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ABSTRACT

Background anti-Programmed Death-1 (anti-PD-1)
immunotherapy has shown promising manifestation

in improving the survival rate of patients with
advanced melanoma, with its efficacy closely linked to
Programmed cell death-Ligand 1 (PD-L1) expression.
However, low clinical efficacy and drug resistance
remain major challenges. Although the metabolic
alterations from tricarboxylic acid (TCA) cycle to
glycolysis is a hallmark in cancer cells, accumulating
evidence demonstrating TCA cycle plays critical roles
in both tumorigenesis and treatment.

Methods The plasma levels of metabolites

in patients with melanoma were measured by
nuclear magnetic resonance (NMR) spectroscopy.
The effect of pyruvate dehydrogenase subunit 1
(PDHAT) and oxoglutarate dehydrogenase (OGDH) on
immunotherapy was performed by B16F10 tumor-
bearing mice. Flow cytometry analyzed the immune
microenvironment. RNA sequencing analyzed the
global transcriptome alterations in CP1613-treated
melanoma cells. The regulation of PD-L1 and
glycolysis by PDHA1/0GDH-ATF3 signaling were
confirmed by Quantitative real-time polymerase chain
reaction (qRT-PCR), western blotting, dual-luciferase
reporter gene, Chromatin immunoprecipitation (ChlIP)-
quantitative PCR and Seahorse assay. The relationship
between PDHA1/0GDH-ATF3-glycolysis and the
efficacy of melanoma anti-PD-1 immunotherapy was
verified in the clinical database and single-cell RNA-
seq (SCRNA-Seq).

Results In our study, the results showed that
significant alterations in metabolites associated with
glycolysis and the TCA cycle in plasma of patients with
melanoma through NMR technique, and then, PDHA1
and OGDH, key enzymes for regulation TCA cycle,
were remarkable raised in melanoma and negatively
related to anti-PD-1 efficacy through clinical database
analysis as well as SCRNA-Seq. Inhibition of PDHA1
and OGDH by either shRNA or pharmacological
inhibitor by CP1613 dramatically attenuated melanoma
progression as well as improved the therapeutic
efficacy of anti-PD-1 against melanoma. Most
importantly, suppression of TCA cycle remarkably

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Accumulating evidence showed that mitochondrial
metabolism (tricarboxylic acid (TCA) cycle/oxidative
phosphorylation) is required for tumor progression.
Tumor cells in various states, including but not lim-
ited to drug-resistant tumor cells, metastatic tumor
cells, tumor stem cells, and tumor-initiating cells,
exhibit varying degrees of reliance on the TCA cycle
for their survival.

WHAT THIS STUDY ADDS

= Inhibition of TCA cycle by knocking down of PDHA1
and oxoglutarate dehydrogenase or application of
pharmacological inhibitor (CPI613) upregulate PD-
L1 expression as well as glycolysis flux through
AMPK-CREB-ATF3 axis, sensitizing anti-PD-1 im-
munotherapy in melanoma.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= These findings revealed the novel mechanism of
TCA cycle effect on glycolysis as well as the efficacy
of anti-PD-1 immunotherapy, and provided a novel
promising strategy to improve anti-PD-1 clinical ef-

ficacy in melanoma treatment.

Conclusions Taken together, our results
demonstrated the role of TCA cycle in immune
checkpoint blockade and provided a novel combination
strategy for anti-PD-1 immunotherapy in melanoma
treatment.

INTRODUCTION

Metabolic reprogramming is a key feature
of tumors, playing an essential role in not
only tumor development but also tumor
immunity." Glycolysis and tricarboxylic
acid (TCA) cycle are the two main meta-
bolic pathways underlying tumor cell
metabolism; they are critical for providing
energy to the cell. According to current

Dr Xiang Chen; raises PD-L1 expression and glycolysis flux through studies, tumor cells tend to use glycol-
chenxiangck@126.com AMPK-CREB-ATF3 signaling. ysis while mitochondrial function is
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dysregulated,” however, studies also exhibited that
TCA cycle/oxidative phosphorylation (OXPHOS)
is significantly increased in some tumors, such as
melanoma, breast cancer.® * Melanoma cells possess
remarkable metabolic flexibility, contributing to
their high malignancy and resistance to treatment.’
When subjected to metabolic stress or drug therapy,
the metabolism of these cells shifts from glycolysis to
the TCA cycle in order to sustain tumor progression
and evade drug treatment.®” Moreover, melanoma
cells lead to tumor microenvironment (TME) acidi-
fication via glycolysis, and the acidified TME in turn
increases melanoma OXPHOS and inhibits glycolysis,
ultimately inducing a suppressive immune microen-
vironment.® Therefore, targeting the TCA cycle is a
novel strategy for melanoma treatment.” * However,
the details of the TCA cycle in melanoma have not
been fully elucidated.

Malignant melanoma, derived from melanocytes, is
a highly invasive and metastatic tumor that is noto-
riously difficult to treat.'” Recently, immunotherapy
with the Anti-PD-1 antibody has been successful in
cancer treatment; however, its response rate is low
(less than 30%) and can lead to drug resistance.' 2

