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ABSTRACT

Background: Improving the “cold” tumor immune microenvironment (TIME) of small-cell lung cancer (SCLC) represents a
promising therapeutic approach. The metabolite lactate plays a crucial role in shaping the immune-cold tumor microenviron-
ment (TME) and facilitating tumor progression. Phosphoglycerate kinase 1 (PGK1) is a key enzyme involved in tumor lactate
metabolism. This study demonstrates that ACT001 improves the TIME of SCLC through inhibiting lactate production by target-
ing PGK1.

Methods: The cytotoxic effects of ACT001 on SCLC cell lines NCI-H1688 and NCI-H446 were evaluated using MTT assay, clone
formation, EAU incorporation, wound healing, and invasion assays. To elucidate the mechanism of action of ACT001, proteomic
techniques, pull-down assays, LC-MS/MS, surface plasmon resonance, immunofluorescence, lactate generation, glucose up-
take, and western blot assays were conducted. A xenograft model was used to assess the in vivo anti-tumor activity of ACT001.
Results: ACT001 inhibited the proliferation, invasion, and metastasis of SCLC both in vitro and in vivo. Additionally, it reduced
lactate accumulation and M2 macrophage polarization. Mechanistically, ACT001 released micheliolide, which covalently mod-
ified Cys316 of PGK1 under physiological conditions. This suppressed PGK1 activity and restored the distribution of PGK1 in
mitochondria and the cytoplasm under hypoxic conditions.

Conclusions: ACT001 inhibits the malignant progression of SCLC by suppressing lactate production, modulating macrophage
polarization, and restraining tumor metastasis through PGK1 targeting.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.
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1 | Introduction

Small-cell lung cancer (SCLC) is a formidable, relatively
immune-resistant, and highly lethal subtype of lung cancer [1-5].
Approximately 80% of patients with SCLC initially respond well
to the first-line standard treatment, which combines etoposide
with platinum [6]. However, the majority of patients experience
relapse or develop resistance within a short period [7, 8]. While
immune checkpoint inhibitors (ICIs) have improved survival in
10%-20% of cases [9-19], their efficacy remains insufficient to
justify their widespread use. There is an urgent need to elucidate
the mechanisms underlying the malignant progression of SCLC
and to develop novel therapeutic strategies.

Malignant tumor cell metabolism exhibits distinct characteris-
tics, particularly an increased conversion of glucose to lactate.
Cancer cells predominantly rely on glycolysis for energy pro-
duction, even in the presence of abundant oxygen, a phenom-
enon termed aerobic glycolysis [20-22]. This process results in
lactate fermentation within the cytoplasm rather than oxidative
phosphorylation in mitochondria. The excessive lactate secreted
by cancer cells creates an acidic microenvironment, which pro-
motes tumor cell proliferation and immune evasion [23-25].
Notably, lactate mediates interactions between various cell pop-
ulations within tumor tissues, modulating immune surveillance
functions, such as the infiltration and M2 polarization of tumor-
associated macrophages [26-31]. Consequently, targeting these
unique metabolic pathways presents a promising strategy for
reshaping the tumor microenvironment (TME) and enhancing
anti-tumor immune responses.

Phosphoglycerate kinase 1 (PGK1) is a key enzyme in glycolysis,
catalyzing the conversion of 1,3-diphosphoglycerate (1,3-BPG)
and adenosine diphosphate (ADP) into 3-phosphoglycerate (3-
PG) and adenosine 5'-triphosphate (ATP) [32, 33]. PGK1 is over-
expressed in various cancer types, promoting aerobic glycolysis,
cancer cell proliferation, and metastasis [34-36]. Post-translational
modifications regulate PGK1 activity. Phosphorylation at Ser203
and O-GlcNAcylation at Thr255 enhance PGK1 activity and
mediate its translocation from the cytoplasm to mitochondria
[37, 38]. Upon mitochondrial translocation, PGK1 phosphorylates
pyruvate dehydrogenase 1 (PDHK1), reducing pyruvate dehydro-
genase activity and limiting pyruvate entry into mitochondria for
oxidative phosphorylation [37]. This highlights PGK1's role as a
protein kinase in coordinating glycolysis and the tricarboxylic
acid cycle, which is critical for cancer metabolism and tumorigen-
esis. Acetylation at the Lys323 site of PGK1 enhances liver cancer
proliferation and tumorigenesis [39]. Furthermore, macrophage-
associated PGK1 phosphorylation promotes aerobic glycolysis,
indicating PGK1's role in the immune microenvironment [40].

