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Inhibition of ACLY overcomes cancer immunotherapy
resistance via polyunsaturated fatty acids peroxidation
and cGAS-STING activation
Wei Xiang1†, Hongwei Lv1,2,3†, Fuxue Xing1†, Xiaoyan Sun4†, Yue Ma1, Lu Wu5, Guishuai Lv2,3,
Qianni Zong2,3, Liang Wang2,3, Zixin Wu1, Qiyu Feng1, Wen Yang1,2,3,6,7*,
Hongyang Wang1,2,3,4,6,7*

Adenosine 50-triphosphate citrate lyase (ACLY) is a cytosolic enzyme that converts citrate into acetyl–coenzyme
A for fatty acid and cholesterol biosynthesis. ACLY is up-regulated or activated in many cancers, and targeting
ACLY by inhibitors holds promise as potential cancer therapy. However, the role of ACLY in cancer immunity
regulation remains poorly understood. Here, we show that ACLY inhibition up-regulates PD-L1 immune check-
point expression in cancer cells and induces T cell dysfunction to drive immunosuppression and compromise its
antitumor effect in immunocompetent mice. Mechanistically, ACLY inhibition causes polyunsaturated fatty acid
(PUFA) peroxidation and mitochondrial damage, which triggers mitochondrial DNA leakage to activate the
cGAS-STING innate immune pathway. Pharmacological and genetic inhibition of ACLY overcomes cancer resis-
tance to anti–PD-L1 therapy in a cGAS-dependent manner. Furthermore, dietary PUFA supplementation mirrors
the enhanced efficacy of PD-L1 blockade by ACLY inhibition. These findings reveal an immunomodulatory role
of ACLY and provide combinatorial strategies to overcome immunotherapy resistance in tumors.
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INTRODUCTION
Currently, immune checkpoint blockade has achieved tremendous
clinical breakthroughs in cancer immunotherapy (1–3). Pro-
grammed death ligand 1 (PD-L1) is abundantly expressed in
various tumors and has immunoregulatory function by dampening
the immune response when bound to its receptor programmed cell
death 1 (PD-1) on activated T cells (4). Blockade of the PD-1/PD-L1
axis markedly enhances T cell response and has exhibited dramatic
antitumor efficacy in various types of advanced cancers (1–3). Un-
fortunately, the sustained benefit of PD-1/PD-L1 immune check-
point blockade has been limited to approximately 20% of all
malignancies presumably due to inadequate immune activation
and there is increasing evidence of primary and adaptive resistance
to immune checkpoint blockade in multiple cancer types (5, 6).
Therefore, extensive efforts are underway to develop novel thera-
peutic strategies to potentiate immunotherapy efficacy and over-
come immunotherapy resistance (7). Growing pieces of evidence
have shown that cancer cell metabolism plays a crucial role in the
regulation of antitumor immune response (8, 9). We have also re-
cently demonstrated that nicotinamide adenine dinucleotide

(NAD+) metabolism drives tumor immune evasion and NAD+ re-
plenishment sensitizes anti–PD-(L)1 [αPD-(L)1] therapy-resistant
tumors to immunotherapy (10).

Enhanced lipid synthesis is among the most prominent metabol-
ic hallmarks of cancer (11, 12). Adenosine 50-triphosphate citrate
lyase (ACLY) is a cytosolic enzyme that converts mitochondria-
derived citrate into acetyl–coenzyme A (CoA), which is a precursor
for de novo biosynthesis of fatty acids and cholesterol and is also
required for acetylation reactions that modify proteins (13). ACLY
is highly expressed in several types of cancers, supporting prolifer-
ation and maintaining stemness, and making this enzyme an attrac-
tive target for the treatment of cancer (14–17). ACLY has the
advantage of being upstream of other lipogenic enzymes, and there-
fore, it is the preferential target to block de novo lipogenesis. ACLY
inhibitors, previously developed for metabolic disorders, have re-
cently drawn great interest as promising anticancer agents (13). In
particular, bempedoic acid (BemA; also named ETC-1002) has been
recently approved by U.S. Food and Drug Administration (FDA) for
lowering low-density lipoprotein cholesterol (18). Although ACLY
inhibition has been shown to inhibit cancer cell proliferation, the
role of ACLY inhibition in tumor immunity and immunotherapy
efficacy remains poorly understood.

cGMP-AMP (cGAMP) synthase (cGAS) is a cytosolic DNA
sensor that activates innate immune responses (19, 20). Aberrant
cytoplasmic DNA accumulation or cytosolic leakage of self-DNA
is detected by cGAS, which catalyzes the synthesis of the second
messenger cGAMP that binds and directly activates its downstream
target, stimulator of interferon genes (STING) (19, 20). STING then
activates TANK-binding kinase 1 (TBK1) to phosphorylate and ac-
tivate interferon regulatory factor 3 (IRF3), which further induces
the production of type I interferons (IFNs) and IFN-stimulated
genes (ISGs) to promote cytotoxic T cell recruitment into tumors
(21). cGAS-STING agonists are therefore being developed as a
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promising cancer therapeutic (22, 23). However, cGAS-STING
agonist monotherapy has encountered profound cancer resistance
in clinical trials (22, 23).

Emerging evidence has demonstrated that the regulation of
tumor immunity by the cGAS-STING pathway is dichotomous
(21, 24). For instance, cGAS-STING activation has been shown to
drive immune evasion and metastasis by up-regulating the expres-
sion of PD-L1 on the surface of cancer cells (25). Thus, pharmaco-
logical activation of cGAS-STING alone may carry the side effect of
immunosuppression. Nevertheless, tumor PD-L1 expression is a
widely used and accepted biomarker of response to immune check-
point inhibitors (26). Therefore, combined cGAS-STING agonists
with immune checkpoint blockade can mechanistically synergize
to repress tumor progression. In preclinical cancer models and clin-
ical trials, the combination of cGAS-STING agonists and immune
checkpoint blockade has achieved strong and durable efficacy
(27, 28).

In the current study, we discover that inhibition of ACLY leads to
immunosuppression and compromises its antitumor effect in im-
munocompetent mice by polyunsaturated fatty acid (PUFA) perox-
idation–induced cGAS-STING activation and PD-L1 up-
regulation. Moreover, low ACLY expression correlates with cGAS-
STING activation and exhausted T cell infiltration in human
cancers. We further show that ACLY inhibition overcomes cancer
resistance to αPD-L1 therapy in a cGAS-dependent manner and
dietary PUFA supplementation is sufficient to mimic the enhanced
efficacy of PD-L1 blockade by ACLY inhibition, providing promis-
ing combinational strategies for immunotherapy-resistant
tumors therapy.

RESULTS
ACLY inhibition up-regulates PD-L1 expression in cancer
cells and induces T cell dysfunction
To interrogate specific functions of ACLY, we disrupted Acly in
wild-type murine liver cancer cells (Hepa1-6) by short hairpin–
mediated RNA interference (shAcly). A reduction in ACLY was
confirmed at the protein level (fig. S1A). In addition, BemA, an
FDA-approved low-density lipoprotein cholesterol-lowering
agent, was used to block the Acly enzyme activity of Hepa1-6
cells with high expression of very long-chain acyl-CoA synthetase
1 (ACSVL1) (fig. S1B), which is the enzyme that activates the
BemA prodrug to bempedoyl-CoA, lastly inhibiting ACLY (18).
To investigate the role of ACLY in tumor immunity, Acly-deficient
cells or control cells were inoculated subcutaneously into the flanks
of immunodeficient mice and immunocompetent mice, respective-
ly. As expected, Acly deficiency significantly inhibited tumor
growth in nude mice (Fig. 1, A and B, and fig. S1, C and D), con-
sistent with previous reports (14, 15). Unexpectedly, shAcly cell and
shCtrl cells developed comparable-sized tumors in immunocompe-
tent C57BL/6 mice (Fig. 1, A and B, and fig. S1, C and D). Similar
results were observed when tumor ACLY was inhibited by BemA
(fig. S1, E and F). Consistent with the observations made in nude
mice, a notable inherent delay in tumor proliferation was observed
in C57BL/6 mice (fig. S1G). These data indicate that the compara-
tively faster growth of Acly-deficient tumors in immunocompetent
C57BL/6 mice, as compared to nude mice, can be attributed to the
immunosuppressive effects resulting from ACLY inhibition.