Two key enzymes (pyruvate dehydrogenase complex
(PDHc) and oxoglutarate dehydrogenase complex
(OGDHc)) orchestrate the carbon flow into the
TCA Cycle.13 The PDHc irreversibly catalyzes decar-
boxylating pyruvate to acetyl coenzyme A that could
enter the TCA cycle, which provides an important
intermediate metabolite for TCA cycle. The OGDHc
is the rate-limiting enzyme in the TCA cycle, which
irreversibly drives the TCA cycle.14 The structures
and catalytic mechanisms of the two rate-limiting
enzymes are very similar. Therefore, inhibitors that
specifically target the two enzymes, such as CPI613,
which acts as an analog of o-lipoic acid (LA), have
been developed to inhibit the PDHc/OGDHc func-
tion by competitively binding to the complex and
ultimately inhibiting the TCA cycle.'” In vitro and in
vivo studies demonstrated that CPI1613 is a promising
candidate for non-small cell lung cancer and pancre-
atic cancer therapy.'® Several phase I-III clinical
trials already demonstrated the safety and efficacy of
CPI613 in pancreatic cancer and hematologic malig-
nancies.'* "’

Here, we found that the pyruvate dehydrogenase
subunit 1 (PDHAI) and oxoglutarate dehydrogenase
(OGDH) genes, subunits of two key enzymes associ-
ated with TCA, were significantly increased in patients
with melanoma. Subsequent intervention with the two
key enzymes or application CPI613 significantly inhib-
ited the growth of melanoma cells, meanwhile, inhibi-
tion of the TCA cycle enhanced PD-L1 and glycolysis
through ATF3 signaling, sensitizing the anti-PD-1
immunotherapy in melanoma.

METHODS

Plasma collection and nuclear magnetic resonance
spectroscopy analysis

After obtaining ethics approval for human study we
collected plasma samples and analyzed them according
to the previous manipulations.”

Cell culture

Mouse-derived B16F10 and YUMMI1.7, human-derived
Sk-Mel-5, A375, and Sk-Mel-28 cells were of American
Type Culture Collection (ATCC) origin. 293T cells
were purchased from Clontech (Mountain View, Cali-
fornia, USA). B16F10 cells were cultured in Roswell Park
Memorial Institute (RPMI)-1640 medium (BI, #01-100-
1A, Israel) containing 10% fetal bovine serum (FBS)
(Gibco, #10099141C, USA), YUMMI1.7 were cultured in
DEM/F-12 (1:1) containing 10% FBS and NEAA (100x)
(Gibco), and human-derived melanoma cells were
cultured in high glucose Dulbecco’s Modified Eagle’s
Medium (BI) containing 10% FBS, and incubated in a
constant temperature incubator containing 5% CO, at
37°C.

Lentiviral packaging and infection

The plasmids (Sh-mock, Sh-PDHAI, Sh-OGDH, and
Sh-ATF3) used in this study were purchased from
GeneChem (GeneChem, China), and the plasmids
(PSPAX2 and PMD2G) used for lentiviral packaging were
stored in laboratory constructs.'® For lentiviral constructs,
plasmids and transfection reagent TurboFect (Thermo
Fisher Scientific, #R0532, USA) were added when the
293T cells reached 50-60% fusion, transfected overnight,
and the cell supernatant (including virus) was collected
at 48-72hours. For lentiviral infection, virus solution
and medium were added at a ratio of 1:1 when the cells
reached 30-40%, and then the infection reagent poly-
brene (Yeasen, #40804ES76, China) was added, infected
overnight, and then changed to normal medium. After
changing to normal medium, cells were screened by
adding 2pg/mL puromycin (BasalMedia, #5250]0,
China) after 24hours of culture until the normal unin-
fected cells died.

Cell viability assay

In 96-well plates, 3000—4000 tumor cells were grown, incu-
bated overnight, and 450 nm absorbance value (OD450)
was detected using a spectrophotometer (Beckman,
USA) after 0-72hours by adding CCK-8 reagent (Selleck,
#B34302, USA) for 1.5hours.

Cell cycle assay

Tumor cells to be tested were trypsin-digested and
collected into 1.5 mL eppendorf (EP) tubes, resuspended
into single cell, washed three times with ice phosphate
buffered saline (PBS), and centrifuged at 800rpm for
3min; 200 pLL PBS resuspended cells were added to 1 mL
of 70% ice ethanol for fixation, fixed overnight at 4°C,
and then transferred to —20°C for storage or 300 pL P1/
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RNase Staining Buffer Solution (BD, #550825, USA) was
added directly for detection.

qRT-PCR

RNA was extracted from the cells by adding 1mL of
TriPure, chloroform, isopropanol, and 75% anhydrous
ethanol. The RNA was then reverse transcribed to
complementary DNA using the Reverse Transcription Kit
(Yeasen, #11141ES60, China) and finally detected using
fluorescent quantitative PCR (qPCR) using the SYRB
Green qPCR Master Mix (Bimake, #B21703, USA). The
PCR primers used are listed in online supplemental table
SI.

Western blotting

The supernatant was collected using centrifugation
(12,000rpm, 10min) at 4°C after the cells were fully lysed
using cell lysate (Beyotime, #P0013D, China) with ultra-
sound. The supernatant was quantified by BCA (Beyo-
time, #P0010S), added to b5xloading buffer (Ncmbio,
#WB2001, China), denatured, and gel electrophoresis
was performed using a PVDF membrane (Millipore,
#IPVHO00010, Billerica, Massachusetts, USA) and incu-
bated with primary antibody (anti-PDHAI, Abcam,
#ab110330, 1:1,000; anti-OGDH, CST, #26865S, 1:1,000;
anti-PD-LL1, Abcam, #ab213524, 1:1,000; anti-o-tubulin,
ProteinTech, #1124-1-AP, 1:5,000; anti-ATF3, Abcam,
#ab216569, 1:1,000) overnight; the second antibody (anti-
rabbit, Abclonal, #AS014, 1:8,000; anti-mouse, Abclonal,
#AS003, 1:8,000) was incubated on the second day, and
the membrane was washed and imaged using a gel imager
(Bio-Rad, USA).

