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ABSTRACT

KEYWORDS

Objective: This study aimed at exploring the effects of the epigenetic regulator, chidamide, on reprogramming the immunosuppressive
tumor microenvironment in small cell lung cancer (SCLC), particularly the roles in macrophage polarization and angiogenesis. The
therapeutic efficacy of combining chidamide with the anti-angiogenic agent, anlotinib, for refractory SCLC was also evaluated.
Methods: RNA sequencing and functional validation were performed to assess chidamide’s effects on macrophages. Signal
transducer and activator of transcription 4 (STAT4)-mediated transcriptional activation of CCL2 was confirmed with ChIP-qPCR.
The synergistic efficacy of chidamide in combination with anlotinib was tested in preclinical models.

Results: Chidamide enhanced macrophage infiltration and induced macrophage polarization toward the anti-tumor M1 phenotype.
Mechanistically, chidamide upregulated CCL2 via STAT4 transcriptional activation, thereby reshaping the tumor immune
microenvironment (TIME). Combining chidamide with anlotinib synergistically suppressed tumor growth and remodeled the
immunosuppressive TME in SCLC in vivo.

Conclusions: Chidamide reshaped the SCLC TIME by activating STAT4/CCL2, thus driving M1 macrophage polarization and
enhancing anti-tumor immunity. Our findings highlight coordinated TIME-targeted therapy as a translatable strategy to overcome
therapeutic resistance in SCLC and provide a rationale for clinical trials examining epigenetic and anti-angiogenic therapeutics
combinations.

SCLC; chidamide; CCL2; macrophage; tumor immune microenvironment; STAT4

Introduction

As the most aggressive subtype of lung cancer, small cell
lung cancer (SCLC) is known for its rapid proliferation and

early, widespread metastasis. Most patients with SCLC are
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diagnosed in advanced stages with a 5-year survival rate < 7%!.
Patients with SCLC initially respond well to chemotherapy in
most cases and often experience significant symptom relief.
However, the SCLC high recurrence rate results in an over-
all poor prognosis. Tobacco exposure, a major etiologic fac-
tor in SCLC development, is strongly associated with the high
tumor mutation burden®. Although a higher tumor mutation
burden is generally associated with better immunotherapy
responses’, patients with extensive-stage SCLC have limited
survival benefits from chemoimmunotherapy in contrast to
patients with non-small cell lung cancer and melanoma*. This
difference in response to immunotherapy might be primarily
attributed to the profoundly immunosuppressive SCLC tumor
microenvironment™®, which is characterized by diminished
cytotoxic immune cell infiltration’, low PD-L1 expression

on tumor cells®, and impaired antigen presentation’. These
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pathophysiologic features collectively undermine the efficacy
of current immunotherapeutic approaches. Therefore, devel-
oping innovative therapeutic strategies that synergistically
inhibit tumor progression and reprogram the immunosup-
pressive microenvironment in SCLC is a critical unmet need.
According to emerging evidence, epigenetic dysregulation,
which is mediated through DNA hypermethylation and his-
tone modification anomalies, is a critical oncogenic driver in
SCLC!!, Clinical evidence has confirmed that epigenetic
reprogramming critically governs metastatic dissemination,
chemoresistance development, and TIME remodeling in
SCLC'?, Targeting this dysregulated epigenetic landscape
with selective inhibitors has been shown to have therapeutic
potential by restoring immunogenic tumor recognition'® and
reinvigorating anti-tumor immunity via immune cell func-

tional reprogramming!®'7.

Epigenetic therapeutics might
therefore be strategically used as modifiers to normalize the
SCLC TIME.

Histone deacetylase (HDAC) dysregulation has prog-
nostic value across multiple malignancies, several HDACs
have emerged as potential targets for drug therapy in can-
cer. Although clinically approved pan-HDAC inhibitors are

limited primarily to hematologic neoplasms!®!

