
receptor and activates the transcription of numerous
interferon-stimulated genes (ISGs) to counteract viral
infection [15-17]. In addition, viral infection can acti-
vate the release of inflammatory cytokines, such as inter-
leukin-6 (IL-6), via the cGAS-STING pathway, which
drives immune cell differentiation and enhances antivi-
ral immunity [18, 19]. Chemokines, secreted during viral
infections, recruit immune cells to the site of infection,
thereby limiting viral spread [20, 21].

Viral infection also induces significant metabolic
changes within host cells [22]. DNA viruses have been
shown to reprogram host cell metabolism, altering the
efficiency of various metabolic pathways to facilitate viral
replication [23, 24]. Immune cells can exploit these meta-
bolic shifts, harnessing available energy and biosynthetic
molecules to enhance their antiviral activity [25]. Stud-
ies have reported changes in glycolysis, the tricarboxylic
acid cycle (TCA), the pentose phosphate pathway (PPP),
fatty acid metabolism, and amino acid metabolism fol-
lowing viral infections [26—29]. PPP, a branch of glucose
metabolism, plays a crucial role in generating interme-
diate metabolites that contribute to lipid synthesis and
antioxidant defenses, while its end products are involved
in nucleotide biosynthesis [30]. This pathway also links
to glycolysis, highlighting its importance in the broader
metabolic network. PPP consists of two phases: an oxida-
tive phase, which generates NADPH for fatty acid synthe-
sis and cellular redox maintenance, and a non-oxidative
phase, which involves a series of reversible reactions cat-
alyzed by the key enzyme transketolase (TKT) [31-33].
The non-oxidative PPP provides over 85% of the ribose
required for de novo nucleotide biosynthesis [34, 35].
Researchers reported that DNA virus, such as HPV16,
promoted cervical cancer cell proliferation by activating
PPP [27]. Proteomics data analysis indicates that the level
of TKT is elevated in cells infected with SARS-CoV-2,
suggesting the activation of the non-oxidative PPP [36].
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However, the role of PPP in antiviral immunity remains
unclear.

In the present study, we investigated the relation-
ship between the innate immune regulator STING and
PPP, focusing on the role of PPP metabolism in antiviral
responses. We found that herpes simplex virus (HSV)
infection activates PPP in host cells, triggering an antivi-
ral immune response. Using STING-modulated cells and
systemic knockout mice, we demonstrated that STING
positively regulates PPP, thereby restricting HSV infec-
tion. Inhibition of PPP significantly reduced the produc-
tion of antiviral factors and attenuated STING-induced
antiviral responses. Mechanistically, we identified that
STING interacts with TKT in the non-oxidative PPP and
reduces its ubiquitination through the E3 ubiquitin ligase
UBE3A, stabilizing TKT. Collectively, our findings sug-
gest that PPP plays a synergistic role in generating antivi-
ral immune factors and that PPP activation may serve as
a potential therapeutic strategy for viral infections.

Results

STING upregulates the pentose phosphate pathway (PPP)
To investigate whether STING expression influences cel-
lular metabolism, we performed metabolomic profiling
using spleens from STING knockout (KO) and wild-type
(WT) mice. The analysis revealed substantial alterations
in several metabolic pathways in STING KO mice. Nota-
bly, STING knockout led to an upregulation in amino
acid and nucleotide metabolism, while pentose and coen-
zyme metabolism were markedly downregulated (Fig. 1A,
B). Among the affected metabolites, key intermediates of
the PPP, such as ribose-5-phosphate (R5P) and glucose-
6-phosphate (G6P), were significantly downregulated in
STING-deficient mice (Fig. 1A, B). The enrichment fac-
tor and raw data from metabolic assays further corrobo-
rated these findings, highlighting significant changes in
PPP metabolites following STING knockout (Fig. 1A-C).
These results prompted us to hypothesize that STING
positively regulates the PPP.

To validate this hypothesis, we generated lentivirus-
mediated STING overexpression and knockdown cell
lines. We measured the levels of key PPP metabolites,
including R5P, reduced glutathione (GSH), and nico-
tinamide adenine dinucleotide phosphate (NADPH),
as well as the activities of glucose-6-phosphate dehy-
drogenase (G6PD) and TKT, the critical enzymes of
the oxidative and non-oxidative branches of the PPP,
respectively. In line with our metabolomic data, metab-
olite quantification confirmed significant changes in
PPP activity (Fig. 1D-G, S1 and S2). In STING-over-
expressing cell lines, G6PD and TKT activities, along
with the levels of GSH, NADPH, and R5P, were mark-
edly upregulated compared to WT cells (Fig. 1D, E and
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Fig. 1 STING upregulates the pentose phosphate pathway (PPP). A Analysis of metabolomics in spleens of wild-type and STING knockout mice. B
Metabolic pathway enrichment analysis in spleens of wild-type and STING knockout mice. C Levels of R-5P, 6-PG, and F-6P in spleens of wild-type
and STING knockout mice. D E Whole cell extracts (WCEs) from wild-type and STING-overexpressing KYSE-30 cells were analyzed for PPP
metabolites (NADPH, GSH, R5P) and key enzymes (TKT, G6PD) using ELISA kits. F, G WCEs from wild-type and STING knockdown KYSE-30 cells were
similarly analyzed. Data are expressed as mean + SEM from three biological replicates. **p < 0.01, *** p <0.001