ACTO001, a novel drug developed by Accendatech Co. Ltd.
(Tianjin, China), has been designated as an orphan drug for
glioblastoma by the FDA. This compound gradually releases
micheliolide (MCL) under physiological conditions, thereby
enhancing MCLs oral bioavailability. ACT001 demonstrates
potent inhibitory and immunomodulatory effects across vari-
ous tumors by suppressing multiple signaling pathways, includ-
ing signal transducer and activator of transcription 3 (STAT3),
nuclear factor kappa-B (NF-kappa B), toll-like receptor 4 co-
receptor MD2, and plasminogen activator inhibitor-1 (PAI)

[41-49]. Furthermore, when used for treating brain metastases
from SCLC, ACTO001 has been included in the breakthrough
treatment list by the center for drug evaluation (CDE) in China
(Handling Number: CXHL2000167). In this study, we discov-
ered that ACTO001 releases MCL, which directly targets and
inhibits PGK1, revealing a novel mechanism through which
ACTO001 modulates tumor metabolism, tumor immune micro-
environment (TIME), and cancer progression.

2 | Methods
2.1 | Cell Lines

NCI-H1688 and NCI-H446 cell lines were obtained from
Accendatech Co. Ltd. (Tianjin, China), while the GFP-H1688
and THP-1 cell lines were acquired from the American Type
Culture Collection (ATCC).

2.2 | Expression and Purification of PGK1
Wild-Type and Mutant Proteins

PGK1 and its mutant protein were expressed and purified ac-
cording to previously established experimental protocols [37].

2.3 | Surface Plasmon Resonance Assay

The interaction between ACT001 and MCL with PGK1 was as-
sessed using surface plasmon resonance (SPR) following previ-
ously established protocols [45].

2.4 | Proteomic Analysis

The samples were processed according to previously established
protocols and were subsequently reconstituted in a 0.1% formic
acid aqueous solution for analysis using LC-MS/MS (Thermo
Fisher Scientific, MA, USA) [47].

3 | Results

3.1 | ACTO001 Inhibited the Proliferation, Invasion
and Migration of SCLC In Vitro

The cytotoxic effects of ACT001 and MCL on SCLC cell lines
NCI-H1688 and NCI-H446 were evaluated using MTT assays
over 72h. Both compounds exhibited cytotoxicity, with ACT001
demonstrating IC,, values of 19.99 and 28.68 uM, respectively,
and MCL showing IC, values of 3.49 and 6.43 M, respectively
(Table 1).

TABLE 1 | MTT assay results of ACT001 and MCL on NCI-H1688
and NCI-H446 cell lines for 72h.

Drugs/cell types NCI-H1688 NCI-H446
ACTO001 19.99+1.75uM 28.68+2.56 uM
MCL 3.49+0.70uM 6.43+2.27uM
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We further evaluated the effect of ACT001 on the proliferation
of SCLC cells. Clone formation experiments and EdU cell prolif-
eration assays indicated that ACTO001 inhibited clone formation
(Figure 1A) and DNA replication (Figure 1B,C) in SCLC cells.
Additionally, ACT001 significantly reduced the wound healing
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FIGURE1 | ACTO01 inhibited the proliferation, invasion, and migration of SCLC cells. (A) Image depicting ACT001's inhibition of clone forma-
tion in NCI-H1688 and NCI-H446 cells. (B, C) EAU assay results demonstrating reduced DNA replication in SCLC cells treated with ACT001. (D-G)
Concentration-dependent inhibitory effects of ACT001 on invasion and metastasis of NCI-H1688 and NCI-H446 cells. (H, I) Quantitative analysis
of invaded cell numbers and wound healing rate (%) for NCI-H1688 and NCI-H446 cells. Data are represented as mean value + SD (n=3, *p <0.05,