, emerging
clinical data indicate the therapeutic superiority of subtype-se-
lective. HDAC inhibition?*?!. Chidamide, a first-in-class
HDACI1/2/3/10-selective inhibitor, has received regulatory
approval for relapsed refractory peripheral T-cell lymphoma
and endocrine therapy-resistant metastatic breast cancer in
China?>?® and has demonstrated greater therapeutic precision
than conventional pan-HDAC inhibitors?%.

Despite limited preclinical evidence supporting HDAC
inhibitor treatment in SCLC, our findings revealed that chid-
amide exerted dual antitumor effects through direct prolifer-
ation suppression and immunomodulatory reprogramming.
Mechanistically, chidamide facilitated STAT4-mediated
transcriptional activation of CCL2, thereby driving recruit-
ment and M1 polarization of tumor-associated macrophages
and establishing an immunostimulatory niche that counter-
acted SCLC immune evasion. Notably, combination treat-
ment with chidamide and the multi-target tyrosine kinase
inhibitor, anlotinib, demonstrated synergistic antitumor
efficacy in preclinical SCLC models. Our findings suggested
a novel therapeutic paradigm for refractory SCLC through
concurrent epigenetic modulation and angiogenic pathway

inhibition.

1579

Materials and methods

Cell lines and cell culture

Human SCLC cell lines (SHP77, NCI-H889, NCI-H446, and
DMS53), the human mononuclear cell line, THP1, and the
murine macrophage cell line, RAW264.7, were obtained from
the American Type Culture Collection (ATCC) (Manassas,
VA, USA). The mouse SCLC cell line (non-SMC) was a gen-
erous gift from Professor Hongbin Ji (Center for Excellence in
Molecular Cell Science of the Chinese Academy of Sciences,
Shanghai, China) 2°. SHP77, H889, H446, DMS53, and THP-1
cells were grown in RPMI-1640 medium (Gibco, Grand Island,
NY, USA) with 10% fetal bovine serum (Gibco, Grand Island,
NY, USA). Non-SMC and RAW264.7 cells were cultured in
DMEM (Gibco) containing 10% fetal bovine serum. All cells
were authenticated with short tandem repeat (STR) profiling
and were cultured at 37°C in 5% CO.,,.

RNA sequencing

Total RNA was isolated from 0.5 pM chidamide-treated
or untreated SCLC cells with TRIzol reagent (15596026;
Invitrogen, Waltham, MA, USA), and mRNA was purified
with poly-T oligonucleotide magnetic beads. RNA was ran-
domly fragmented with divalent cations. The RNA fragments
were subsequently reverse-transcribed to complementary
DNA (cDNA), end-repaired, A-tailed at the 3’ end, and adap-
tor-ligated. The quality and quantity of each cDNA library
were tested with a Bioanalyzer 2,100 system (Agilent, Santa
Clara, CA, USA). The ¢cDNA libraries were sequenced on
the BGISEQ-G400 platform (Wuhan, China) according to
commercial protocols. Three groups of RNA samples were

extracted from each cell line for sequencing.

Cell apoptosis assays

SCLC cells (SHP77 and non-SMC) that were treated with
chidamide or untreated were collected and incubated with
Membrane Protein V and 7-AAD (BD Biosciences, San Jose,
CA, USA) for 15 min. Apoptotic cells were detected with
flow cytometry. Positive staining for Annexin V (PE) (BD
Biosciences, San Jose, CA, USA) and negative staining for

7-AAD indicated apoptotic cells, whereas positive staining for
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both Annexin V (PE) and 7-AAD indicated late apoptosis. The
proportion of total apoptotic cells was calculated as the sum of

these two cell populations.