Fig. S2A, B). Conversely, STING knockdown resulted pentose phosphate pathway, positioning STING as a
in a pronounced downregulation of these metabolites  critical regulator of this metabolic pathway during viral
and enzymes (Fig. 1F, G and Fig. S2C, D). These results  infection.

provide strong evidence that STING upregulates the
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PPP participates in the antiviral immune response

As a key interferon-stimulating factor, STING is activated
during DNA virus infections, triggering the produc-
tion of antiviral immune factors to resist viral invasion.
While the role of the PPP in tumorigenesis is well docu-
mented, its involvement in viral infection remains largely
unexplored. Since STING upregulates PPP metabolites
(Fig. 1), we hypothesized that the PPP might play a role in
the antiviral immune response. To test this hypothesis, we
injected herpes simplex virus (HSV), a DNA virus, into
the tail veins of mice and performed metabolomic analy-
ses on spleens from both HSV-infected and uninfected
mice. Heatmap and enrichment factor analyses, along
with raw data evaluations, revealed a significant increase
in PPP metabolites in the HSV-infected group compared
to the control group (Fig. 2A-C). To further validate these
findings, we transfected KYSE-30 cells with poly(dA:dT),
a viral DNA mimic, and measured the levels of key PPP
metabolites in cell lysates using metabolite assay kits. The
results showed that PPP metabolites, including ribose-
5-phosphate (R5P) and reduced glutathione (GSH), as
well as the activities of G6PD and TKT-key enzymes of
the oxidative and non-oxidative branches of the PPP-
were upregulated in poly(dA:dT)-treated cells (Fig. 2D).
Subsequently, we analyzed the mRNA expression of anti-
viral immune factors, such as IFN-f, IL-6, and CCLS5, as
well as G6PD and TKT, in poly(dA:dT)-transfected cells.
The mRNA levels of IFN-f, IL-6, CCL5, and TKT were
significantly upregulated, while the mRNA level of G6PD
remained unchanged (Fig. 2E).

To further explore the role of the PPP in the antivi-
ral immune response, we treated KYSE-30 cells with
6-aminonicotinamide (6-AN) [37], a known PPP
inhibitor, after transfecting them with poly(dA:dT).
We then measured the mRNA levels of TKT and anti-
viral immune factors. 6-AN treatment reduced the
poly(dA:dT)-induced upregulation of TKT, IFN-B,
CCL5, and IL-6 (Fig. 2F). Additionally, in cells treated
with HSV (MOI = 1) and 6-AN, we observed a marked
increase in TKT and immune factor expression follow-
ing HSV infection. However, administration of 6-AN
diminished the increase in both TKT and antiviral
immune factors (Fig. 2G). These findings suggest that
the PPP regulates the expression of antiviral immune

(See figure on next page.)

Page 4 of 16

factors and plays a crucial role in the antiviral immune
response.

PPP participates in STING-mediated antiviralimmune
response

To investigate the relationship between STING and
PPP in antiviral immunity, we performed glycometabo-
lomic analysis on spleen tissues from WT and STING
knockout mice following HSV infection (5 X 10"6 PFU
per mouse). The analysis revealed a significant reduc-
tion in PPP metabolites in STING knockout mice com-
pared to WT mice post-HSV infection (Fig. 3A). This
suggests that STING may positively regulate the PPP,
indicating a synergistic role between the STING-medi-
ated antiviral immune response and PPP activity.