Animal experiments

The C57BL/6 mice used in the animal experiments were
purchased from the Department of Zoology of Central
South University. The animal experiments were approved
by the Ethics Committee of Xiangya Hospital and ethical
principles were observed. To construct tumor-bearing
mice, 5><106/mL B16F10 or YUMMI1.7 cells were first
collected and 100 pL tumor was implanted in the right
abdominal dorsum of each mouse; when the tumor grew
to 50 mmg, IgG2a (Bio X Cell, USA; #BE0089), PD-1 mono-
clonal antibody (mAb) (Bio X Cell; #BE0146), CP1613
(MCE, #HY-15453, USA), and PD-1 mAb combined with
CPI613 were administered to treat the tumor-bearing
mice, and the tumor volume and body weight of the mice
were measured every other day. When the tumor grew to
1000 mm”®, the administration was stopped and the mice
were sacrificed. The tumor tissues were collected for
multicolor flow cytometry assay.

Multicolor flow cytometry assay

The collected tumor tissues were prepared as single cell
suspensions, stained with Zombie Aqua Fixable Viability
Kit (anti-BV510, BioLegend, #423102, USA), incubated
for 15min at room temperature, and then terminated and
centrifuged. The fragment crystallizable (FC) was blocked
with anti-CD16/32 (BioLegend, #101320) and stained

with surface antibody after 15min (in two tubes, the first
tube was stained as follows: anti-PE-NKI.1 (BioLegend,
#108708); anti-PC5.5-CD4 (BioLegend, #100434); anti
PECY7-CD8 (BioLegend, #100722); anti-APC-CD3
(BioLegend, #100236); anti-APCCY7-CD45 (BioLegend,
#103116); anti-BV711-interferon (IFN)-y (BioLegend,
#505836) . Tube 2: anti-fluoresceine isothiocyanate (FITC)-
major histocompatibility complex (MHC)-II (BioLegend,
#107606); anti-PE-CD11B (BioLegend, #101208); anti-
PC5.5-Grl; anti-APC-F4/80 (BioLegend, #123116); anti-
APCCY7-CD45), incubated at 4°C for 30 min, followed by
fixed membrane breaking solution incubation for 30 min,
and stained with intracellular antibodies (tube 1: anti-
FITC-granzyme B (BioLegend, #372206); anti-BV711-
IFN-y, tube 2: anti-PECY7-CD206 (BioLegend, #372206))
incubated at 4°C for 30 min, followed by flow cytometry
detection (BD FACS LSRFortessa, USA).

Co-culture experiment

Peripheral blood mononuclear cells (PBMC) from
mouse spleens were extracted using lymphocyte isolate
(DAKEWE, #DKW33-R0100/DKW33-R0400, China),
co-cultured with B16F10 cells (cell ratio 15:1), and
treated with 5pg/mL PD-1 mAb and/or 120pM CPI613
for 48 hours. Cell survival was detected using crystalline
violet staining and CCKS.

Oxidative phosphorylation and glycolysis assay

First, 8,000-10,000 tumor cells were grown in a Seahorse
96-well assay plate. After overnight incubation, the cells
were washed twice with pre-prepared assay solution,
the pretreated probe plate was placed in the cell plate,
OXPHOS (Agilent Technologies, #103015-100, USA)
or glycolysis assay (Agilent Technologies, #103020-100)
reagents were added sequentially, and the intracellular
metabolic changes were detected in real time using the
Agilent Seahorse XFe96 (Agilent Technologies).

RNA sequencing

The extracted cellular messenger RNA (mRNA) was
submitted to Shanghai Majobio Bio-Pharm Technology
for sequencing. Briefly, mRNA was sequenced using
the Illumina NovaSeq 6000 sequencing platform, and
the library was constructed using the Illumina TruSeq
RNA Sample Prep Kit method. After sequencing, quality
control, reference genome alignment, and transcript
assembly were performed, followed by differential gene
data and advanced analyses. The data were analyzed on
the online platform of Majorbio Cloud Platform (www.
majorbio.com).

ELISA

For the detection of AMP or ATP levels in melanoma cells,
the lysate was added to a 96-well plate precoated with
AMP or ATP capture antibodies, followed by antibody
biotinylation, Horseradish Peroxidase (HRP) labeling,
and Tetramethylbenzidine (TMB) color development
(Enzyme-linked Biotechnology, China). The absorbance
values were finally detected by a spectrophotometer
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(Beckman, USA). The intracellular AMP or ATP levels
and AMP/ATP ratio were calculated according to the
standard curve.

Luciferase reporter gene assay

Tumor cells (8x10%) were grown in 24-well plates over-
night, and the next day, PD-L1-Luc and SV-40Renilla
Luc and transfection reagent were added under the
condition of CPI613 treatment. The cells were lysed and
collected using a lysis solution 24 hours after incubation,
and the promoter firefly and Renilla luciferase activities
were detected using a dual luciferase reporter system
(Promega, #E1910, Wisconsin, USA).

ChIP assay

Tumor cells were grown in 10cm dishes overnight and
treated with CPI613 for 24hours. Then, the cells were
collected and assayed using the ChIP kit (CST, #9003,
USA). Briefly, 4x10° cells were treated with 37% formal-
dehyde to cross-link proteins to DNA, followed by nucleus
preparation and chromatin digestion; 10pg of digested
cross-linked chromatin was immunoprecipitated over-
night (anti-ATF3, Abcam, #ab207434, 1:50; 1-5 pL. Rabbit
IgG, CST, #2729S), then chromatin was eluted from the
precipitate and uncross-linked; the DNA was then puri-
fied and real-time qPCR was performed to detect the
enrichment of DNA.