CCK-8 assays

Cells treated with various concentrations of chidamide were
seeded in 96-well plates at a density of 3,000 cells per well (0.1
uM, 0.3 uM, 1 uM, 3 uM, 10 uM, and 30 uM) to assess the
proliferative ability of cells. CCK-8 reagent (Zeta life, Menlo
Park, CA, USA) was mixed with the cells 24, 48, or 72 h after
seeding and were incubated at 37°C for 2 h. Absorbance values
were measured at 450 nm with a fully automatic microplate
reader (Genetech, Shanghai, China).

Western blotting (WB)

SCLC cells were washed with PBS after treatment with chid-
amide. Cocktail lysis buffer (Roche, Basel, Switzerland) was
added to the cell pellet after digestion and centrifugation. The
mixture was subjected to ice-cold lysis for 30 min, then cen-
trifuged at 12,000 x g for 15 min at 4°C. After collection of the
supernatant, the protein concentration was measured with a
BCA protein quantification kit (Solarbio, Beijing, China) and
equal amounts of protein were separated with 10%-12% SDS-
PAGE gel electrophoresis. The proteins were subsequently
transferred to PVDF membranes (Millipore, Billerica, MA,
USA). After blocking for 15 min at room temperature with
protein-free blocking buffer, the membranes were incubated
overnight at 4°C with primary antibodies and subjected to
three washes with TBST (Solarbio, Beijing, China) and a 1 h
incubation with secondary antibodies at room temperature.
The following primary antibodies were used: GAPDH (#2118,
1:1000; CST, Danvers, MA, USA); BCL-2 (#3498S, 1:1000;
CST); Bax (#2772S, 1:1000; CST); Bim (#2933S, 1:1000; CST);
CCL2 (#26161-1-AP, 1:1000; Proteintech, Wuhan, China);
H3K27ac (#8173S, 1:1000; CST); HDACI (#34589, 1:1000;
CST); HDAC2 (#57156,1:1000; CST); HDAC3 (#85057, 1:1000;
CST); HDAC10 (ab108934, 1:000; Abcam, Cambridge, MA,
USA) and STAT4 (#2653S, 1:1000; CST). Finally, enhanced
chemiluminescence reagent (Millipore) was used to detect
protein bands on the membrane and the results were captured

with a chemiluminescence imager (GelView 6000Plus; Biolight

Biotechnology, Guangzhou, China). Image]J software was used

to determine the grayscale density of the protein bands.
Quantitative real time PCR(qPCR)

Total RNA from SCLC cells was extracted with TRIzol Reagent
(15596026; Invitrogen) and reverse-transcribed to cDNA with
5x PrimeScript RT Master Mix (RR036A; TAKARA, Tokyo,
Japan) with 1 pg of total RNA. qPCR was performed to analyze
RNA expression with SYBR Green Master Mix (11184ES03;
YEASEN, Shanghai, China) and all reactions were performed
in triplicate. The specific primer sequences are provided in
Table S1.

Immunohistochemistry (IHC) and HE
staining

THC was performed as previously described?®. Primary anti-
bodies to Ki-67 (#34330, 1:800; CST), CD86 (#19589, 1:100;
CST), CD163 (b182422, 1:500; Abcam, Cambridge, MA,
USA), CD31 (ab28364, 1:50; Abcam), and CCL2 (1:100;
Proteintech) were used. HE staining was performed using
a standard protocol. Following dewaxing, the sections were

incubated with hematoxylin, then counterstained with eosin.
Enzyme-linked immunosorbent assays (ELISA)

CCL2 chemokine levels in the supernatants of SHP77 and non-
SMC cells before and after treatment with chidamide were
detected using an ELISA kit (Proteintech) according to the man-
ufacturer’s instructions. The absorbance at 450 nm wavelength
was measured with a fully automatic microplate reader (BioTek,
Winooski, Vermont, USA).

siRNA transfection

Cells were transiently transfected with STAT4 siRNA (Gene
Pharma, Shanghai, China) with Lipofectamine 3,000 (Invitrogen)
and Opti-MEM (Gibco), according to the manufacturer’s
instructions. The siRNA target sequences are shown in Table S2.