The role of STING in mediating antiviral immu-
nity has been extensively documented. To validate
STING’s involvement, we transfected STING-overex-
pressing cells with poly(dA:dT), a viral DNA mimic,
and assessed the production of antiviral immune fac-
tors (Fig. 3B). Subsequently, to investigate whether the
PPP is directly involved in STING-mediated antiviral
immunity, we transfected KYSE-30 cells overexpress-
ing STING with poly(dA:dT), followed by treatment
with the PPP inhibitor 6-AN and the non-oxidative
PPP inhibitor oxythiamine (OT) for 10 h [30]. The
metabolite content assay confirmed that these inhibi-
tors effectively suppressed PPP activity (Fig. 3C). More
importantly, qPCR analysis revealed that the addition
of 6-AN diminished the upregulation of inflammatory
factors induced by STING overexpression (Fig. 3D). To
further corroborate this, we used interferon stimula-
tory DNA (ISD), another DNA viral mimic, to activate
the viral response pathway in STING-overexpress-
ing cells, followed by OT treatment for 10 h. As with
poly(dA:dT), OT treatment reduced the expression of
antiviral immune factors (Fig. 3E). These results col-
lectively demonstrate that the PPP plays a crucial role
in STING-mediated antiviral immune responses. The
inhibition of key PPP enzymes significantly attenuates
the immune response induced by STING, highlighting
the importance of PPP in antiviral defense mechanisms.

Fig. 2 PPP participates in the antiviral immune response. A, B Analysis of metabolomics and metabolic pathway enrichment in spleens of control
(PBS) and HSV-treated mice (HSV-1, 5 x 1076 PFU/mouse, tail vein injection). Spleens were collected six days post-injection for analysis. C ELISA
detection of PPP pathway metabolites (TKT, R-5P, GSH) in KYSE-30 cells transfected with poly(dA:dT). D gPCR detection of inflammatory factors (IL-6,
CCL5, IFN-B) and PPP enzymes (TKT, G6PD) mRNA in poly(dA:dT)-transfected KYSE-30 cells. E Levels of IL-6, CCL5, IFN-, and TKT in KYSE-30 cells
treated with poly(dA:dT) and/or the PPP inhibitor 6-AN (10 uM, 8 h). F Levels of IL-6, CCL5, IFN-B3, and TKT in KYSE-30 cells treated with HSV (MOl = 1,
8 h) and/or 6-AN (10 UM, 8 h). Data are mean + SEM from three biological replicates. * p <0.05, ** p<0.01, *** p <0.001
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STING upregulates TKT

PPP consists of both oxidative and non-oxidative
branches, regulated by the rate-limiting enzyme G6PD
and TKT, respectively. Our previous results indicate
that DNA mimics specifically upregulate the mRNA
expression of TKT, the key enzyme of the non-oxi-
dative PPP, without affecting G6PD mRNA levels in
the oxidative branch (Fig. 2E). To further clarify how
STING influences the PPP, we conducted transcrip-
tome sequencing on intestinal tissues from WT and
STING knockout mice. Interestingly, transcriptomic
data revealed no significant changes in G6PD or TKT
mRNA expression between WT and STING knock-
out mice, suggesting that STING may not directly
regulate the transcription of these enzymes (Fig. 4A
and table S1). This observation was further corrobo-
rated by qPCR analysis in KYSE-30 cells overexpress-
ing STING, where no elevation in G6PD or TKT
mRNA levels was detected compared to parental cells
(Fig. 4B).

To investigate whether STING physically interacts
with PPP enzymes, we performed immunoprecipita-
tion using an anti-STING antibody, followed by mass
spectrometry analysis of the interacting proteins.
Notably, TKT was identified as a binding partner of
STING in this analysis (Fig. 4C). Reciprocal co-immu-
noprecipitation (Co-IP) assays confirmed the inter-
action between STING and TKT in KYSE-30 cells
(Fig. 4D). Moreover, STING overexpression enhanced
the protein levels of TKT, while the expression of
G6PD, despite being upregulated by HSV infection,
remained unaffected by STING (Fig. 4E). Immuno-
histochemical analysis of liver tissues from WT and
STING knockout mice further demonstrated a reduc-
tion in TKT expression in STING-deficient mice
(Fig. 4F). Additionally, the enzymatic activity of TKT
increased following STING overexpression (Fig. 4G),
indicating that STING can upregulate the non-oxida-
tive PPP by enhancing both the expression and activity
of TKT. Collectively, these results suggest that STING
directly promotes TKT function, thereby augmenting
the non-oxidative branch of PPP during the antiviral
immune response.