#%p < 0.01, ***p < 0.001).
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FIGURE 2 | ACTO001 regulated aerobic glycolysis in SCLC cells. (A) Differentially expressed proteins between the control and ACT001-treated
groups (24 h). Red dots indicate upregulated proteins and green dots indicate downregulated proteins. (B) KEGG enrichment analysis of differential-
ly expressed proteins. (C, D) ACT001 inhibited glucose uptake and lactate production in NCI-H1688 and NCI-H446 cells. (E) Representative images
of M2 and CM-incubated M2 macrophages with and without ACT001 treatment, stained with antibodies against Argl (red), CD206 (green), and
DAPI (blue). (F) Western blot analysis of E-cadherin, N-cadherin, and MMP9 levels in NCI-H1688 and NCI-H446 cells treated with ACTO001 at the
indicated concentrations for 48 h. (G, H) Quantitative analysis of protein expression levels. Error bars represent mean + SD, n=3. *p <0.05, **p <0.01,
% < 0,001,
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FIGURE3 | MCL targeted PGK1 and inhibited PGK1 enzyme activity. (A) Structures of active MCL and inactive S-MCL. (B) Mechanism of MCL
binding to cysteine residues. (C, D) Structure of Biotin-MCL and Biotin-S-MCL. (E) Silver staining analysis of target proteins bound to Biotin-MCL
and Biotin-S-MCL. The experiments were conducted in duplicate. (F) Initial LC-MS/MS identification of proteins bound to Biotin-MCL but not
Biotin-S-MCL (Two independent experiments). (G, H) Western blot analysis demonstrating the Biotin-MCL probe binding to PGK1 in NCI-H1688
and NCI-H446 cells, while the Biotin-S-MCL probe did not bind. (I) Concentration-dependent binding of Biotin-MCL to PGK1 in NCI-H1688 cells.
(J, K) MCL enhanced the thermal stability of PGK1 protein at elevated temperatures in vitro in NCI-H1688 and NCI-H446 cells. (L, M) Normalized
intensity analysis of PGK1. (N) Co-localization of MCL probe (red) and PGK1 (green) in NCI-H1688 cells. (O, P) SPR results showing the direct in-
teraction between PGK1 protein and ACT001 or MCL. (Q) Inhibitory effect of ACT001 on the wild-type recombinant PGK1 enzymatic activity. The

experiments were performed in triplicate.

3.2 | ACT001 Reduced SCLC Aerobic Glycolysis
In Vitro

To elucidate the mechanism of action of ACT001 against SCLC,
proteomic experiments were conducted to determine the pro-
teomic changes in NCI-H1688 cells with and without ACT001
treatment. A fold change >1.5 or <0.06 and p<0.05 were
used as the cutoff criteria (Figure 2A). Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis revealed
that the glycolysis/gluconeogenesis pathway was regulated
by ACTO001 (Figure 2B). Lactate production and glucose up-
take experiments were performed to evaluate the regulatory
effect of ACTO001 on glycolysis in NCI-H1688 and NCI-H446
cells. ACTO001 treatment decreased glucose consumption and
lactate production in both cell lines (Figure 2C,D). Notably,
at a concentration of 10uM, ACTO001 significantly inhibited
lactate levels without substantially altering glucose uptake in
tumor cells, suggesting that ACT001 modulates the metabolic
pathway of SCLC cells.