To further investigate the mechanism of immunosuppression
mediated by ACLY inhibition, we analyzed the correlation
between ACLY and T cell–related immune checkpoint molecule ex-
pression in a dataset of human hepatocellular carcinoma (HCC), the
most common type of liver cancer (29), and a significant negative
correlation between ACLY and PD-L1 was observed (Fig. 1C). PD-
L1 expression in Acly-deficient tumors was significantly higher
than that in control tumors (Fig. 1D and fig. S1H), accompanied
by increased infiltration of exhausted CD8+ T cells with high PD-
1 expression (Fig. 1, E and F). In addition, up-regulation of PD-L1
in cancer cells after ACLY inhibition was further confirmed at both
transcriptional and protein levels by in vitro studies (fig. S1, I to L).
In contrast, no significant changes of major histocompatibility
complex class I expressions were observed in shAcly cells versus
shCtrl cells, suggesting that ACLY loss of tumor cells had little
effect on antigen presentation in our models (fig. S1M).

To further clarify the role of ACLY in tumor immunity, we com-
pared the growth of murine pancreatic cancer cells (Pan02) with
Acly knockdown in culture versus immunocompetent mice. Acly
deficiency markedly repressed cancer cell proliferation in vitro
(Fig. 1, G and H) but had no obvious difference in tumor growth
in C57BL/6 mice (Fig. 1, I and J, and fig. S1, N and O), further con-
firming the immunosuppressive effect of ACLY inhibition compro-
mising its antitumor effect in pancreatic cancer. Similar to liver
cancer, ACLY expression was negatively correlated with PD-L1
immune checkpoint in the human pancreatic ductal adenocarcino-
ma (PDAC) dataset (Fig. 1K). Furthermore, compared with control
tumors, shAcly tumors displayed increased PD-L1 expression
(Fig. 1L) and T cell dysfunction, as shown by increased infiltration
of exhausted CD8+ T cells with high PD-1 expression and impaired
function of CD8+ T cells to secrete IFN-γ and granzyme B (GZMB)
(Fig. 1, M to Q). The representative gating strategy used for flow
cytometry analysis was shown in fig. S1P. Therefore, these results
imply that ACLY inhibition up-regulates PD-L1 expression in
cancer cells and induces T cell dysfunction.

ACLY inhibition leads to cGAS-STING activation
We next investigated the mechanism involved in ACLY inhibition–
mediated up-regulation of PD-L1 and T cell dysfunction. Gene set
enrichment analysis (GESA) [Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis] in pancreatic cancer from
The Cancer Genome Atlas (TCGA) showed that ACLY was highly
and negatively interrelated with cytoplasmic DNA sensing signaling
(Fig. 2A). Similarly, Acly-deficient cells exhibited a notable enrich-
ment of genes associated with cytoplasmic DNA sensing signaling
(Fig. 2B). As a classic cytoplasmic DNA sensing signaling pathway,
the cGAS-STING pathway is known to play a key role in tumor im-
munity by regulating PD-L1 expression in tumor cells and recruit-
ing T cells (21). We further explored whether ACLY inhibition
activated cGAS-STING signaling and found that ACLY knockdown
up-regulated cGAS expression and induced downstream Sting sig-
naling activation in Pan02, B16, and Hepa1-6 cells, as evidenced by
the phosphorylation of Sting, Tbk1, and Irf3 proteins (Fig. 2, C and
D). Similarly to ACLY deficiency, ACLY inhibitor BemA treatment
effectively inhibited ACLY activity in Hepa1-6 cells in vitro and
further led to cGAS-STING signaling activation, as evidenced by
increases in p-Sting and p-Irf3 protein levels (Fig. 2, E and F),

It is known that cGAS activates downstream STING by produc-
ing cGAMP (19, 20). As shown in Fig. 2G, more cGAMP
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Fig. 1. ACLY inhibition up-regulates PD-L1 expression in cancer cells and induces T cell dysfunction. (A and B) Tumor growth (A) and relative tumor burdens (B) in
immunodeficient nude mice and immunocompetent C57BL/6 mice injected subcutaneously with shAcly or shCtrl Hepa1-6 cells for 2 to 3 weeks. One additional inde-
pendent experiment was performed that yielded similar results [fig. S1, (C) and (D)]. (C) Pearson’s correlation between ACLY and T cell immune checkpoint molecules in
human hepatocellular carcinoma (HCC) dataset (GSE45436) (n = 134 patients). (D) Flow staining and mean fluorescence intensity (MFI) of surface Pd-l1 of CD45− cells in
indicated Hepa1-6 tumors. (E and F) Flow staining and frequency of indicated cells in indicated Hepa1-6 tumors. (G andH) CCK-8 (G) and plate colony formation assay (H)
for assessing the cell proliferation of shAcly or shCtrl Pan02 cells. (I and J) Tumor growth (I) and tumor burdens (J) in C57BL/6 mice injected subcutaneously with shAcly or
shCtrl Pan02 cells for 3 weeks. One additional independent experiment was performed that yielded similar results [fig. S1, (N) and (O)]. (K) Pearson’s correlation between
ACLY and T cell immune checkpoint molecules in human PDAC dataset (GSE184585) (n = 82 patients). (L) Flow staining andMFI of surface Pd-l1 of CD45− cells in indicated
Pan02 tumors. (M toQ) Flow staining and frequency of indicated cells in indicated Pan02 tumors. n = 5mice per group from one independent experiment [(A), (B), (I), and
(J)]; n = 3 biological replicates from one independent experiment [(D) to (F) and (L) to (Q)]; n = 5 biological replicates from one independent experiment (G). Statistical
significancewas assessed by two-way analysis of variance (ANOVA) [(A), (G), and (I)] and unpaired t test [(B), (D) to (F), (J), and (L) to (Q)]; *P < 0.05; **P < 0.01; ***P < 0.001; n.
s., not significant; OD450, optical density at 450 nm.
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Fig. 2. ACLY inhibition leads to cGAS-STING activation. (A) GSEA (KEGG pathway analysis) of ACLY in pancreatic cancer from TCGA. (B) GSEA analysis of RNA sequence
data showing a significant enrichment of genes associated with cytoplasmic DNA sensing signaling in shAcly cells versus shCtrl cells. (C and D) Immunoblot analysis of
Acly, cGAS, p-Sting, Sting, p-Tbk1, Tbk1, p-Irf3, and Irf3 expressions in Pan02, B16, and Hepa1-6 cells with Acly knockdown or not. (E) Quantification of ACLY activity by
ELISA in Hepa1-6 cells with BemA treatment (30 μM) or not. (F) Immunoblot analysis of cGAS, p-Sting, and p-Irf3 expression in Hepa1-6 cells with BemA treatment (30 μM)
or not. (G) Quantification of intracellular cGAMP levels by ELISA in Pan02 cells and B16 cells with Acly knockdown or not. (H) Immunoblot analysis of cGAS and Pd-l1
expression in cGAS knockout (KO) or wild-type (WT) Pan02 and B16 cells with Acly knockdown or not. (I) Immunoblot analysis of cGAS, p-Sting, and p-Irf3 expression in
cGAS KO or WT Pan02 cells with Acly knockdown or not. (J toM) qPCR analysis of Pd-l1 (J), Ifn-β (K), Ccl5 (L), and Cxcl10 (M) mRNA expressions in Pan02 cells and B16 cells
with Acly knockdown or not after HT-DNA stimulation. n = 3 biological replicates from one independent experiment (B and J to M); n = 3 biological replicates from three
independent experiments [(C), (D), (F), (H), and (I)]; n= 9 biological replicates from three independent experiments (E) and data are shown asmeans ± SEM; n = 4 biological
replicates from two independent experiments (G) and data are shown as means ± SEM. Statistical significance was assessed by one-way ANOVA [(C) and (H) to (M)] and
unpaired t test [(D) to (G)]; *P < 0.05; **P < 0.01; ***P < 0.001.
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production was observed after ACLY inhibition, further confirming
the direct activation of ACLY inhibition on cGAS. Furthermore,
ACLY inhibition failed to activate the downstream STING signaling
and induce PD-L1 expression when cGAS was knocked out (Fig. 2,
H and I), excluding the cGAS-independent activation of the STING
pathway by ACLY inhibition. In addition, cGAS-STING pathway
downstream targets PD-L1 and Ifn-β, as well as ISGs (Ccl5 and
Cxcl10), which are responsible for T cell recruitment, were up-reg-
ulated after Acly deficiency, and these target genes were more sig-
nificantly elevated under double-stranded DNA (dsDNA)
stimulation (Fig. 2, J to M). Furthermore, as T cells also express
PD-L1 (5, 6), we further tested the role of pharmacologic ACLY in-
hibition in T cells. Since BemA is a liver-specific ACLY inhibitor, we
used another effective and specific ACLY inhibitor (SB204990) (30)
to inhibit the ACLY activity of T cells. The inhibition of ACLY ac-
tivity was confirmed in the human T lymphocyte cell line (Jurkat)
after SB204990 treatment (fig. S2A). As shown in fig. S2 (B and C),
pharmacologic inhibition of ACLY in T cells failed to activate the
cGAS-STING pathway or up-regulate PD-L1, suggesting that
ACLY inhibition–induced PD-L1 expression may be cancer cell–
specific. Collectively, these findings suggest that ACLY inhibition
in cancer cells activates the cGAS-STING pathway to increase
PD-L1 and promote T cell recruitment.