(See figure on next page.)
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STING stabilizes TKT through inhibiting its ubiquitination
STING enhances both TKT expression and its enzymatic
activity (Fig. 4E-G), but it does not appear to affect TKT
transcription (Fig. 4A, B). This led us to investigate the
role of post-translational modifications (PTMs) in regu-
lating TKT stability via STING. We immunoprecipitated
TKT and analyzed its complex via SDS-PAGE electro-
phoresis, but no significant phosphorylation was detected
using a pan-phosphorylation antibody (Fig. 5A). Previ-
ous studies have reported that ubiquitination of TKT
can occur [38]. To explore whether STING inhibits the
ubiquitination of TKT, thereby stabilizing its expression,
we transfected His-tagged ubiquitin (His-Ub) into 293
T cells for 24 h to enhance ubiquitination, followed by
treatment with the proteasome inhibitor MG132 for 10
h to block proteasome-mediated degradation. Immuno-
precipitation of TKT with anti-TKT antibodies followed
by SDS-PAGE revealed that TKT is ubiquitinated, and its
ubiquitination level was elevated by MG132 treatment
(Fig. 5B). Ubiquitination typically occurs via K48- or
K63-linked polyubiquitin chains. K48-linked ubiquitina-
tion often leads to proteasomal degradation, while K63-
linked ubiquitination is associated with processes such
as DNA damage response, protein sorting, autophagy,
and neurodegeneration. We determined the specific type
of ubiquitination in TKT and found that TKT primarily
undergoes K48-linked ubiquitination, rather than K63-
linked (Fig. 5C). Given that K48-linked ubiquitination
typically promotes degradation, we hypothesized that
STING may influence TKT protein levels by modulat-
ing this process. In STING-knockdown cells, K48-linked
ubiquitination of TKT was increased, whereas in STING-
overexpressing cells, it was reduced (Fig. 5D, E).

TKT has been identified as a target of the E3 ubiqui-
tin ligase UBE3A [39]. Mass spectrometry analysis of
proteins pulled down by STING identified UBE3A as an
interacting partner (Fig. 4C). Since both TKT (Fig. 4C)
and UBE3A were found to interact with STING, we
hypothesized that STING, UBE3A, and TKT may form
a complex. UBE3A likely mediates the ubiquitination
and degradation of TKT under STING regulation. To
test this, we used co-immunoprecipitation with anti-
bodies against STING, TKT, and UBE3A to exam-
ine whether these three proteins interact. Our results

Fig. 3 PPP mediates STING-facilitated antiviral immune response. A Analysis of glucose metabolomics in spleens from wild-type and STING
knockout mice injected with HSV via tail vein. B mRNA expression of inflammatory factors (IFN-B3, IL-6, CCL5) in STING-overexpressed KYSE-30 cells
transfected with poly(dA:dT). C Levels of TKT, G6PD, R-5P, and GSH in STING-overexpressed KYSE-30 cells treated with poly(dA:dT) and 6-AN or OT
(10 mM, TKT inhibitor) for 10 h. D Levels of STING and inflammatory cytokines (IFN-3, CCL5, IL-6) in STING-overexpressed KYSE-30 cells treated

with poly(dA:dT) and 6-AN. E mRNA expression of TKT and inflammatory cytokines (IFN-{3, CCL5, IL-6) in STING-overexpressed KYSE-30 cells treated
with ISD (DNA virus analogue) and OT. Data are mean + SEM from three biological replicates. * p <0.05, ** p<0.01, *** p <0.001
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Fig. 4 STING upregulates TKT. A Transcriptome sequencing analysis revealed mRNA expression of key PPP enzymes (TKT, G6PD) in wild-type

and STING knockout mice. B mRNA expression of TKT and G6PD in wild-type and STING-overexpressed cells detected by qPCR. C Co-IP using

an anti-STING antibody, followed by mass spectrometry to identify proteins interacting with STING. D Interaction between TKT and STING detected
by anti-TKT and anti-STING antibodies. E Expression of G6PD and TKT in STING-overexpressing KYSE-30 cells and HSV-infected cells. F IHC staining
of STING and TKT in liver tissues from wild-type and STING knockout mice. G TKT enzyme activity and mRNA expression of STING in KYSE-30 cells
treated with poly(dA:dT). Data are mean + SEM from three biological replicates. *** p <0.001; ns, no significance

confirmed the formation of a STING-TKT-UBE3A further investigate UBE3A’s role in TKT ubiquitina-
complex (Fig. 5F, G). Next, we assessed whether STING  tion, we knocked down UBE3A in 293 T cells using
influences UBE3A expression. In STING-overexpressing shUBE3A and transfected His-Ub to detect TKT ubiq-
cells, UBE3A protein levels were reduced, while STING  uitination. UBE3A knockdown reduced TKT ubiquitina-
knockout increased UBE3A expression (Fig. 5H). To tion (Fig. 5I). Since STING knockdown increases TKT

(See figure on next page.)