Elevated lactate leads to an acidic TME and promotes the po-
larization of M2 macrophages [26]. Given ACTO001's significant
inhibition of lactate production, we further assessed its effect on
lactate-stimulated M2-type polarization of macrophages. Human
THP-1 monocytes were stimulated with phorbol 12-myristate
13-acetate, interleukin-4, and interleukin-13 to represent M2 mac-
rophage polarization (Figure 2E). Immunofluorescence assays
confirmed that conditioned medium (CM) from NCI-H1688 cells
increased M2 macrophage marker levels; conversely, ACT001
inhibited CM-facilitated M2-type polarization (Figure 2E). This
experiment demonstrated that ACT001 can suppress the CM-
induced polarization of M2 macrophages. Additionally, the gly-
colytic metabolite lactate promotes tumor metastasis through
epithelial-to mesenchymal transition (EMT) [50]. We examined
the expression of EMT-related markers in SCLC cells incubated
with or without ACT001. Western blot analysis showed that
ACTO001 significantly inhibited N-cadherin and MMP9 levels
while increasing E-cadherin expression (Figure 2F-H). These
experiments indicate that ACT001 regulates glycolysis, inhibits
lactate production, reduces CM-induced polarization of M2 mac-
rophages, and suppresses tumor EMT progression in SCLC cells.

3.3 | MCL Targeted PGK1 and Inhibited PGK1
Enzyme Activity

Our previous research demonstrated that ACT001 releases
the active compound MCL under physiological condi-
tions [48]. MCL functions as a reactive Michael acceptor,

forming covalent bonds with cysteine residues of target pro-
teins (Figure 3A,B).

To identify MCLs targets, we employed MCL-related probes
in subsequent experiments. In vitro pull-down assays were
conducted using biotin-conjugated probes. Proteins bound to
the active probe Biotin-MCL (Figure 3C) or the inactive probe
Biotin-S-MCL (Figure 3D) in NCI-H1688 cells were identified
through LC-MS analysis (Figure 3E). The analysis revealed that
elongation initiation factor EIF4A2, ornithine aminotransferase,
and PGK1 were pulled down by Biotin-MCL but not by Biotin-
S-MCL (Figure 3F). Among these, PGK1 exhibited the highest
coverage and most specific peptide segments (Figure 3F). Based
on these findings, we postulated that PGK1 is the primary target
of MCL in NCI-H1688 cells. Western blot and dose-dependent
pull-down assays confirmed that PGK1 was pulled down by
Biotin-MCL in SCLC cells (Figure 3G-1). A cellular thermal shift
assay demonstrated that MCL treatment enhances the thermal
stability of PGK1 (Figure 3J-M). Immunofluorescence analysis
indicated co-localization of the MCL probe with PGK1 in NCI-
H1688 cells (Figure 3N). SPR analysis revealed that the disso-
ciation constant (KD) value of ACT001 and PGK1 was 19.8 uM,
while the KD of MCL and PGK1 was 7.5uM (Figure 30,P). To
evaluate whether MCL inhibits PGK1 enzyme activity, wild-
type recombinant PGK1 (rPGK1) protein was expressed and pu-
rified. The results indicated that MCL attenuated PGK1 activity
with an IC, value of 5.89 uM, suggesting that MCL is a potential
novel PGK1 inhibitor (Figure 3Q).

Next, we investigated the binding site between MCL and
PGK1. rPGK1 was incubated with or without MCL and sub-
jected to LC-MS/MS. Tryptic peptides containing cysteine
were evaluated. The mass of the Cys316-containing peptide
TGQATVASGIPAGWMGLDCGPESSKK was measured as
2548.23Da without MCL and 2796.36Da with MCL, corre-
sponding to a mass shift of 248.13Da, which is consistent with
the addition of one MCL molecule (Figure 4A). These results
suggested that Cys316 residues of PGK1 might be covalently
modified by MCL. To confirm this, we mutated Cys316 to al-
anine (rPGK1 C316A) and performed pull-down experiments
with recombinant cysteine-mutated PGK1. The results showed
that MCL specifically binds to Cys316 of rPGK1 (Figure 4B).
Additionally, we investigated whether the Cys316 mutation
could impact the inhibitory effect of MCL on PGK1 activity. The
results demonstrated that MCL significantly inhibited wild-type
PGK1 activity, but this effect was markedly suppressed in the
Cys316-mutated PGK1 (Figure 4C). Collectively, these experi-
ments demonstrate that MCL directly targets Cys316 of PGK1,
forming a covalent bond that inhibits its activity.
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FIGURE4 |