ACLY inhibition–induced mitochondrial damage triggers
mtDNA leakage to activate cGAS-STING signaling
We next sought to elucidate the mechanism involved in ACLY
inhibition–induced cGAS-STING activation. Since the cGAS-
STING pathway is known to functionally detect the presence of cy-
tosolic DNA (19, 20), we first tested whether ACLY inhibition
causes an increase in cytosolic DNA, thereby triggering activation
of the cGAS-STING signaling. In theory, cytosolic DNA could orig-
inate from either the nucleus or the mitochondria. To determine the
source of cytosolic DNA after Acly deficiency, we purified DNA
from cytosolic extracts and found that cytosolic DNA in Acly-defi-
cient cells was mainly mtDNA, as evidenced by increases in Nd1
and Cox1, instead of nuclear DNA, as represented by Tert (fig.
S3A). A markedly increased amount of cytosolic dsDNA outside
of the mitochondria was observed in Acly-deficient cells in compar-
ison to shCtrl cells (Fig. 3A), supporting ACLY inhibition–induced
mtDNA release.

To further investigate whether mtDNA release into the cytosol is
responsible for activation of the cGAS-STING signaling in Acly-de-
ficient cells, an established protocol for depleting cellular mtDNA
by low-concentration ethidium bromide (EtBr) was used (31). As
expected, depletion of cellular mtDNA substantially diminished
Acly knockdown–induced increases in cGAS, p-Sting, and p-Irf3
protein levels (Fig. 3B), as well as Ifn-β mRNA levels (Fig. 3C). Fur-
thermore, ACLY inhibition caused mitochondrial damage and dys-
function, as shown by a reduction in oxygen consumption rate
(OCR) (Fig. 3D) and a marked increase in mitochondrial reactive
oxygen species (ROS) after knockdown of Acly expression
(Fig. 3E). As shown in Fig. 3E, more oxidative damages of cytosolic
DNA outside of the mitochondria were observed in Acly-deficient
cells in comparison to shCtrl cells, suggesting that ACLY inhibition
leads to the release of oxidized mtDNA. Of note, mitochondria-tar-
geted antioxidant mitoTEMPO completely blocked the increase in
mitochondrial ROS after Acly deficiency (fig. S3B) and substantially
diminished Acly inhibition–induced Pd-l1, p-Sting and p-Irf3

protein levels as well as Ifn-β mRNA levels (Fig. 3, G to I). Together,
these findings suggest that ACLY inhibition induces mitochondrial
damage and dysfunction, resulting in the release of oxidized
mtDNA into the cytosol to activate cGAS-STING signaling in
cancer cells.

ACLY inhibition causes PUFA peroxidation to induce
mitochondrial damage and cGAS-STING activation
We further assessed how ACLY inhibition induced mitochondrial
damage. Cancer cells often sustain higher de novo fatty acid synthe-
sis to prevent the uptake of excessive PUFAs, which renders cells
more susceptible to apoptosis through lipid peroxidation (32). As
ACLY is the key enzyme of de novo fatty acid synthesis, we hypoth-
esized that ACLY inhibition might lead to intercellular PUFA accu-
mulation. Excitingly, liquid chromatography–mass spectrometry
(LC-MS) lipidomic analysis showed that Acly deficiency in Pan02
cells increased the levels of omega 3 (n-3) and n-6 PUFAs, including
α-linolenic acid (ALA) (18:3), arachidonic acid (ARA) (20:4), and
eicosapentaenoic acid (EPA) (20:5) (Fig. 4A). Moreover, increased
expression of fatty acid transporter CD36, also known as a fatty acid
translocase, which is responsible for fatty acid uptake, was observed
after ACLY knockdown in cancer cells (Fig. 4B). In addition, tumor
ACLY expression negatively correlated with CD36 expression in
human cancer (Fig. 4C and fig. S3C). Therefore, these results
suggest that ACLY inhibition facilitates the uptake of excessive
PUFAs in cancer cells. Furthermore, we also revealed that excessive
PUFA supplementation reduced de novo fatty acid synthesis, as ev-
idenced by decreased ACLY (fig. S3D). Therefore, both the ACLY
loss and PUFA supplementation resulted in decreased de novo
fatty acid synthesis and increased PUFA uptake.

It is accepted that PUFAs are highly susceptible to lipid peroxi-
dation under oxidative stress (33). As a maker of lipid peroxidation
(34), malondialdehyde (MDA) production was significantly elevat-
ed after PUFA supplementation (Fig. 4D). Similarly, Acly knock-
down markedly enhanced MDA levels in cancer cells (Fig. 4E). In
line with ACLY inhibition (Fig. 3E), PUFA (ALA, ARA, or EPA)
treatment led to mitochondrial damage, as evidenced by increased
mitochondrial ROS (Fig. 4F). Blockade of PUFA uptake by the
CD36 inhibitor, sulfosuccinimidyl oleate (SSO) (35), effectively
reduced the elevated mitochondrial ROS in Acly-deficient cells
(Fig. 4G), indicating that ACLY inhibition–induced mitochondrial
damage depends on PUFA accumulation.