Single-cell sequencing

Single-cell sequencing was performed by Wuhan Huada
Sequencing Company. Simply, fresh tissues were disso-
ciated into single-cell suspensions and tested for cell
viability. After passing the test, samples were labeled and
cells were captured using BD Rhapsody platform micro-
plates, and mRNA was captured by magnetic beads after
cell lysis. After reverse transcription, magnetic beads were
denatured to separate different library templates and the
library was constructed. After library quality control was
completed, DNBSEQ sequencing was performed. Finally,
sequencing data were analyzed according to the previous
manipulations.'?

Statistics

Unpaired Student’s t-test was used to compare the differ-
ences between the two groups, and one-way or two-way
analysis of variance tests were used to compare the differ-
ences between multiple groups. GraphPad software
(V.6.01) was used to analyze the results; statistical differ-
ences were considered when the p value was <0.05, and
the asterisk represents the degree of difference (*p<0.05;
#¥p<0.01; ###p<0.001; ****p<0.0001).

RESULTS

PDHA1 and OGDH is highly expressed in melanoma and
negatively correlated with anti-PD-1 immunotherapy
responsiveness

To study metabolism alteration in melanoma, we exam-
ined metabolites in the plasma of 20 patients with

melanoma and 20 normal subjects through nuclear
magnetic resonance spectroscopy, and found significant
alterations of metabolites involved in TCA cycle and
glycolysis such as pyruvate, fumarate, 2-oxoglutarate, and
glucose (figure 1A). Among those metabolites, pyruvate
serves as the link between glycolysis and the TCA cycle,
which converted to acetyl coenzyme A via pyruvate dehy-
drogenase (PDH) before entering the TCA cycle, and
it is essential for sustaining TCA activity."* In addition,
fumarate and 2-oxoglutarate are crucial intermediate
metabolites of the TCA cycle, indicated TCA cycle may
have essential function in melanoma. The glycolysis in
melanoma had been intensively studied, whereas the
role of TCA cycle is not fully elucidated. Given PDHc and
OGDHc orchestrate the main carbon flow into the TCA
cycle, we analyzed the expression of PDHAI and OGDH
in the Gene Expression Omnibus

(GEO) public database and Gene Expression Profiling
Interactive Analysis (GEPIA),* and found that the expres-
sion of PDHAI and OGDH were significantly raised in
melanoma (figure 1B,C). Moreover, patients with mela-
noma with elevated PDHAI expression exhibited poor
prognosis (figure 1D), implying PDHAl and OGDH
might have oncogenic features in melanoma.

To investigate the role of the TCA cycle in melanoma, we
knocked down PDHA1/OGDH expression in melanoma
cells, as shown in online supplemental figure 1, knock
down of either PDHA1 or OGDH significantly inhibited
the proliferation of melanoma cells (online supplemental
figures S1A-F) and induced cell cycle arrest in the GO/
Gl phase (online supplemental figures S1G-]). Further-
more, inhibition of both PDHAI and OGDH expression
or their pharmacological inhibitor (CPI613) significantly
reduced melanoma cells proliferation (figure 1E-H) and
arrested cell cycle in GO/GI1 phase (figure 1I-L).

Next, we assessed the expression of PDHAI and OGDH
in patients receiving anti-PD-1 immunotherapy, and
the results showed that in two GEO data sets, PDHA1
expression was significantly lower in complete response
groups than in progressive disease groups (online supple-
mental figures S2A,B), and 67-89% of patients with
partial or complete remission had a lower PDHAL (8/9)
and OGDH (6/9) expression after anti-PD-1 treatment,
compared with pretreated stage (online supplemental
figures S2C,D), indicating that PDHAI and OGDH were
associated with immunotherapy response. Furthermore,
we analyzed the relationship between PDHAI and the
immune score in GSE91061 by the ESTIMATE method. As
shown in online supplemental figure 2E, PDHAI expres-
sion was negatively correlated with stromal, immune,
and ESTIMATE scores, while exhibiting a strong positive
correlation with tumor purity, suggesting that PDHAI
is linked to a suppressed immunological microenviron-
ment (online supplemental figure S2E). Additionally, to
investigate the association between PDHAI and OGDH
expression and the immune state of patients with mela-
noma undergoing anti-PD-1 therapy, we performed the
ImmuCellAlI-human method,21 and found that PDHAI1
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expression showed an inverse correlation with the abun-
dance of CD4" T cells, while OGDH expression was asso-
ciated with lower state of immune cell infiltration as well
as decreased number of CD8 cytotoxic T cells (online
supplemental figures S2F,G), indicating PDHAIl and
OGDH are associated with immunosuppressive microen-
vironment. Interestingly, we also found that PDHAI and
OGDH expression was decreased in the tumor tissues
of YUMMI.7 tumor-bearing mice (sensitive to anti-PD-1
treatment) compared with B16F10 tumor-bearing mice
(relatively resistant to anti-PD-1 therapy) in a single-cell
sequencing data (online supplemental figure S2H).

Inhibition of TCA cycle enhances anti-PD-1 immunotherapy
efficacy in melanoma cells

To study involvement of PDHAl and OGDH in mela-
noma immune responsiveness, we established an in vitro
co-culture system of melanoma cells and PBMCs to simu-
late the in vivo microenvironment, as shown in online
supplemental figure 3A, although pharmacological inhib-
itor (CPI613) could reduce melanoma cells, we did not
observe any difference in tumor cell death between the
pharmacological inhibitor (CPI613) treatment and the
CPI613 plus anti-PD-1 combination treatment without
PBMC (online supplemental figure S3A), however,
CPI613 significantly enhanced the efficacy of anti-PD-1
mAb on melanoma cells in present of PBMC (online
supplemental figures S3B,C).