Cysteine 316 was responsible for MCL-mediated PGK1 inhibition. (A) LC-MS/MS analysis of the Cys316-containing tryptic peptide

in recombinant PGK1 in the absence (top) and presence (bottom) of MCL. (B) Western blot images of recombinant wild-type PGK1 and its mutants
pulled down by Biotin-MCL. (C) Wild-type PGK1 and PGK1 C316A proteins were incubated with MCL at the indicated concentrations for 30 min at

room temperature for PGK1 activity assay.

3.4 | ACTO001 Reduced Mitochondrial Translocation
of PGK1 by Inhibiting PGK1 S203 Phosphorylation

Cancer cells maintain a high glycolytic rate even in the pres-
ence of sufficient oxygen. However, most solid tumors contain
hypoxic regions. Hypoxia enhances glycolysis by promoting the
conversion of pyruvate to lactate rather than its utilization for
mitochondrial oxidation, thereby supporting tumor cell survival
and progression [51]. Hypoxia can induce PGK1 translocation
to mitochondria, mediated by PGK1 phosphorylation at S203.
Mitochondrial PGK1 activates PDHK1 by phosphorylating it at
T338. Phosphorylated PDHK1 subsequently inhibits mitochon-
drial pyruvate metabolism and increases lactate production
[37]. To investigate the role of ACT001 in PGK1 mitochon-
drial translocation, SCLC cells were treated with or without
ACTO01 to assess PGK1 phosphorylation at S203. Concurrently,

immunofluorescence analysis was conducted to visualize PGK1
distribution within cells. Under normoxic conditions, PGK1 was
distributed throughout the cytoplasm and nucleus (Figure 5A,B).
However, in hypoxic conditions, intracellular PGK1 was com-
pletely co-localized with mitochondria. Notably, treatment with
10uM ACTO001 resulted in PGK1 redistribution to the cytoplasm
in NCI-H1688 and NCI-H446 cells (Figure 5A,B). These exper-
iments indicated that ACT001 effectively targeted intracellular
PGK1 and reduced its mitochondrial translocation under hy-
poxic conditions. Further western blot analysis revealed that
intracellular p-PGK1(S203) and p-PDHK1(T388) protein levels
decreased with ACT001 incubation in a dose-dependent manner
without altering PGK1 expression (Figure 5C-F). These find-
ings demonstrate that ACT001 reduces PGK1 phosphorylation,
inhibits mitochondrial pyruvate metabolism, and indirectly re-
duces lactate formation.

7 of 13



A NCI-H1688
= 3
=
Qo
(@]
R
x
o
[oR
>
T
+
8O
25
£<
DAPI PGK1 MitoTracker Merge
C NCI-H1688
Control 10 uM 20 uM
36 kDa | S S GAPDH
46 kDa | 4. s s | PGK1

A7 KDa | s s s

49KkDa | ..

-

NCI-H446

p-PGK1 (S203)

p-PDHK1 (T338)

B NCI-H446

; .
*‘-:’ %
o a
(&)
8
x
o
S
T
+ b 7=
g8
I <
DAPI PGK1 MitoTracker Merge
D NCI-H1688
47 B8 PGK1
B p-PGK1
3- B p-PDHK1
B HIF-1a

Relative protein expression

Control 10 uM 20 pM IS
(2]
36 kDa | WS wmm— = \pDH o
o
x
(0]
46 kDa | D SN BN | PG <
S 14
47 kDa | (M W we |, DGK{ (S203) e
h ()] *k
49 kDa | s hv w. . |p-PDHK1(T338) = LA L@
o
g x O-
120 kDa | s s e | HIF-1q A Q Q
¢ N N
Q Q S
P N v
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levels in NCI-H446 cells. Error bars represent mean + SD (n =3 biological replicates). *p <0.05, **p <0.01, ***p <0.001.