We next examined whether ACLY inhibition–induced PUFA
peroxidation was responsible for cGAS-STING activation. Consis-
tent with ACLY inhibition, PUFA (ALA, ARA, or EPA) treatment
obviously activated the cGAS-STING pathway in cancer cells
(Fig. 4H). Moreover, in contrast to ALA, treatment with docosahex-
aenoic acid (DHA) (22:6) had little effect on the cGAS-STING
pathway activation (fig. S3E), suggesting that different types of
PUFAs may have distinct effects, at least in pancreatic cancer and
melanoma. In addition, although LA (18:2) was not detected in
Pan02 cells by LC-MS lipidomic analysis, which could possibly be
attributed to its low abundance within the in vitro cell culture
system, excessive exogenous LA supplementation was also observed
to induce mitochondrial damage and activate the cGAS-STING
pathway, as supported by elevated p-Sting and p-Irf3 protein
levels as well as Ifn-β mRNA levels (fig. S3, F to H). Furthermore,
depletion of mitochondrial ROS abrogated PUFA-induced activa-
tion of the cGAS-STING pathway, as evidenced by no difference
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Fig. 3. ACLY inhibition–induced mitochondrial damage triggers mtDNA leakage to activate cGAS-STING signaling. (A) Immunofluorescence costaining of anti-
dsDNA (green), anti-Hsp60 (red), and 40,6-diamidino-2-phenylindole (DAPI) (blue) in Pan02 cells and B16 cells with Acly knockdown or not. The percentage of dsDNA
(green) outside of mitochondria (red) was quantified. Scale bars, 5 μm. (B) Immunoblot analysis of indicated protein expressions in B16 cells with Acly knockdown or not
after EtBr treatment. (C) qPCR analysis of Ifn-β mRNA expression in B16 cells with Acly knockdown or not after EtBr treatment. (D) Seahorse analysis of oxygen consump-
tion rate (OCR) and maximal respiration in B16 cells with Acly knockdown or not. (E) Flow staining and MFI of mitoSOX in Pan02 cells and B16 cells with Acly knockdown.
(F) Immunofluorescence costaining of anti-DNA damage (8-OHdG) (green), anti-Hsp60 (red), and DAPI (blue) in Pan02 cells and B16 cells with Acly knockdown or not. The
relative fluorescence intensity of cytoplasmic 8-OHdG (green) outside of mitochondria (red) was quantified. Scale bars, 11.5 μm. (G) Immunoblot analysis of indicated
protein expressions in Pan02 cells with Acly knockdown or not after mitoTEMPO treatment (10 μM). (H) Immunoblot analysis of indicated protein expressions in Pan02
cells and B16 cells with Acly knockdown or not after mitoTEMPO treatment (10 μM). (I) qPCR analysis of Ifn-β mRNA expression in Pan02 cells and B16 cells with Acly
knockdown or not after mitoTEMPO treatment (10 μM). n = 10 biological replicates from two independent experiments [(A) and (F)] and data are shown asmeans ± SEM; n
= 3 biological replicates from three independent experiments [(B), (G), and (H)]; n = 3 biological replicates from one independent experiment [(C) to (E) and (I)]. Statistical
significance was assessed by one-way ANOVA [(A) to (C) and (E) to (I)] and unpaired t test (D); *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 4. ACLY inhibition causes PUFA peroxidation to induce mitochondrial damage and cGAS-STING activation. (A) LC-MS lipidomic assay of the proportion of n-6
and n-3 PUFAs of total fatty acids in indicated cells. (B) Immunoblot analysis of Cd36 expression in indicated cells. (C) Pearson’s correlation between ACLY and CD36
expression in human melanoma dataset (n = 44 patients). (D and E) Quantification of malondialdehyde (MDA) contents by ELISA in indicated cells after PUFA treatment
(50 μM) (D) or Acly deficiency (E). (F and G) Flow staining and MFI of mitoSOX in indicated cells after PUFA treatment (50 μM) (F) or sulfosuccinimidyl oleate (SSO)
treatment (30 μM) (G). (H to L) Immunoblot analysis of indicated protein expressions in indicated cells after PUFA treatment (50 μM) (H), mitoTEMPO treatment (10
μM) (I), serum deprivation (J), delipidated serum treatment (K), or SSO treatment (30 μM) (L). (M) qPCR analysis of Ifn-β mRNA expression in indicated cells after SSO
treatment (30 μM). (N) Quantification of intracellular ARA and EPA levels by ELISA in indicated cells after acetate treatment (5 mM) or SSO treatment (30 μM). (O) Flow
staining and MFI of mitoSOX in indicated cells after acetate treatment (5 mM). (P) Immunoblot analysis of indicated protein expressions in indicated cells after acetate
treatment (5 mM). n = 5 (A) and n = 3 [(F), (G), and (M) to (O)] biological replicates from one independent experiment; n = 3 biological replicates from three independent
experiments [(B), (H) to (L), and (P)]; n = 9 biological replicates from three independent experiments [(D) and (E)] and data are shown as means ± SEM. The quantification
[(B), (H) to (L), and (P)] was shown in fig. S3. Statistical significancewas assessed by one-way ANOVA [(B), (D), and (F) to (P)] and unpaired t test [(A) and (E)]; *P < 0.05; **P <
0.01; ***P < 0.001.
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of p-Sting and p-Irf3 protein levels as well as Ifn-β mRNA levels in
PUFA-stimulated cells after mitoTEMPO exposure (Fig. 4I), togeth-
er implying that excessive PUFAs are sufficient to activate the
cGAS-STING pathway via lipid peroxidation-induced mitochon-
drial damage.

We further assessed whether ACLY inhibition–induced cGAS-
STING pathway activation relies on PUFA uptake. For cells in
culture, PUFAs come from serum added to supplement medium,
and thus we remove PUFAs from the cellular environment via
serum deprivation or delipidated serum. As shown in Fig. 4 (J
and K), serum deprivation or delipidated serum blocked ACLY
knockdown–induced activation of the cGAS-STING pathway in
Pan02 cells. Moreover, adding back only palmitic (16:0) and oleic
(18:1) acids to delipidated serum failed to activate cGAS-STING sig-
naling in shACLY cells (fig. S3I). The increased phosphorylation of
Sting and Irf3 proteins as well as Ifn-β mRNA expression in Acly-
deficient cells was abolished after suppression of PUFA uptake by
CD36 inhibitor SSO (Fig. 4, L and M), suggesting that ACLY inhi-
bition activates the cGAS-STING pathway through PUFA accumu-
lation. In addition, acetate metabolism has been shown to
compensate for acetyl-CoA and de novo fatty acid synthesis in the
absence of ACLY (11, 16). After confirming that de novo fatty acid
synthesis is suppressed in shACLY cells, as supported by a substan-
tial reduction in acetyl-CoA levels (fig. S3J), we further demonstrat-
ed that acetate supplementation effectively reduced the elevated
intracellular PUFA (ARA and EPA) levels and mitochondrial
ROS and blocked the activation of cGAS-STING signaling in
Acly-deficient cells (Fig. 4, N to P). Collectively, these findings
imply that suppression of ACLY enzyme-mediated acetyl–CoA
and de novo fatty acid synthesis is responsible for PUFA uptake, mi-
tochondrial damage, and cGAS-STING activation.

LowACLYexpression correlates with cGAS-STING activation
and exhausted T cell infiltration in human cancers
Next, we verified the correlation between tumor ACLY expression
and cGAS-STING activation in tissues of patients with cancer. Im-
munohistochemical (IHC) staining exhibited a negative correlation
between ACLY and cGAS protein expressions in human HCC clin-
ical samples (Fig. 5, A and B). It is known that activation of the
cGAS-STING pathway up-regulates PD-L1 in tumor cells (21).
Similar to cGAS, we found that tumor ACLY expression also in-
versely correlated with PD-L1 expression (Fig. 5, A and C). Further-
more, tumor ACLY expression levels showed a significant negative
correlation with ISGs, which are target genes of the cGAS-STING
pathway, in multiple tumors including HCC, PDAC, and melanoma
(Fig. 5, D to F). Together, these results indicate that low ACLY ex-
pression correlates with cGAS-STING activation in human cancers.

Consistent with the results showing more intratumoral CD8+ T
cell infiltration after ACLY inhibition in mouse tumor model
(Fig. 1E), it was observed that ACLY expression inversely correlated
with CD8+ T cell infiltration in human HCC tissues (Fig. 5, G and
H). In addition, a negative correlation between tumor ACLY expres-
sion and CD8A expression was found in HCC and PDAC datasets
(Fig. 5, I and J). Nevertheless, lower tumor ACLY expression was
linked to higher expressions of T cell exhaustion markers lympho-
cyte activation gene-3 (LAG3) and T cell immunoreceptor with Ig
and ITIM domains (TIGIT) (Fig. 5, K and L), implying more ex-
hausted T cell infiltration in low ACLY-expressed tumors. In agree-
ment with the suppressive effect of ACLY inhibition on tumor

growth in immunodeficient mice but not in immunocompetent
mice (Fig. 1A and fig. S1B), low tumor ACLY expression predicted
better clinical outcome in cancer patients with CD8+ T cell–defi-
cient tumors, while in tumors with enriched CD8+ T cell infiltra-
tion, patients with low tumor ACLY expression had significantly
poorer survival (Fig. 5M and fig. S4A), supporting the immunosup-
pressive role of low ACLY in multiple types of cancers. Collectively,
these data suggest that low ACLY expression correlates with cGAS-
STING activation and exhausted T cell infiltration in
human cancers.