To further validate the role of PDHAI and OGDH in
the melanoma immunotherapy in vivo, we constructed
B16F10 tumor-bearing C57BL/6 mouse model and
treated them with an inhibitor of PDHA1 and OGDH
(CPI613) in combination with PD-1 mAb (figure 2A, left
panel). As shown in figure 2A, the combination treat-
ment significantly improved the therapeutic efficacy
of anti-PD-1 (figure 2A, right panel), and prolonged
the survival of mice (figure 2B). Similarly, immuno-
therapy efficacy had been also enhanced in YUMM1.7
melanoma-bearing mice (online supplemental figure
S4A). The body weight of the mice was not significantly
changed during the treatment period (online supple-
mental figures S4B,C). To assess the effect of the combi-
nation treatment on the immune microenvironment,
we analyzed tumor-infiltrating leukocytes in tumorous
tissues. As shown in figure 2C-], the combination therapy
significantly reduced the proportion of (Gr1"CD11B")
myeloid-derived suppressor cells and (F4/80°CD11B")
macrophages in the TME (figure 2C,D), whereas, the
infiltration of (MHC-IT'F4/80°CD11B") M1 macrophages
had been elevated (figure 2E). In addition, the combi-
nation treatment markedly induced infiltration of func-
tional CD4" and CD8" T cells (figure 2F-]). While, the
infiltration of natural killer (NK)" T cells and Regulatory
T (Treg) cells had not been altered, indicating the combi-
nation therapy’s efficacy was not primarily influenced by
NK" T cells or Treg cells (online supplemental figures
S4D,E). Consistent with the above results, knock down
both PDHA1 and OGDH significantly altered the immune

microenvironment, which benefited to that improve the
therapeutic efficacy of anti-PD-1 (figure 2K and online
supplemental figure S4F-KS4F-K), and the combina-
tion treatment had no significant effect on mouse body
weight (online supplemental figure S4L). In conclusion,
our findings demonstrated that targeting TCA cycle by
PDHAI and OGDH remarkably improved the efficacy of
anti-PD-1 therapy in melanoma, indicating the TCA cycle
inhibitor (CPI613) is a potential therapy strategy.

Inhibition of PDHA1 and OGDH expression raises PD-L1
expression in melanoma cells

PD-L1 expression in tumorous cells is a key factor for
the efficacy of anti-PD-1 immunotherapy,® therefore, we
examined the effects of PDHAI and OGDH on PD-L1
expression through simultaneous knocking down or
treatment with pharmacological inhibitor (CPI613). As
expected, suppression of PDHAI and OGDH gene or
pharmacological inhibition resulted in upregulation of
PD-L1 mRNA (figure 3A,B) as well as protein expression
(figure 3C-F) in melanoma cells.

Given PDH and OGDH are crucial enzymes for the
initiation and efficient execution of the TCA cycle, we
investigated oxygen consumption rate alteration in mela-
noma cells following PDHA1 and OGDH inhibition. As
shown in figure 4A,B, knock down of PDHAI plus OGDH
expression or pharmacological inhibition significantly
reduced basal OXPHOS, ATP production, and maximal
respiratory capacity (figure 4A,B). It was well known that
TCA cycle inhibition induces the upregulation of glycol-
ysis flux,” and increasing glycolysis flux has been docu-
mented to raise PD-L1 explression,24 % therefore, we also
tested glycolysis in melanoma cells following PDHAI and
OGDH suppression. The results exhibited that glycol-
ysis levels, glycolytic capacity, and glycolytic reverse were
notably elevated in melanoma cells after suppression of
PDHAI and OGDH (figure 4C,D), which suggested that
inhibition of TCA may sensitize anti-PD-1 immunotherapy
through regulation of PD-L1.

Inhibition of TCA elevates glycolysis via ATF3-HKDC1 signaling
To further investigate the precise molecular mechanism
underlying TCA inhibition-induced PD-L1 and glycolysis,
RNA sequencing was conducted to analyze the transcrip-
tomic alterations in B16F10 melanoma cells after CP1613
treatment. Principal component analysis and heat map
clustering revealed pronounced distinctions between the
CPI613-treated and control groups (online supplemental
figures SbA,B). KEGG and Reactome annotation analyses
showed that the major differential expression genes were
clustered to signal transduction and metabolism (online
supplemental figures S5C,D). As expected, GSEA analysis
showed that the TCA cycle and OXPHOS pathway were
dramatically altered in CPI613-treated cells, which was
consistent with the previous cytological results (online
supplemental figure SHE). Likewise, glycolysis-related
genes were prominently elevated in the CPI613-treated
group, including the classical transcription factors HIF
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Figure 2 Inhibition of PDHA1 and OGDH enhanced the efficacy of melanoma anti-PD-1 immunotherapy. (A) Schematic ) S
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Figure 3 Combined intervention of OGDH and PDHA1 upregulates PD-L1 expression in melanoma cells. (A) The mRNA levels
of PD-L1 in A375 (left panel) and Sk-Mel-5 (right panel) cells were measured using gRT-PCR after PDHA1 and OGDH gene
knockdown (n=3 samples per group). (B) The mRNA levels of PD-L1 in A375 (left panel) and SK-MEL-5 (right panel) cells were
detected using gRT-PCR after CP1613 (300 um) treatment for 48 hours (n=3 samples per group). (C-D) The protein levels of
PD-L1, OGDH, and PDHA1 in A375 (C) and Sk-Mel-5 (D) cells were detected using western blotting after PDHA1 and OGDH
gene knockdown. (E-F) The protein levels of PD-L1, OGDH, and PDHA1 in A375 (E) and SK-MEL-5 (F) cells were detected
using western blotting after CPI613 (200-300 pm) treatment for 24 hours. Multiple samples were compared for differences
using mean+SD, and the differences were marked according to the statistical markers in the methods. PD-L1, programmed
cell death-ligand 1; mRNA, messenger RNA; gRT-PCR, quantitative real-time polymerase chain reaction; OGDH, oxoglutarate

dehydrogenase; PDHA1, pyruvate dehydrogenase subunit 1.