3.5 | Anti-Proliferation, Anti-Metastatic
and Anti-Glycolysis Effects of ACT001 Were at
Least Partially Dependent on the Expression
of PGK1

To validate the role of PGK1 on the inhibitory effect of
ACTO001 on SCLC, we used siRNA to interfere with PGK1
expression in NCI-H1688 cells. Three different PGK1 siR-
NAs successfully inhibited PGK1 expression (Figure 6A,B).

MTT assays revealed that PGKl1-silenced (siPGK1) cells
were more resistant to ACT001 compared to control cells
(Figure 6C). In subsequent wound healing and transwell as-
says, ACT001 inhibited the migratory and invasive capacity of
NCI-H1688 cells, but this inhibitory effect was reduced in the
siPGK1+ ACTO001 group compared to the ACT001 treatment
alone group (Figure 6D-G). Additionally, lactate production
was significantly reduced in NCI-H1688 cells after ACT001
treatment or PGK1 knockdown (Figure 6H). However, the
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ability of ACTO001 to inhibit lactate formation in siPGK1-
NCI-H1688 cells was diminished (Figure 6H). ACT001 treat-
ment or PGK1 knockdown notably inhibited the expression
of HIF-1a and c-MYC, two key regulators of glycolysis in
SCLC cells. However, compared to the siPGK1 group, ACT001
treatment after PGK1 knockdown did not further reduce the
expression of HIF-1a and c-MYC (Figure 6I-K). These exper-
iments demonstrate that ACT001 inhibits tumor metastasis
and lactate production by targeting PGK1.

3.6 | ACTO001 Delayed the Progression
and Diminished Metastasis of SCLC In Vivo

To evaluate the anti-tumor effects of ACTO001 in vivo, we estab-
lished a nude mouse tumor-bearing model using NCI-H1688 cells.
Tumor-bearing mice were randomly assigned to either the con-
trol group or the ACT001 administration group, which received
oral administration of ACT001 once daily at a dose of 200mg/kg.
On Day 21, tumor volumes and weights in the ACT001 treatment
group were reduced to 56.8% and 45.8%, respectively, compared
with the control group (Figure 7A-D), demonstrating that ACT001
effectively reduced disease burden by inhibiting tumor growth.
Notably, ACT001 had minimal impact on body weight, follow-
ing a trend similar to the control group, suggesting no significant
side effects (Figure 7B). Furthermore, immunohistochemistry
(THC) results indicated that ACT001 reduced p-PDHK1 protein
expression in vivo (Figure 7E,F). We subsequently assessed the
effect of ACT001 on tumor metastasis using tail vein injection of
GFP-H1688 cells. In the ACT001 group, three mice (3/6, 50.0%)

exhibited detectable liver metastasis, whereas in the control
group, five mice (5/6, 83.3%) displayed evident tumor metastasis
(Figure 7G,H). These findings demonstrate that ACTO001 treat-
ment can reduce tumor growth and metastasis in vivo.