ACLY inhibition overcomes cancer resistance to anti–PD-L1
therapy depending on cGAS
cGAS-STING is essential for the antitumor effect of immune check-
point blockade (36). Building on our above observations that ACLY
inhibition leads to cGAS-STING activation, we sought to determine
whether ACLY inhibition enhanced the therapeutic efficacy of αPD-
L1 antibody in vivo using primary αPD-(L)1 therapy tolerance
tumor model (Pan02 pancreatic cancer and B16 melanoma
models). Administration of αPD-L1 as a monotherapy had
limited effect on tumor growth but caused significantly greater
tumor suppression after Acly deficiency in Pan02 pancreatic
cancer (Fig. 6, A and B, and fig. S5, A and B) and B16 melanoma
models (fig. S5, C and D). We further used a secondary αPD-(L)1
therapy tolerance tumor model (Hepa1-6 liver cancer with CD38
overexpression, which is a major mechanism of tumor resistance
to immune checkpoint therapy) (37). Similarly, ACLY inhibitor
BemA markedly enhanced the antitumor effects of αPD-L1 block-
ade in the Hepa1-6–CD38 liver cancer model (Fig. 6, C and D).
Further analysis of immune infiltration by flow cytometry showed
that αPD-L1 antibody treatment promoted CD8+ T cell infiltration
and the function of CD8+ T cells to secrete IFN-γ and GZMB
whereas reduced the proportion of exhausted PD-1+CD8+ T cells
in tumors with ACLY knockdown (Fig. 6, E to H). Together,
these results indicate that combined ACLY inhibition plus
immune checkpoint blockade significantly increase cytotoxic T
cell infiltration and enhance the antitumor effects in αPD-(L)1
therapy–resistant tumors.

To further confirm T cell populations accounting for the combi-
national antitumor effect of ACLY inhibition and αPD-L1 antibody,
we depleted CD8+ T cells in mice inoculated subcutaneously with
shAcly cells. Notably, the significantly repressed tumor burden after
αPD-L1 treatment in ACLY-deficient tumors was reversed after
treatment with depleting antibody against CD8 (Fig. 6, I and J),
and the depletion of CD8+ T cells in tumors of mice was confirmed
by flow cytometry (Fig. 6K). Furthermore, when BemA combined
with αPD-L1 treatment resulted in complete tumor regression in
comparison to αPD-L1 treatment alone in αPD-(L)1 therapy–resis-
tant liver cancer model (Hepa1-6–CD38), these mice without
tumors were rechallenged with Hepa1-6–CD38 cells. Excitingly,
these mice did not develop obvious tumors compared with age-
matched wild-type mice (Fig. 6L), suggesting that ACLY inhibition
combined with αPD-L1 therapy leads to durable antitumor immu-
nity. In addition, BemA treatment did not exert any additional syn-
ergic effects with αPD-L1 treatment in mice bearing ACLY-
deficient tumors (Fig. 6, M and N), demonstrating that the combi-
national antitumor effect of pharmacological ACLY inhibition with
αPD-L1 therapy is mainly due to ACLY inhibition in the cancer cells
versus the stroma. Also, these results indicate that the combined
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Fig. 5. Low ACLY expression correlates with cGAS-STING activation and exhausted T cell infiltration in human cancers. (A to C) Immunohistochemical staining of
ACLY, cGAS, and PD-L1 expression in patients with HCC (A). Scale bars, 50 μm. On the basis of the intensity of staining (protein expression), the patients were subdivided
into two groups: low (staining scores 0 to 1) and high (staining scores 2 to 3) expression groups. Correlation analysis of ACLY expression with cGAS or PD-L1 expression in
HCC tissues (B and C) (n = 97 patients). (D to F) Pearson’s correlation between ACLY expression and ISGs in HCC (D), PDAC (E), andmelanoma (F) datasets (n = 134 patients
with HCC, n = 82 patients with PDAC, n = 44 patients with melanoma). (G and H) Immunohistochemistry of clinical HCC samples reveals an inverse correlation between
tumor ACLY expression (top) and CD8+ T cell infiltration (bottom). The yellow arrows represent CD8+ T cell infiltration (G). Scale bars, 50 μm. Correlation analysis of ACLY
expressionwith CD8+ T cell number per HPF (n = 87 patients). The dashed line across the violin plots represents the quartiles and the full line depicts themedian (H). (I and
J) Pearson’s correlation between ACLY and CD8A expression in HCC (I) and PDAC (J) datasets. (K and L) Pearson’s correlation between ACLY expression and markers of T
cell exhaustion (LAG3 and TIGIT) in HCC (K) and PDAC (L) datasets. (M) Kaplan-Meier analysis of survival in HCC according to the expression of ACLY in the group with
decreased or enriched intratumoral CD8+ T cell infiltration. Statistical significancewas assessed by Chi-square test [(B) and (C)] and unpaired t test (H); *P < 0.05; **P < 0.01.
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Fig. 6. ACLY inhibition overcomes cancer resistance to anti–PD-L1 therapy depending on cGAS. (A and B) Tumor growth (A) and tumor burdens (B) in C57BL/6 mice
injected subcutaneously with shAcly or shCtrl Pan02 cells with αPD-L1 antibodies treatment. One additional independent experiment was performed that yielded similar
results (fig. S5, A and B). (C and D) Tumor growth (C) and tumor burdens (D) in C57BL/6 mice injected subcutaneously with Hepa1-6–CD38 cells with treatment of BemA
and αPD-L1 antibodies either alone or in combination. (E toH) Flow staining and frequency of indicated cells in tumors of indicated groups. (I and J) Tumor growth (I) and
tumor burdens (J) in C57BL/6 mice injected subcutaneously with Pan02 cells with Acly deficiency with the treatment of αPD-L1 antibodies after CD8 depletion. (K) Flow
staining and frequency of CD8+ T cells in tumors of indicated groups. (L) Tumor growth in C57BL/6 mice reinjected subcutaneously with Hepa1-6–CD38 cells after
complete tumor regression by BemA combined with αPD-L1 treatment (n = 6 mice for combined treatment and n = 5 mice for tumor rechallenge). (M and N) Tumor
growth (M) and tumor burdens (N) in C57BL/6 mice injected subcutaneously with shAcly or shCtrl Hepa1-6–CD38 cells with treatment of BemA and αPD-L1 antibodies
either alone or in combination. (O and P) Tumor growth (O) and tumor burdens (P) in C57BL/6 mice injected subcutaneously with shAcly Pan02 cells with cGAS KO or not
after the treatment of αPD-L1 antibodies. n = 5 mice per group from one independent experiment [(A) to (D), (I), (J), and (M) to (P)]; n = 3 biological replicates from one
independent experiment [(E) to (H) and (K)]. Statistical significance was assessed by two-way ANOVA [(A), (C), (I), (L), (M), and (O)] and one-way ANOVA [(B), (D) to (H), (J),
(K), (N), and (P)]; *P < 0.05; **P < 0.01; ***P < 0.001.
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effect of BemA and αPD-L1 treatment relies on ACLY inhibition by
BemA rather than AMP-activated protein kinase (AMPK) activa-
tion, which is another known target for BemA (38). cGAS knockout
(KO) completely abrogated the enhanced therapeutic efficacy of
αPD-L1 antibody in tumors with Acly deficiency (Fig. 6, O and
P). Therefore, these findings suggest that pharmacological and
genetic inhibition of ACLY in cancer cells overcomes cancer resis-
tance to αPD-L1 therapy in a cGAS-dependent manner.