Fig. 5 STING stabilizes TKT by inhibiting UBE3A-mediated TKT ubiquitination. A Pan-phosphorylation antibody of serine and threonine was used

to detect TKT phosphorylation. B, C Identification of K48-linked ubiquitination of TKT in 293 T cells transfected with His-Ub and treated with MG132.
D, E STING downregulates K48-linked ubiquitination of TKT. F, G Detection of interactions among STING, TKT, and UBE3A using specific antibodies.
H Detection of the correlation between STING and UBE3A by western blots in KYSE-30 cells with STING knockdown and overexpression. I Effect

of UBE3A on the ubiquitination of TKT was detected by immunoprecipitation in KYSE-30 cells transfected with His-Ub and shUBE3A. J K48-linked
ubiquitination of TKT was detected by immunoprecipitation in STING-knocked down KYSE-30 cells transfected with His-Ub and shUBE3A. Data are
mean + SEM from three biological replicates
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K48-linked ubiquitination (Fig. 5D), we next co-trans-
fected shUBE3A and His-Ub into shSTING KYSE-30
cells and examined K48-linked ubiquitination of TKT.
UBE3A knockdown attenuated the shSTING-induced
increase in TKT ubiquitination (Fig. 5J). These results
demonstrate that UBE3A mediates STING-regulated
TKT ubiquitination. STING stabilizes TKT by inhibiting
UBE3A-mediated K48-linked ubiquitination, thus pre-
venting TKT degradation.

TKT participates in STING-mediated antiviral immune
response

We have demonstrated that STING upregulates TKT and
activates the non-oxidative PPP (Fig. 4). Next, we inves-
tigated whether this upregulation of TKT and activation
of the non-oxidative PPP mediates the antiviral immune
response initiated by STING. TKT was downregulated
using siTKT (Fig. 6A, B), and cells were activated with the
STING activator poly(dA:dT). The cytokine expression
levels in the supernatant of poly(dA:dT)-transfected cells
were then analyzed. After TKT knockdown, we observed
a decrease in the levels of IL-6 and IFN-f (Fig. 6C). To
further confirm the role of TKT in the antiviral immune
response, we transiently transfected KYSE-30 cells with
TKT siRNA and measured the mRNA levels of antiviral
immune factors after poly(dA:dT) co-treatment. TKT
knockdown significantly reduced the production of these
antiviral immune factors (Fig. 6D), while TKT overex-
pression increased the levels of antiviral immune factors
in poly(dA:dT)-treated cells (Fig. 6E). Additionally, over-
expressing TKT in STING-knockdown KYSE-30 cells
restored the antiviral immune response, reversing the
reduction of antiviral immune factors caused by STING
knockdown (Fig. 6F, G). These findings suggest that TKT
plays a key role in mediating STING-driven antiviral
immune responses (Fig. 7).

Discussion

In this study, we confirmed that HSV infection acti-
vates STING, leading to upregulation of the expression
and activity of TKT, a key enzyme in the non-oxidative
PPP. Silencing TKT during DNA virus infection reduced
the production of antiviral immune factors triggered
by STING activation, suggesting that TKT and the PPP

(See figure on next page.)
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are at least partially involved in the antiviral immune
response induced by STING. Mechanistically, STING
stabilizes TKT by downregulating K48-linked ubiq-
uitination, which typically marks proteins for degra-
dation (Fig. 7). Contrary to the traditional view that
increased host cell metabolism due to viral invasion pri-
marily provides energy for viral replication, our findings
demonstrate that virus-infected host cells activate the
PPP to promote innate immune responses against viral
infections.

To establish successful infection, viruses like HSV-1 and
human cytomegalovirus (HCMV) have evolved various
strategies to evade host antiviral immunity, promoting
viral infection and replication [40]. Studies have indi-
cated that viral infections lead to metabolic abnormalities
in host cells, favoring conditions for viral replication by
boosting cellular energy production. However, the poten-
tial for metabolic changes to aid in resisting viral infec-
tions remains unclear. Our findings support the notion
that host cell metabolic reprogramming can positively
influence the restriction of viral infection and replication.

The innate immune system serves as the first line
of defense against pathogens, with type I interferons,
inflammatory cytokines, and chemokines playing essen-
tial roles in early viral resistance [41]. The cGAS pathway
has garnered significant attention as a crucial signaling
route in resisting DNA virus infections. After the cyto-
solic DNA sensor cGAS detects dsDNA, it releases a
second messenger, initiating the translocation of STING
from the endoplasmic reticulum (ER) to the ER-Golgi
intermediate compartment (ERGIC), where STING is
phosphorylated by TBK1. This phosphorylation acti-
vates IRF3, leading to the production of type I interfer-
ons, cytokines, and chemokines [42, 43]. In this study, we
found viral infection also activates the PPP, a metabolic
pathway essential for the antiviral immune response.
Metabolomic analysis of HSV-infected mice revealed
that PPP is upregulated during infection, with STING
acting as a positive regulator of this pathway. Interest-
ingly, STING does not affect the transcription of key PPP
enzymes like G6PD and TKT. Instead, it interacts with
TKT, influencing its expression and enzymatic activity.
Further experiments demonstrated that STING stabilizes

Fig. 6 TKT mediates the antiviral immune response of STING. A Expression and enzyme activity of TKT in control and TKT siRNA KYSE-30 cells.