and MYCL, which regulate glycolysis, and the transcrip-
tion factor ATF3 (online supplemental figure S5F). ATF3
is 2 member of the ATF/CREB family of transcription
factors,”® however its role in glycolysis remains unclear.
AMPK is a metabolic energy sensor based on AMP/ATP

ratio, directly perceiving intracellular ATP levels and
decreased ATP production resulting from mitochon-
drial inhibition,27 2 meanwhile the transcriptional factor
family of CREB/ATF exerts critical roles in AMPK trig-
gering signaling pathway.” * Therefore, we speculated
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Figure 4 Intervention in the tricarboxylic acid cycle inhibited oxidative phosphorylation and upregulated glycolysis in
melanoma cells. (A) Seahorse was performed to analyze oxidative phosphorylation levels in Sk-Mel-5 cells (left panel).

Basal oxidative phosphorylation levels, ATP production capacity and maximum respiration rate in Sk-Mel-5 cells after Sh-
OGDH+PDHA1 (Sh-O+P, right panel). (B) Seahorse was performed to analyze oxidative phosphorylation levels (left panel) in
Sk-Mel-5 cells. Basal oxidative phosphorylation levels, ATP production capacity and maximum respiration rate in Sk-Mel-5 cells
after CPI613 (300 um) treatment for 24 hours (right panel). (C) Seahorse was performed to analyze glycolysis levels in Sk-Mel-5
cells (left panel). The basal glycolysis level, the maximum capacity of glycolysis and glycolysis reverse in Sk-Mel-5 cells after
Sh-OGDH+PDHAT1 (Sh-O+P, right panel). (D) Seahorse was performed to analyze glycolysis levels in Sk-Mel-5 cells (left panel).
The basal glycolysis level, the maximum capacity of glycolysis and glycolysis reverse in Sk-Mel-5 cells after CPI613 (300 um)
treatment for 24 hours (right panel). Multiple samples (n=3 samples per group) were compared for differences using mean+SD,
and the differences were marked according to the statistical markers in the methods. OCR, oxygen consumption rate; ECAR,
extracelluar acidification rate; OGDH, oxoglutarate dehydrogenase; PDHA1, pyruvate dehydrogenase subunit 1.
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that inhibition of TCA cycle upregulates glycolysis and
PD-L1 by activating the AMPK-CREB-ATF3 signaling.
As expected, we verified that inhibition of PDHAI and
OGDH by either shRNA or CPI613 increased intracel-
lular AMP/ATP ratio (figure 5A). Knock down of OGDH
plus PDHAI expression or administration of CPI613
significantly activated AMPK-CREB signaling pathway in
melanoma cells (figure 5B). These findings indicated
that inhibition of PDHAI and OGDH increases glycolysis
and PD-L1 through AMPK-CREB-ATF3 signaling. Mean-
while, suppression of PDHAl and OGDH remarkably
increased ATF3 expression at the mRNA and protein
levels (figure 5C-E). Notably, inhibition of ATF3 expres-
sion significantly reduced glycolytic capacity and expres-
sion of key genes involved in glycolysis (figure 5F,G, online
supplemental figures S6A-D), whereas ectopic ATF3
elevated those glycolytic genes expression (online supple-
mental figures S6E-H). Among those genes, HKDCI,
encoding HK kinase, was the most significantly altered
glycolytic gene after CPI613 treatment (online supple-
mental figure S5F). Therefore, we proposed that ATF3
might regulate melanoma glycolysis through HKDCI. As
expected, our finding showed that ATF3 directly recog-
nized the promoter region of HKDCI, while knockdown
of ATF3 inhibited HKDCI promoter activity (figure 5H).

Suppression of TCA cycle increases PD-L1 expression through
ATF3

Consistent with our previous results,31 we confirmed
the regulatory role of ATF3 on PD-LI expression, and
pharmacological inhibitors of PDHAI and OGDH did
not completely rescue the PD-L1 expression in ATF3
knocking down cells (figure 6A,B). Meanwhile, knock
down of ATF3 expression significantly inhibited CPI613-
induced PD-L1 promoter activity and the binding of ATF3
to the PD-L1 promoter (figure 6C,D), indicating inhibi-
tion of TCA cycle-induced PD-L1 expression depended
on ATF3. Subsequently, we analyzed the correlation of
ATF3 and glycolysis with anti-PD-1 treatment responsive-
ness in melanoma single-cell sequencing data and found
that ATF3 and key glycolytic enzymes (HK/PFKM/PFKP)
were expressed at higher levels in the tumor tissues of
mice sensitive to anti-PD-1 treatment compared with the
anti-PD-1 insensitive group (online supplemental figures
6E,F and S7).

DISCUSSION

Metabolic reprogramming is one of the main features
in tumor cells. Although, many years ago, Warburg et al
made a significant discovery that tumor cells have a pref-
erence for using anaerobic glycolysis instead of OXPHOS
for their energy supply, accumulating evidence showed
that mitochondrial metabolism (TCA cycle/OXPHOS)
is required for tumor progression.32 ¥ Tumor cells in
various states, including but not limited to drug-resistant
tumor cells, metastatic tumor cells, tumor stem cells, and
tumor-initiating cells, exhibit varying degrees of reliance

on the TCA cycle for their survival.** This phenomenon
was also found in melanoma cells; metastatic melanoma
cells had been to shown to downregulate the glycolytic
metabolites, whereas TCA circulating metabolites were
significantly elevated compared with primary melanoma
cells. Further mechanistic study found that this is due to
inhibition of isoform of the short glycerol-3-phosphate
dehydrogenase, which leads to reduced glycolysis and
raise TCA-circulating metabolites, respectively, ultimately
facilitating metastasis of melanoma cells.”