Dietary PUFA supplementation mirrors the enhanced
efficacy of PD-L1 blockade by ACLY inhibition
Recently, dietary PUFAs have attracted great attention for their po-
tential anticancer effects (39). On the basis of our above findings
that ACLY inhibition activates cGAS-STING through PUFA oxida-
tion and direct addition of PUFAs effectively causes the activation
of the cGAS-STING pathway in cancer cells, we therefore evaluated
whether PUFA supplementation could sensitize cancers to immu-
notherapy, similarly to ACLY inhibition. Excitingly, oral gavage of
PUFAs (ALA, EPA, or LA) combined with PD-L1 blockade marked
tumor regression in the mouse model of Pan02 pancreatic cancer
(Fig. 7, A to D, and fig. S6, A and B), implying that dietary PUFA
supplementation can reverse the resistance of cancers to immuno-
therapy. Furthermore, flow cytometry analysis of immune infiltra-
tion revealed that PUFAs (ALA, EPA, or LA) and PD-L1 antibody
combination significantly increased CD8+ T cell infiltration
whereas decreased the proportion of exhausted PD-1+CD8+ T
cells in tumors (Fig. 7, E to H, and fig. S6, C and D). cGAS KO
completely abrogated the synergic therapeutic efficacy of dietary
PUFA supplementation (ALA or EPA) with αPD-L1 treatment
(Fig. 7, I to L), suggesting that dietary PUFA supplementation en-
hances the efficacy of PD-L1 blockade depending on cGAS. Togeth-
er, our data indicate that dietary PUFA supplementation is
sufficient to mimic the enhanced efficacy of αPD-L1 therapy by
ACLY inhibition in a cGAS-dependent manner.

DISCUSSION
Aberrant lipid metabolism is one of the most important metabolic
alterations in cancer (11, 12). Lipid synthesis is commonly
enhanced to meet the increased demand for rapid cancer cell
growth and tumor formation (11, 12). Mounting pieces of evidence
support the crucial role of lipid synthesis in tumor immunity, but
major studies have focused on immune cells themselves so far (40).
For instance, it has been demonstrated that lipid accumulation in
dendritic cells impairs their ability to stimulate allogeneic T cells
or present tumor-associated antigens (41). Moreover, lipid
droplet–dependent fatty acid metabolism polarizes myeloid cells
into immunosuppressive tumor-associated macrophages (42).
However, how and whether fatty acid synthesis of cancer cells reg-
ulates tumor immune evasion or antitumor immunity is largely
unclear. Here, we unexpectedly discover that inhibition of ACLY,
the upstream rate-limiting enzyme of de novo fatty acid synthesis,
up-regulates the PD-L1 immune checkpoint and induces T cell
dysfunction to drive immunosuppression, despite that ACLY inhi-
bition impairs cancer cell growth in culture and in immunodeficient
mice, consistent with many previous reports (14, 15).

Note that de novo fatty acid synthesis and exogenous fatty acid
uptake are important compensatory mechanisms for cancer cells to
sustain their lipid demands under conditions of metabolic stress

(11, 12). Cancer cells frequently maintain higher de novo fatty
acid synthesis to prevent the uptake of excessive PUFAs, which
are highly susceptible to peroxidation and render cancer cells
more sensitive to oxidative stress–induced cell death (32, 33). In
this study, ACLY inhibition impairs de novo fatty acid synthesis
and therefore triggers an increase in demand for uptaking more
PUFAs. Subsequently, PUFA accumulation leads to lipid peroxida-
tion and mitochondrial damage, which further increases the cyto-
plasmic release of mtDNA to up-regulate PD-L1 via activation of
cGAS-STING signaling (Fig. 7M). Therefore, since ACLY inhibi-
tion may carry an immunosuppressive effect, ACLY inhibitor
monotherapy for cancers in preclinical models and clinical trials
needs careful consideration and evaluation. In addition to ACLY,
fatty acid synthesis is controlled by a series of metabolic enzymes
in the cytoplasm, especially two other rate-limiting enzymes
acetyl-CoA carboxylase and fatty acid synthase (11). Thus, the
role of other key lipogenic enzymes in tumor immunity needs to
be further investigated.

Dietary restriction of calories or special amino acids has current-
ly drawn great interest in cancer treatment (39). However, these ap-
proaches also bring obvious adverse events to patients with cancer,
including weight loss, fatigue, and weakness (39). Currently, strate-
gies of supplementing specific nutrients rather than restricting diets
have emerged as a promising option for cancer therapy. In partic-
ular, PUFAs represent a class of lipids that can exert a potential an-
titumor effect. Some prospective analyses of >1000 patients with
colorectal cancer showed that a high intake of marine n-3 PUFAs
had lower cancer-associated deaths and longer disease-free survival
(43, 44). Furthermore, it has recently been reported that dietary
PUFAs induce ferroptosis in cancer cells via lipid peroxidation
(45, 46). Although PUFA supplementation has shown a direct an-
titumor effect, the role of PUFAs in tumor immunity is controver-
sial as PUFAs have been shown to not only promote stromal cell–
mediated immunosuppression (47, 48) but also potentiate CD8+ T
cell–mediated antitumor immunity (49, 50). In addition, whether
and how PUFA supplementation affects tumor cell metabolism to
further regulate antitumor immune responses is largely unknown.
In this work, to confirm that ACLY inhibition–induced PUFA ac-
cumulation is responsible for the activation of cGAS-STING signal-
ing, we also demonstrate that PUFA supplementation is sufficient to
activate cGAS-STING signaling via lipid peroxidation in cancer
cells, indicating the potential immunosuppressive role of PUFAs.
Dietary PUFA supplementation markedly enhances the efficacy of
PD-L1 blockade in immunotherapy-resistant tumors, mimicking
the effect of ACLY inhibition. Collectively, our findings also
uncover the potential role of PUFAs in cancer immunity and
imply that dietary PUFA supplementation combined with
immune checkpoint blockade may represent a particularly attractive
strategy for cancer treatment and is worthy of further investigation.

Recently, increasing pieces of evidence show that the cGAS-
STING pathway plays a dichotomous role in the regulation of
tumor immunity, either activating or suppressing antitumor
immune responses (21, 24). Although cGAS-STING pathway acti-
vation is known to promote T cell priming and intratumoral T cell
infiltration by the production of IFNs, activation of this signaling
pathway has been shown to up-regulate PD-L1 on the surface of
tumor cells and thus attenuate the activity of cytotoxic T cells, as
demonstrated in multiple types of cancers (25, 51, 52). In this
study, we find that ACLY inhibition–mediated cGAS-STING
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Fig. 7. Dietary PUFA supplementation mirrors the enhanced efficacy of PD-L1 blockade by ACLY inhibition. (A and B) Tumor growth (A) and tumor burdens (B) in
C57BL/6mice injected subcutaneously with Pan02 cells with the treatment of ALA and αPD-L1 antibodies either alone or in combination. (C andD) Tumor growth (C) and
tumor burdens (D) in C57BL/6 mice injected subcutaneously with Pan02 cells with treatment of EPA and αPD-L1 antibodies either alone or in combination. (E and F) Flow
staining and frequency of indicated cells in indicated tumors. (G and H) Flow staining and frequency of indicated cells in indicated tumors. (I and J) Tumor growth (I) and
tumor burdens (J) in C57BL/6 mice injected subcutaneously with Pan02 cells with cGAS KO or not with the treatment of ALA and αPD-L1 antibodies either alone or in
combination. (K and L) Tumor growth (K) and tumor burdens (L) in C57BL/6mice injected subcutaneously with Pan02 cells with cGAS KO or not with treatment of EPA and
αPD-L1 antibodies either alone or in combination. (M) Summary scheme. ACLY activation sustains higher de novo fatty acid (FA) synthesis to prevent excessive PUFA
uptake, while ACLY inhibition reduces de novo FA synthesis but enhances the uptake of excessive PUFAs, which induces mitochondrial damage via lipid peroxidation,
further triggering mtDNA leakage to activate the cGAS-STING pathway and lastly boosting PD-(L)1 blockade efficacy. n = 6 mice per group from one independent ex-
periment [(A) and (B)]; n = 5 mice per group from one independent experiment [(C), (D), and (I) to (L)]; n = 3 biological replicates from one independent experiment [(F),
(G), and (M) to (O)]. Statistical significance was assessed by two-way ANOVA [(A), (C), (I), and (K)] and one-way ANOVA [(B), (D) to (H), (J), and (L)]; *P < 0.05; **P < 0.01; ***P
< 0.001.
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activation increases the expression of PD-L1 in cancer cells and
induces T cell dysfunction to drive immunosuppression, compro-
mising the antitumor effect of ACLY inhibition in immunocompe-
tent mice. Thus, although cGAS-STING agonists hold promise as
potential anticancer agents, monotherapy of cGAS-STING agonists
may bring the side effect of immunosuppression. In clinical trials,
STING agonist treatment has encountered profound cancer resis-
tance (22, 23). Fortunately, since tumor PD-L1 expression level is
a well-established biomarker of response to immune checkpoint in-
hibitors (26), combined cGAS-STING agonists with immune
checkpoint blockade can mechanistically synergize to suppress
tumor growth, as demonstrated in clinical and preclinical models
(27, 28). In this study, our findings provide a promising approach
to activating the cGAS-STING pathway via targeting lipid metabo-
lism by inhibition of ACLY, the key enzyme of lipid synthesis, for
overcoming cancer resistance to αPD-L1 therapy. The combinato-
rial strategy of ACLY inhibition and αPD-L1 therapy is worth inves-
tigating in future clinical trials, especially the known ACLY
inhibitor, BemA, which is an FDA-approved low-density lipopro-
tein cholesterol-lowering agent (18). In addition to ACLY inhibi-
tion, whether BemA mediates antitumor immune response and
immunotherapy efficacy through other known effects including
AMPK activation also needs further study (38).