B ELISA detection of antiviral immune factors (IL-6, IFN-) in control and TKT siRNA KYSE-30 cells with or without poly(dA:dT). C gPCR detection
of inflammatory factors (CCL-5, IL-6, IFN-B) in control and TKT siRNA KYSE-30 cells with or without poly(dA:dT). D gPCR detection of inflammatory
factors in control and TKT overexpressing KYSE-30 cells with or without poly(dA:dT). E gPCR detection of inflammatory factors in control

and STING-knocked down KYSE-30 cells transfected with TKT expressing vector and/or poly(dA:dT). Data are mean + SEM from three replicates

in each group. ** p<0.01; *** p<0.001
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Fig. 7 Schematic diagram depicting that STING exerts antiviral
innate immune response by activating pentose phosphate pathway.
DNA virus infection activates the PPP in host cells, thereby initiating
STING-mediated antiviral immune response. STING interacts with TKT,
a key enzyme in the non-oxidative branch of the PPP, and reduces

its ubiquitination via the E3 ubiquitin ligase UBE3A, stabilizing TKT
and upregulating PPP

TKT by inhibiting K48-linked ubiquitination, mediated
by the E3 ubiquitin ligase UBE3A.

TKT is crucial in the non-oxidative arm of the PPP,
where it produces phosphorylated ribose, a key com-
ponent for DNA repair. The role of TKT in cancer pro-
gression is well-established, as TKT-driven metabolic
reprogramming promotes malignancy and metastasis in
various cancers [44, 45]. Our previous research revealed
that TKT promotes the progression of esophageal can-
cer. However, the specific role of TKT in viral infections
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remains unclear. Although we demonstrated that TKT
inhibition reduces the production of antiviral immune
factors, future research should explore whether this
occurs through STING's classical interferon activation
pathway or via alternative signaling mechanisms.

While previous studies on TKT have primarily focused
on its enzymatic regulation, recent structural biol-
ogy research suggests that TKT is a docking target for
UBE3A, an E3 ubiquitin ligase [39]. Our mass spectrom-
etry and immunoprecipitation assays confirmed that
STING, TKT, and UBE3A form a ternary complex, with
UBE3A mediating K48-linked ubiquitination and deg-
radation of TKT. This provides insight into how STING
negatively regulates UBE3A, and hence enhances TKT
by reducing K48-linked ubiquitination. Disruptions in
immune and metabolic homeostasis underlie various
inflammation-related pathologies [46]. For instance, a
high-fat diet can induce STING-related cytokine pro-
duction and alter anabolic balance [47]. As downstream
effectors of STING, TBK1 and IRF3 are also known to
regulate metabolic pathways [48], including fatty acid
metabolism [49]. Additionally, fatty acid biosynthesis has
been shown to modulate the expression of interferon by
regulating the expression of interferon stimulated genes
(ISGs) [50]. Our research suggests that classical immune
signaling may be interconnected with metabolic path-
ways, providing new insights in the antiviral responses.

The classical STING pathway activates TBK1 and
IRF3, inducing the production of type I interferons
and other antiviral immune factors. Our investiga-
tion into STING glycosylation revealed that HSV-1
infection enhances glucose metabolism in host cells,
significantly activating the hexosamine biosynthetic
pathway (HBP) and supplying donor glucosamine for
O-GlcNAc glycosylation. Glycosylation of STING at
serine 229, followed by K63-linked ubiquitination, pro-
motes its antiviral activity [51]. However, mutations in
STING’s S365 phosphorylation site have been shown
to impair downstream signaling, reducing its antivi-
ral potency [52]. STING has been reported to exhibit
interferon-independent antiviral functions in immune
cells, indicating that its role extends beyond the path-
way [53, 54]. While we did not perform in vivo valida-
tion of PPP agonists or inhibitors to assess survival in
virus-infected mice, our cell-based studies confirm that
STING enhances TKT expression, thereby contributing
to antiviral immunity. Future research should explore
the specific mechanisms through which the PPP influ-
ences the production of antiviral immune factors and
validate these findings in animal models.
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Methods

Experimental animals

All animal experiments were conducted in accordance
with the National Science and Technology Commission
of China’s Guidelines for the Care, Use, and Welfare of
Experimental Animals. C57BL/6 ] mice and STING™/~
mice were obtained from Cyagen Biological Technology
Co. (Suzhou, China) and acclimatized under controlled
conditions (22—24 °C, 50—60% humidity, 12-h light/
dark cycle) with ad libitum access to food and water.
Mice were randomly assigned to experimental groups
for drug treatment. Validation of STING knockout
status was confirmed by qPCR and Western blotting
before starting the experiments [55].