3.7 | ACTO001 Inhibited Lactate Accumulation,
Reduced M2 Macrophage Infiltration,

and Enhanced Anti-Tumor Immune Responses
In Vivo

Lactate produced by tumor cells contributes to the immune-cold
TME and converts recruited macrophages into M2-polarized
tumor-associated macrophages. This study investigated the ef-
fects of ACTO001 on lactate levels and macrophage infiltration in
SCLC tumors. The results indicated that ACT001 significantly
reduced lactate content in tumor tissue compared to the con-
trol group (Figure 8A). Flow cytometry analysis revealed that
F4/80*CD11b* macrophages were more prevalent in SCLC tu-
mors than in ACT001-treated tumors. ACTO001 effectively de-
creased the proportion of the M2 phenotype (F4/80%/CD11b*/
CD206*/CD11c™) while increasing the proportion of the M1 phe-
notype (F4/807/CD11b*/CD206~/CD11c"), potentially owing to
reduced intratumoral lactate levels (Figure 8B,C).

M1 macrophages promote anti-tumor activity by converting ar-
ginine into nitric oxide through inducible nitric oxide synthase
(iNOS). Conversely, M2 macrophages inhibit inflammatory
responses by expressing CD206 molecules, facilitating tumor
progression. THC experiments were conducted to determine
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whether ACTO001-induced inhibition of lactate formation could
induce an anti-tumor immune response in vivo. IHC images
demonstrated increased inducible nitric oxide synthase expres-
sion in ACTO0O1-treated groups (Figure 8D,E), while CD206
expression was significantly decreased (Figure 8D,E). These
findings suggest that ACT001 improves the immune-cold TME
by promoting M1 macrophage polarization and inhibiting M2
macrophage proliferation.

4 | Discussion

Cancer cells reprogram their metabolism to enhance malignant
progression and suppress anti-tumor immunity [52]. This met-
abolic reprogramming primarily relies on glycolysis, leading to
the accumulation of onco-metabolites such as lactate, creating
an acidic TME. In addition, the high energy demands of can-
cer cell growth result in a low-oxygen, low-energy, and low-pH
TME, which significantly affects the human immune system.
For instance, lactate accumulation in the TME depletes CD8*
T cells [53], affects natural killer cell and macrophage functions
[26-31], and promotes tumor cell immune escape, further accel-
erating tumor progression. Previous research has suggested that
inhibiting glycolytic enzyme expression in cancer cells can im-
prove immune cell function within tumors by restoring normal
glucose levels in the TME [54].

Consequently, targeting specific metabolic pathways has
emerged as a promising strategy for activating anti-tumor im-
mune responses and exerting anti-tumor effects. PGK1 is a key

enzyme in glucose metabolism and is involved in various bio-
logical activities, including chemotherapy resistance, angiogen-
esis, epithelial-mesenchymal transition, autophagy initiation,
mitochondrial metabolism, and other processes associated with
tumor development. However, its function in SCLC has not been
previously reported. Our study demonstrates for the first time
that PGK1 promotes SCLC progression and that knocking down
PGK1 can significantly inhibit lactate production, metastasis, and
invasion of SCLC cells. This study elucidates a novel mechanism
by which ACT001 regulates tumor metabolism and enhances
anti-tumor immunity. Specifically, ACT001 inhibits the produc-
tion of lactate, a glycolytic metabolite, by targeting PGK1 and
affecting its downstream p-PGK1/p-PDHK axis in SCLC cells.
ACTO001 treatment reduces lactate production within tumors, de-
creases M2 macrophage infiltration, and enhances the function
of M1 macrophages. Our research demonstrates that ACT001 im-
proves the immune microenvironment of SCLC by promoting M1
macrophage polarization, supporting further investigation into
combining ACT001 with ICIs to combat ICI resistance in SCLC.
Additionally, ACT001 delays SCLC growth and metastasis both
in vivo and in vitro, indicating its dual capacity to enhance the
TIME and directly target tumor cells. These findings suggest that
ACTO01 is a promising drug candidate for SCLC treatment.

In conclusion, this study reveals that the natural product deriv-
ative ACTO001 exhibits potential cytotoxicity against SCLC cells
and regulates tumor glycolysis and anti-tumor immunity by tar-
geting PGK1. These findings provide a strong pharmacological
rationale for using ACTO001 as a monotherapy or in combination
with ICIs for the treatment of SCLC.
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