Actually, TCA cycle-related enzymes are crucial targets
by oncogenes during carcinogenesis. Glucose-PDH-
mediated TCA cycle/mitochondrial metabolism is
required for Ras-driven non-small cell lung cancer forma-
tion.” SIRTS activates the activity of PDHAI and pyruvate
dehydrogenase phosphatase subunit 1 by regulating their
deacetylation, thereby elevating the TCA cycle, and even-
tually enhancing lung cancer cell growth.”” Colorectal
cancer cells with PIK3CA mutations catalyzes large
amounts of glutamine to replenish the TCA cycle, which
maintains tumor growth via glutamate pyruvate trans-
aminase 2.” In melanoma cells, PGCl-o. promotes drug
resistance and metastasis by converting the metabolism of
melanoma from glycolysis to TCA cycle.”™*!

Most importantly, the alteration of TCA cycle is also
associated with tumor immune microenvironment. In
the aggressively activated B-cell subtype of diffuse large
B-cell lymphoma, glutamate enhances STAT3-induced
PD-L1 expression in a TCA cycle-dependent manner.* In
gliomas with wild-type IDH1, PD-L1 was highly expressed,
whereas IDHI mutant gliomas inhibited PD-L1 expres-
sion via 2-hydroxyglutaric acid.*’ It was also reported that
o-ketoglutarate enhances PD-L1 expression in tumor
cells via IFN--STAT1-TETI1-IRF1 signaling in hepatocel-
lular carcinoma, sensitizing the therapeutic efficacy of
anti-PD-1/PD-L1.* Similarly, o-ketoglutarate enhances
IFN--STAT-PD-L1 signaling via the demethylase TET and
enhances melanoma anti-PD-1 immunotherapy efficacy."
The studies mentioned above indicate that the expression
of PD-L1, which is induced by enzymes or metabolites
related to TCA, could potentially enhance the respon-
siveness of tumors to anti-PD-1/PD-L1 therapy. On the
other hand, it has been found that fumarate produced by
tumors can inhibit the antitumor function of CD8" T cells
within the TME.* The TCA cycle is a complex system, and
the impact of changes in its critical enzymes or metabo-
lites on tumor progression is intricate. Therefore, further
research is necessary to fully understand the molecular
mechanisms involved.

To explore the molecular mechanisms underlying the
role of the TCA cycle in melanoma, we inhibited the TCA
cycle by inhibiting PDHA1 and OGDH subunits of the
PDH and OGDH enzyme complexes. The main sources
of carbon flow in the TCA cycle are glycolytic-derived
pyruvate and glutamine-derived o-ketoglutarate, both of
which, PDH and OGDH, play key roles in the TCA cycle/
OXPHOS, and they control the majority of the carbon
flow into the TCA cycle.”” PDH supplies the TCA cycle
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Figure 5 OGDH and PDHA1 increased glycolysis through AMPK-CREB-ATF3 signaling. (A) The ratio of AMP/ATP was
detected using ELISA after Sh-OGDH+PDHA1(left panel) or CP1613 (300 um, right panel) treatment for 24 hours (n=3 samples
per group). (B) The protein levels of P-AMPK and P-CREB in Sk-Mel-5 cells were detected using western blotting after Sh-
OGDH+PDHA1(left panel) or CPI613 (200-300 pm, right panel) treatment for 24 hours (B). (C) The messenger RNA levels of ATF3
in Sk-Mel-5 cells were detected using RT-PCR after Sh-OGDH-+PDHA1(left panel) or CP1613 (300 um, right panel) treatment

for 24 hours (n=3 samples per group). (D) The protein levels of ATF3 in A375 (left panel) and Sk-Mel-5 (right panel) cells were
detected using western blotting after Sh-OGDH+PDHA1. (E) Protein levels of ATF3 in A375 (left panel) and SK-MEL-5 (right
panel) cells were detected using western blotting after CP1613 (300 um) treatment for 24 hours. (F-G) Seahorse was performed
to analyze glycolysis levels in Sk-Mel-5 cells (F). The basal glycolysis level and the maximum capacity of glycolysis in Sk-Mel-5
cells after Sh-ATF3 (G) (n=3 samples per group). (H) ChIP assay was performed to detect ATF3 binding to the HKDC1 promoter
after ATF3 knocking down (n=3 samples per group). Multiple samples were compared for differences using mean+SD, and the
differences were marked according to the statistical markers in the methods. OGDH, oxoglutarate dehydrogenase; PDHA1,
pyruvate dehydrogenase subunit 1; ECAR, extracelluar acidification rate; RT-PCR, reverse transcription polymerase chain
reaction; ChlIP, chromatin immunoprecipitation.
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Figure 6 CPI613 regulates PD-L1 expression through ATF3. (A-B) The protein levels of PD-L1 in A375 (A) and Sk-Mel-5

(B) cells was detected using western blotting. (C) The effect of CPI613 and ATF3 on PD-L1 promoter activity was detected using
a luciferase reporter gene. (D) ChIP assay was performed to detect the effect of CPI613 on the extent of ATF3 binding to the
PD-L1 promoter. (E) Single-cell sequencing analyzed the expression of ATF3 in melanoma insensitive to PD-1 immunotherapy
(left) versus sensitive melanoma (right). (F) Single-cell sequencing analyzed the expression of ATF3 in five melanoma clusters
from single cell sequencing results (violin chart). (G) Diagram of molecular mechanism of the article. Multiple samples (n=3
samples per group) were compared for differences using mean+SD, and the differences were marked according to the
statistical markers in the methods. PD-L1, programmed cell death-ligand 1; PD-1, programmed death 1; ChIP, chromatin

immunoprecipitation.

by irreversibly catalyzing the conversion of pyruvate to
acetyl coenzyme A, while OGDH facilitates the TCA cycle
by catalyzing the conversion of a-ketoglutarate to succinyl
coenzyme A. Given that this catalytic process is irrevers-
ible,'* therefore, inhibition of the TCA cycle/OXPHOS

by inhibiting PDH and OGDH is the optimal choice for
tumor therapy.