HSV infection of mice

Seven-to-ten-week-old WT and STING~/~ mice were
infected intravenously with 5 x 10° plaque-forming
units (PFU) of HSV-1 (Cat# H129-G4, genechem,
Shanghai, China). Six days post-injection, serum and
tissue samples (spleen, liver, lungs) were harvested for
immune profiling and histological analysis, including
immune assays and tissue-specific changes in response
to HSV-1 infection [56].

Metabolomics sequencing

Weight- and age-matched WT and STING knockout
(STING™'~) mice were divided into six experimen-
tal groups (five mice per group) along with gender-
matched controls. Mice were injected intravenously
with 5 X 10° PFU of HSV-1. Growth and health condi-
tions of mice were monitored daily. After approximately
one week, mice were euthanized, and the spleens were
collected. Metabolomic analyses were conducted on
three independent replicates from each group to com-
pare the metabolic profiles of WT and STING '~ mice,
with and without HSV-1 infection [30].

Cell culture

KYSE-30 cells were cultured in RPMI1640 medium
supplemented with 10% fetal bovine serum (FBS) and
100 U/ml penicillin and streptomycin (Life Technolo-
gies, Carlsbad, CA), and incubated at 37 °C with 5%
CO,. 293 T cells were maintained in DMEM supple-
mented with 10% FBS under the same conditions.

Cell line construction

The full-length STING gene was cloned into the V3
vector, tagged with Flag and HA tags. Agarose gel elec-
trophoresis and vector primer sequencing were used to
confirm the successful construction of the plasmid. The
V3 plasmid, along with the lentiviral packaging plasmid
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psPAX2 and envelope plasmid pMD2.G, was co-trans-
fected into 293 T cells using Lipofectamine 2000 in 100-
mm cell culture dishes. Supernatants of the cell culture
were centrifuged and filtered and applied for the infec-
tion. Infected cells were selected with puromycin. Sta-
ble colonies were expanded, and the STING-expressing
cell lines were verified by qPCR and Western blotting.
STING knockdown vectors were obtained from GeneP-
harma Company (Shanghai, China), and lentiviral
transduction followed standard protocols [57].

siRNA transfection and PPP inhibition

KYSE-30 cells were transfected with small interfer-
ing RNAs (siRNAs) targeting TKT and control siRNAs
using standard transfection protocols. The sequences of
the siRNAs are listed in the Table 1. TKT silencing effi-
ciency was verified by quantitative PCR (qPCR) and
Western blotting 48 h post-transfection. After silencing
TKT and infecting cells with poly(dA:dT), inflammatory
factor expression was assessed using immunoblotting
and qPCR. Additionally, PPP metabolites were quantified
using enzyme-linked immunosorbent assays (ELISAs).
PPP pathway inhibitors 6-AN and OT, purchased from
Jiangsu Taozhu Biotechnology, were prepared according
to the manufacturer’s instructions and used in subse-
quent experiments [30].

Western blotting

Proteins were separated by SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes.
Membranes were blocked with 5% skim milk (Santa Cruz
Biotechnology) and incubated overnight with primary

Table 1 Primer sequences of gene/siRNA

Gene/siRNA Primers Primer Sequences

TKT-human forward primer CGCCAATACAAAGGGTATCTG

GAPDH-human

reverse primer
forward primer

reverse primer

TTTCTTTCTTCAGCAGTTCGG
AACGGATTTGGTCGTATTGG
TTGATTTTGGAGGGATCTCG

STING-human forward primer AGCATTACAACAACCTGCTACG
reverse primer GTTGGGGTCAGCCATACTCAG
CCL-5-human forward primer CCAGCAGTCGTCTTTGTCAC
reverse primer CTCTGGGTTGGCACACACTT
IL-6-human forward primer TGGCTGCAGGACATGACAACT
reverse primer ATCTGAGGTGCCCATGCTACA
IFN-B-human forward primer CAACAAGTGTCTGCTCGAAAT
reverse primer TCTCCTCAGGGATGTCAAAG
G6PD-human forward primer AACATCGCCTGCGTTATCCTC
reverse primer ACGTCCCGGATGATCCCAA
SIRNA-TKT forward primer CCGGCAAAUACUUCGACAATTA
reverse primer UUGUCGAAGUAUUGCCGGTT
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Table 2 Source and dilution of antibody