The importance of the STING pathway as a pharmacologic
target has boosted the development of several synthetic STING ag-
onists, according to the structure of natural STING ligands (21).
However, the therapeutic efficacy of these agonists is limited
because of the poor membrane permeability and low bioavailability
(22, 23). An alternative strategy to activate STING signaling is
prompting endogenous cGAMP production via cGAS activation.
Recently, it has been reported that genotoxic therapies such as che-
motherapy and radiotherapy trigger STING pathway activation
through cytoplasmic DNA–induced activation of cGAS (53). For
example, chemotherapy reagents including cisplatin and paclitaxel
activate cancer cell–intrinsic STING signaling via the accumulation
of DNA damage (54, 55). However, chemotherapy and radiotherapy
frequently cause tumor resistance mainly due to cancer stem cells
(CSCs), a subpopulation of cancer cells, responsible for cancer pro-
gression, recurrence, and metastasis (56). We have previously dem-
onstrated that ACLY maintains liver CSCs (57), further confirmed
by other recent studies (58), and inhibition of ACLY suppresses
stemness properties of liver cancer (57). Thus, ACLY inhibition
may provide a potential advantage of eradicating CSCs over other
therapeutic strategies to activate cGAS-STING, making the combi-
nation therapy with ACLY inhibition and immune checkpoint
blockade a promising anticancer approach with improved and sus-
tained efficacy.

MATERIALS AND METHODS
Human cancer specimens
Tissue microarrays composed of tumor samples were obtained from
patients with pathologically confirmed HCC at Eastern Hepatobili-
ary Surgery Hospital (Shanghai, China). All procedures were con-
ducted with the approval of the Ethical Committee of the Second
Military Medical University and performed in accordance with rel-
evant regulations and guidelines. Patient consent was obtained
before the start of the study.

Cell culture
The murine liver cancer cell line Hepa1-6 and melanoma cell line
B16 were purchased from the Cell Bank of Type Culture Collection
of the Chinese Academy of Sciences (Shanghai Institute of Cell
Biology). The murine pancreatic cancer cell line Pan02 was pur-
chased from Cell Resource Center, IBMS, CAMS/PUMC (Beijing,
China). All cells were grown in Dulbecco’s modified Eagle’s
medium (Gibco) supplemented with 10% fetal bovine serum
(FBS) (Gibco) and cultured in a humidified incubator containing
5% CO2 at 37°C. Cell lines were authenticated by short tandem
repeat (STR) profiling and confirmed to be mycoplasma negative.

Antibodies and reagents
Anti-ACLY (4332), anti-cGAS (31659), anti–p-STING (4332), anti-
STING (13647), anti–p-TBK1 (5483), anti–p-IRF3 (29047), and
anti-IRF3 (4302) were purchased from Cell Signaling Technology.
αPD-L1 (28076-1-AP) and anti-TBK1 (28397-1-AP) were pur-
chased from Proteintech. Anti-ACLY (ab40793), αPD-L1
(ab213480), anti-HSP60 (ab46798), anti-dsDNA (ab27156), anti-
DNA damage (8-OHdG) (ab62623), anti-Ki67 (ab16667), and
anti-CD8 (ab93278) were purchased from Abcam. Anti-cGAS (sc-
515802) was purchased from Santa Cruz Biotechnology. Anti-CD36
(GTX100642) was purchased from GeneTex. Phycoerythrin (PE)
anti-mouse CD274 (PD-L1) (124308), fluorescein isothiocyanate
anti-mouse CD45 (124308), Brilliant Violet 421 anti-mouse
CD279 (PD-1) (135217), Alexa Fluor 647 anti-mouse GZMB
(372220), PE anti-mouse IFN-γ (505808), PE/Cyanine7 anti-
mouse CD3 (100220), and Brilliant Violet 605 anti-mouse CD8a
(100743) were purchased from BioLegend. InVivoMab anti-
mouse PD-L1 (B7-H1) (BE0101), anti-mouse CD8a (BE0004),
and immunoglobulin G (IgG) isotype (BE0089/BE0090) were pur-
chased from BioXcell.

BemA (HY-12357), SB204990 (HY-16450), linolenic acid (LA)
(HY-N7140), ARA (HY-109590), EPA (HY-B0660), ALA (HY-
N0728), DHA (HY-B2167), palmitic acid (HY-N0830), oleic acid
(HY-N1446), and SSO (HY-112847) were purchased from MCE.
MitoTEMPO (16621) was purchased from Cayman. HT-DNA
(D6898), EtBr (E7637), sodium acetate (S5636), collagenase IV
(C5138), and deoxyribonuclease I (DNase I) (D5025) were pur-
chased from Sigma-Aldrich. MitoSOX Red mitochondrial superox-
ide indicator (M36008) was purchased from Invitrogen. Lipid-
depleted FBS (C3840) was purchased from Vivacell.

Animal models
Male mice at 5 to 6 weeks of age used in the experiments were ob-
tained from the GemPharmatech Co., Ltd (Jiangsu, China). All mice
were housed in specific pathogen-free facilities under a 12-hour
light/dark cycle and controlled temperature (20° to 25°C) with stan-
dard rodent chow (Product Standard No. Q031/0120000099C001-
2015, Shanghai Shilin Biologic Science & Technology, China) and
water provided ad libitum. To establish subcutaneous tumor
models, 1 × 106 Hepa1-6 cells, 2 × 106 Pan02 cells, or 5 × 105 B16
cells were injected subcutaneously into the left thighs of C57BL/6
mice. A total of 5 × 105 Hepa1-6 cells were injected subcutaneously
into the left thighs of nude mice. Tumor growth was monitored by
measuring the tumor size (length × width2 × 0.5) twice per week
after injection. At 3 to 4 weeks after tumor establishment, all the
mice were euthanized to harvest subcutaneous tumors for weight
measurement and further tissue analyses. All animal protocols
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used in this study were approved by The University Committee on
Use and Care of Animals of Second Military Medical University.

In vivo treatments and depletion of CD8+ T cells
Before treatment initiation, mice were randomly assigned to indi-
cated groups with similar average tumor volumes. For ACLY inhib-
itor BemA treatment, mice were intraperitoneally injected with
BemA (30 mg/kg body weight) or solvent twice a week for 2
weeks beginning on day 7 after the establishment of Hepa1-6 liver
cancer models. For αPD-L1 antibodies treatment, mice were intra-
peritoneally injected with αPD-L1 antibodies (100 μg per mouse) or
IgG isotype control twice a week for 2 weeks beginning on day 7
after the establishment of indicated cancer models. For LA and
EPA treatments, mice were administrated with ALA (100 mg/kg
body weight), LA (100 mg/kg body weight), EPA (100 mg/kg
body weight), or solvent daily by oral gavage for 2 weeks beginning
on day 7 after the establishment of Pan02 pancreatic cancer models.
For depletion of CD8+ T cells in vivo, mice were intraperitoneally
injected with anti-CD8a antibodies (100 μg per mouse) or IgG
isotype control 3 days and 1 day before tumor implantation and
twice weekly thereafter to ensure sustained depletion of CD8+ T
cells during the experimental period.

shRNA, CRISPR-Cas9, and overexpression
The lentivirus-mediated shRNA expressing vector targeting murine
Acly (target sequence #1: 50-GCTGAATACCGAGGACATT-30;
target sequence #2: 50-GCTTCATCTCTGGTCTATT-30) and the
lentivirus-mediated CRISPR-Cas9 KO vector targeting murine
cGAS (target sequence: 50-CGGCGGGCAGCTCCGGATCC-30)
were purchased from OBiO Technology (Shanghai, China). The
lentiviral plasmids expressing murine CD38 were purchased from
GeneChem (Shanghai, China). Cells at 30 to 40% confluency were
incubated in a medium containing optimal dilutions of lentivirus
mixed with polybrene. Then, cells were subjected to puromycin se-
lection to obtain the stable transfected cells. Desired gene disruption
was confirmed by Western blotting analysis of target proteins.