Our results confirmed that the knock down of PDHA1
and OGDH significantly inhibited OXPHOS levels and
ATP production in tumor cells (figure 4). As mentioned
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above, although it was well known that melanoma cells
enhance tumor metastasis through the suppression
of glycolysis, which results in an upregulation of TCA-
circulating metabolites implying a potential compensa-
tory relationship between glycolysis and the TCA cycle,”
the details of molecular mechanisms responsible for the
transition from glycolysis to the TCA cycle have been inad-
equately documented. This study investigated the mech-
anism behind the switch from the TCA cycle to glycolysis
in melanoma and revealed that inhibiting the TCA
cycle activates the AMPK-CREB-ATF3 signaling pathway,
leading to a rise in both glycolysis and PD-L1 expression.
We also investigated how the PD-L1 expression triggered
by inhibiting the TCA cycle might enhance the efficacy of
immunotherapy.

CPI613 is an analog of o-LA, and only four enzyme
complexes in the cell (PDH, OGDH, the branched chain
oxidative acid dehydrogenase complex, and the glycine
cleavage system) must be covalently bound to o-LA coen-
zymes to exert enzymatic activity.”” In addition to PDH
and OGDH, the other two enzymes are only present in
the mitochondrial matrix and feed the carbon produced
from amino acids into the TCA cycle. Given PDH and
OGDH are crucial enzymes regulating the carbon flux of
the TCA cycle, CPI613 has been primarily employed as
a specific inhibitor of two enzymes.*'* CPI613 has been
found to effectively inhibit the growth of several types of
tumors. Specifically, in non-small cell lung cancer and
pancreatic cancer, CPI613 has shown selective cytotox-
icity towards tumor cells by disrupting mitochondrial
metabolism." Notably, its mode of action has led to fewer
systemic side effects, making it a promising candidate for
targeted therapy.

Here, we elucidate the molecular mechanisms by which
CPI613 inhibits melanoma and enhances the efficacy
of anti-PD-1 immunotherapy in melanoma. Our results
showed that CPI613 significantly inhibited TCA cycling/
OXPHOS in melanoma cells and revealed that CP1613
not only significantly inhibited melanoma growth but
also upregulated melanoma cell glycolysis levels and
PD-L1 expression through AMPK-CREB-ATF3 signaling
and increased melanoma immune responsiveness to PD-1
mAb treatment. Our study demonstrated that CP1613 can
significantly enhance the efficacy of melanoma immuno-
therapy as a TCA cycle inhibitor and has good clinical
application.

Actually, CPI613 has been evaluated in several phase
I-III clinical trials as a combination therapy for tumor
treatment, with a focus on its efficacy, tolerability, and
safety.'* According to the findings of a phase I clinical trial
(NCTO01835041), the combination of CP1613 and modified
FOLFIRINOX (mFFX) reached a 61% objective response
rate in patients with metastatic pancreatic cancer, indi-
cating that the treatment was well-tolerated and deemed
safe for participants.* Furthermore, an ongoing phase
IIT clinical trial registered as NCT03504423 is aimed at
assessing the safety and effectiveness of CPI613 in combi-
nation with modified mFFX for managing patients with

metastatic pancreatic cancer.'” In another phase I clinical
trial (NCT01832857), the study focused on the inhibitory
effects of CPI613 on the TCA cycle, as well as evaluated
the pharmacokinetics and safety of CPI613 in patients
with hematological malignancies that had relapsed or
were refractory.'* These clinical trials indicated the great
potential of CPI1613 for clinical applications in melanoma
immunotherapy.

There are certain limitations to consider in this study.
Specifically, the enzymatic activity of PDH/OGDH in
the TCA cycle is dependent on the acylation of lipids
mediated by LA.*™ In this study, we have elucidated
that CPI613, an analog of LA, impairs the TCA cycle by
inhibiting the activity of PDH/OGDH, however, we did
not elucidate how CPI613 affects melanoma immuno-
therapy by inhibiting the lipid acylation of PDH/OGDH,
and that is an interesting point for future study. In addi-
tion, although it has been well documented that the TCA
cycle can affect AMPK-CREB signaling by regulating the
AMP/ATP ratio,27_30 the specific molecular mechanism
by which the TCA cycle regulates AMP/ATP remains to
be further elucidated. Finally, further study is needed
to investigate the effects of inhibiting the TCA cycle on
metabolites and their potential impact on the immune
microenvironment.

CONCLUSIONS

Taken together, our finding revealed the novel mecha-
nism of TCA cycle effect on glycolysis as well as the effi-
cacy of anti-PD-1 immunotherapy, inhibition of PDHAI
and OGDH or application of pharmacological inhibitor
(CPI613) upregulate PD-L1 expression through AMPK-
CREB-ATF3 axis, sensitizing anti-PD-1 immunotherapy
(figure 6G), which provided a promising strategy to
improve anti-PD-1 clinical efficacy.
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