Antibody Company (item number) Dilution

STING Abcam (ab129153) IHC: 1:200 WB: 1:10,000
STING Proteintech (19,851-1-AP) WRB:1:1000 IHC:1:2000
TKT Santa Cruz (sc-390179) IHC: 1:100 Co-IP: 1:50
TKT Abcam (ab56788) WB: 1:1000

UBE3A ZEN-BIOSCIENCE (R27404) WB: 1:1000

B-actin Proteintech (60,008-1-1g) WAB: 1:10,000

IgG(M) Santa Cruz (sc-2025) IHC: 1:200

K48-ub Abcam (ab140601) WB:1:2000

His-ub Proteintech (66,005-1-1g) WB:1:1000

K63-ub Abcam (ab179434) WB:1:1000

I9G(R) Proteintech (30,000-0-AP) IP:0.5ug-1ug

antibodies (Table 2). After washing with tris-buffered
saline with Tween 20 (TBST), HRP-conjugated second-
ary antibodies were added, and protein bands were visu-
alized using chemiluminescence [58].

RNA extraction and qPCR

Total RNA was extracted from cells using the Tri-
zol method, following the manufacturer’s instructions
(Thermo Fisher Scientific, Waltham, MA, USA). The
extracted RNA was reverse transcribed into comple-
mentary DNA (cDNA) using a reverse transcription kit
(Vazyme, Nanjing, China). qPCR was performed using
ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Nanjing, China) with GAPDH as the internal control.
Data were analyzed using the 24-AACT method. All
experiments were repeated at least three times for con-
sistency [58].

Co-Immunoprecipitation (Co-IP)

Cell lysates were prepared and incubated with primary
antibodies overnight at 4 °C. Protein A/G agarose
beads (Cat# 37478, proteintech, China) were added,
and the mixtures were incubated for 2 h at 4 °C. After
washing, protein-bound beads were subjected to SDS-
PAGE followed by immunoblotting to detect protein
interactions [59].

ELISA determination of cytokines

Cells were treated with poly(dA:dT) or PPP inhibitors
and harvested via trypsin digestion. Cell pellets were
washed twice with PBS and lysed using RIPA buffer.
Cytokines was quantified using ELISA kits (Solarbio,
China) according to the manufacturer’s protocols [51].
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Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue sections
were deparaffinized and rehydrated, followed by anti-
gen retrieval in sodium citrate buffer. After block-
ing endogenous peroxidase with hydrogen peroxide
and washing with PBS, sections were blocked with 3%
bovine serum albumin. Primary antibodies (Table 2)
conjugated with HRP were applied overnight at 4 °C.
The next day, sections were incubated with secondary
antibodies, and signal development was carried out
using 3,3’-diaminobenzidine (DAB) (Dako, Heverlee,
Belgium). Counterstaining was performed with hema-
toxylin [60].

His-Ub transfection and ubiquitination detection
STING-overexpressing or knockdown cells were co-
transfected with the His-Ub plasmid and shUBE3A
plasmid. Cells were treated with MG132 (10 uM) for
12 h to block proteasomal degradation. Ubiquitinated
TKT was detected by immunoprecipitation using anti-
His antibodies, followed by Western blotting. The shU-
BE3A plasmid was obtained from the Wang Lab at Jilin
University, and transfections were carried out following
the manufacturer’s instructions [27].

RNA-mediated interference

siRNAs targeting human TKT and UBE3A, along with
non-targeting control siRNAs, were synthesized by
GenePharma (Shanghai, China) and transfected into
293 T cells using Lipofectamine 2000 (Invitrogen, Carl-
sad, CA, USA). The final siRNA concentration was 30
nM. Gene silencing efficiency was assessed using qPCR
and western blotting [27].

Enzyme activity detection

The stably transfected KYSE-30 cells were counted and
seeded into a six-well plate at a density of 1 x 10° cells
per milliliter. The cells were then treated according to
the experimental design. After completion of the treat-
ment, the cells were digested with trypsin to obtain cell
suspension, which was subsequently washed twice with
PBS. RIPA lysis buffer was added to lyse the cells for 30
min. Then the lysate was centrifuged at 3,000 rpm for
20 min at 4 °C. The supernatant was collected, and the
protein concentration was quantified. Enzyme activity
kits (Solarbio, China) were used for detecting the activ-
ities of TKT and G6PD [27].

Identification of STING interacting proteins

STING antibodies were used to pull down STING
and its interaction proteins. SDS-PAGE was per-
formed to isolate the proteins. The gel was stained with
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