Western blotting
Whole-cell lysates were prepared with cell lysis buffer (Beyotime Bi-
otechnology) and equal protein content was loaded to polyacryl-
amide gel electrophoresis and transferred onto polyvinylidene
difluoride membranes. Next, the membranes were blocked in 5%
nonfat milk in tris buffered saline with Tween 20 (TBST) for 1
hour at room temperature before incubation with antibodies.
Subsequently, the membranes were incubated overnight at 4°C
with the appropriate primary antibodies at a dilution of 1:1000.
After incubation with fluorescein-conjugated secondary antibody
at a dilution of 1:10,000 for 1 hour at room temperature, imaging
of blots was performed using an Odyssey fluorescence scanner
(Li-Cor, Lincoln, NE, USA). To quantify the relative protein expres-
sion, all band intensities were normalized to β-actin or the respec-
tive control proteins. Three independent substrates were run for
each blot and each group.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen) and re-
versely transcribed into cDNA with random primers using Super-
Script III reverse transcriptase (Invitrogen). Then, the resulting
cDNA was used as a template for the amplification of target gene

transcripts by quantitative real-time polymerase chain reaction
(qRT-PCR). qRT-PCR amplification was performed in a 10-μl reac-
tion containing SYBR Green PCR Master Mix (Applied Biosystems)
on ABI PRISM 7300HT Sequence Detection System (Applied Bio-
systems). β-Actin was used as a control for normalization.

Flow cytometric analysis
Mice tumors were harvested, mechanically minced, and digested in
collagenase IV (2 mg/ml, Sigma-Aldrich) and DNase I (50 μg/ml,
Sigma-Aldrich) for 30 min at 37°C with shaking. Then, the dissoci-
ated cells were filtered through a 70-μm cell strainer and the
resulting single-cell suspensions were incubated with Fc block
followed by staining with the indicated surface antibodies for 30
min at 4°C. For intracellular staining, single-cell suspensions from
tumors were stimulated with a cell activation cocktail (BioLegend)
with protein transport inhibitor monensin (BioLegend) before
surface staining. Next, cells were fixed and permeabilized with a
Cyto-Fast Fix/Perm buffer set (BioLegend) for intracellular stain-
ing. Flow cytometric analysis was performed on the LSRFortessa
flow cytometer (BD Biosciences) and data were analyzed by
FlowJo software.

Immunofluorescence staining
Cells were plated on 35-mm poly-D-lysine–coated glass bottom
dishes and fixed in 4% paraformaldehyde for 20 min. Next, cells
were permeabilized with 0.1% Triton X-100 for 30 min and
blocked with 4% sheep serum in phosphate-buffered saline for 1
hour at room temperature. Then, cells were incubated with
primary antibodies against dsDNA and Hsp60 overnight at 4°C fol-
lowed by fluorescent secondary antibodies at room temperature for
1 hour. 40,6-Diamidino-2-phenylindole (DAPI) was used for
nuclear staining. Immunofluorescence images were taken using a
confocal fluorescence microscope (Olympus, Heidel-
berg, Germany).

OCR measurement
Seahorse XF Cell Mito Stress Test assay was conducted to measure
OCR in an XF24 Extracellular Flux Analyzer (Agilent) according to
the assay manual. Briefly, cells were seeded on XF24 cell culture
plates and incubated for 24 hours in a humidified 37°C incubator
with 5% CO2. Before starting, the growth medium was replaced with
an assay medium. The assay medium was prepared by supplement-
ing Seahorse XF Base Medium (Agilent) with 1 mM pyruvate, 2 mM
glutamine, and 20 mM glucose and adjusted to pH 7.4.

Cell proliferation and colony formation assay
Cell Counting Kit-8 (CCK8) (Vazyme) was used to detect cell pro-
liferation. Cells were seeded in a 96-well plate at a density of 3000
cells per well. CCK-8 solution was added to each well after respec-
tive culture time of 24, 48, and 72 hours. Cell proliferation was as-
sessed by measuring the absorbance at 450 nm using a microplate
reader (Bio-Rad Laboratories). For colony formation assay, cells
were seeded on a six-well plate at a density of 3000 cells per well
for 2 weeks. Then, cell colonies were fixed with 4% paraformalde-
hyde for 20 min and stained with 1% crystal violet for 30 min. The
colonies were imaged using an IX70 microscope (Olympus, Heidel-
berg, Germany).
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IHC staining
IHC staining was performed on formalin-fixed and paraffin-em-
bedded tissues from human HCC using the indicated antibodies
via the Leica automated staining platform. The primary antibodies
were used at the indicated concentrations: anti-ACLY (1:200;
Abcam), anti-cGAS (1:100; Santa Cruz Biotechnology), αPD-L1
(1:200; Proteintech), and anti-CD8 (1:100; Abcam). On the basis
of the immunoreactive score method, the intensity of human
HCC tissue microarray staining (protein expression) was scored
as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). The patients
were subdivided into two groups: the low expression group (nega-
tive or weak staining) and the high expression group (moderate or
strong staining) according to the immunoreactive score.

cGAMP, MDA, and PUFA measurements
cGAMP levels in cell lysates were measured using a 2030-cGAMP
ELISA Kit (Cayman) according to the manufacturer ’s protocol.
For sample preparation, cells were lysed in M-PER Mammalian
Protein Extraction Reagent (Thermo Fisher Scientific). For the
measurement of MDA levels in cell lysates, the MDA ELISA Kit (Fi-
neTest) was used according to the manufacturer’s instructions. For
sample preparation, cells were lysed in radioimmunoprecipitation
assay buffer (Beyotime Biotechnology) and the total protein con-
centration was determined by the BCA Protein Assay Kit
(Thermo Fisher Scientific). For measurement of intracellular
PUFA levels, ARA ELISA Kit (Elabscience) and EPA ELISA Kit
(Biorbyt) were used according to the manufacturer’s instructions.

ACLY activity and acetyl-CoA measurements
For cellular ACLY activity measurement, an ACLY activity assay kit
(Solarbio) was used according to the manufacturer’s protocols. The
intracellular acetyl-CoA level was measured using the PicoProbe
acetyl-CoA assay kit (BioVision) according to the manufacturer’s
instructions.

Online database analysis
GSEA and KEGG pathway analysis in pancreatic cancer from the
TCGA dataset was performed in the LinkedOmics platform (59).
R2 genomics analysis and visualization platform (https://
hgserver1.amc.nl/cgi-bin/r2/main.cgi) was used to evaluate the
Pearson’s correlation between ACLY and T cell immune checkpoint
molecules or ISGs in HCC, PDAC, and melanoma datasets. Analy-
sis of survival in patients with HCC, HNSSC, and breast cancer ac-
cording to the expression of ACLY in the group with decreased or
enriched intratumoral CD8+ T cell infiltration was conducted using
an online database Kaplan-Meier plotter (60).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 8 software
(GraphPad Software, San Diego, CA). Data are shown as means ±
SD unless stated otherwise. The specific statistical tests applied are
given in the respective figure legends, where statistical significance
is given by *P < 0.05, **P < 0.01, and ***P < 0.001; n.s., not
significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
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