Macrophage polarization

THP-1 cells were induced to polarize into MO macrophages by
incubationin 1 mg/mLof PMA (MedChemExpress, Monmouth
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Junction, NJ, USA) for 48 h. Lipopolysaccharide (100 ng/
mL; MedChemExpress) and IFN-y (20 ng/mL; PeproTech,
Rocky Hill, NJ, USA) was added to MO macrophages to obtain
M1-polarized macrophages, which were cultured for an addi-
tional 48 h. M0 macrophages were cultured with IL-4 (20 ng/
mL; PeproTech) and IL-13 (20 ng/mL; PeproTech) for 48 h to
generate M2-polarized macrophages. RAW264.7 cells were
induced to polarize into M1 macrophages by culturing with
IFN-vy (2.5 ng/mL) and lipopolysaccharide (200 ng/mL) for 48
h. RAW264.7 cells were cultured with IL-4 (20 ng/mL) and
IL-13 (20 ng/mL) for 48 h to induce polarization into M2

macrophages.
Flow cytometry

Flow cytometry was performed to analyze the influence of
chidamide on macrophage polarization in the SCLC TME.
Macrophage subpopulations and percentages were assessed
with the following antibodies: anti-CD11b (101216;
BioLegend, San Diego, CA, USA); anti-F4/80 (123127;
BioLegend); anti-CD86 (human-374206 and mouse-
105008; BioLegend); and anti-CD163 (human-326510 and
mouse-155306; BioLegend). SHP-77 and non-SMC cells
treated with chidamide were collected, incubated with the
flow cytometry antibodies at 4°C in the dark for 30 min,
washed, and resuspended in 200 pL of PBS buffer. The
antibody signals were detected using a FACS Calibur flow
cytometer (BD Bioscience, San Jose, CA, USA) and data
were analyzed using FlowJo v10 software (BioLegend, San
Diego, CA, USA).

Co-culture

SCLC cells (SHP77 and non-SMC) were co-cultured with
macrophages (THP-1 and RAW264.7). THP-1 or RAW264.7
cells in various states (M0, M1, M2) were seeded in the lower
chamber, whereas the upper chamber contained SHP77 or
non-SMC cells. The SCLC cells-to-macrophages ratio was
adjusted to 5:1. Chidamide or a combination of chidamide and
CCL2 neutralizing antibodies were added to the upper cham-
ber after the co-cultured cells in the incubator had reached sta-
bility. The macrophages in the lower chamber were collected
after incubation in the cell culture chamber for 48 h for subse-

quent experiments.
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Animal experiments

Male BALB/c-nude mice (6-week-old) were purchased from
GemPharmatech (Jiangsu, China) and maintained in a path-
ogen-free environment in the Animal Department of Tianjin
Medical University Cancer Institute. This animal study was
approved by the Animal Experiment Ethics Committee of Tianjin
Medical University Cancer Institute and Hospital [AE-2022004]
(Tianjin, China). Non-SMC cells were resuspended in sterile PBS
to a density of 5 x 107 cells/mL, then subcutaneously injected into
the right dorsum of mice. The mice were randomly divided into a
control group (PBS, oral gavage), chidamide group (25 mg/kg, oral
gavage, once daily), anlotinib group (2.5 mg/kg, oral gavage, once
daily), and combination treatment group (chidamide+anlotinib)
when the tumors reached approximately 50~100 mm?. The tumor
volumes and weights of the mice were recorded by a blinded
researcher every other day. The first animal experiment included
four mice per group (chidamide vs. control). The second animal
experiment included six mice per group (chidamide plus anlotinib
vs. chidamide vs. anlotinib vs. control). Tumor volume was calcu-
lated according to the following formula: (A x B?)/2, where A and
B represent the long and short diameters of the tumor, respectively.
The mice were euthanized (cervical dislocation) after 2 weeks of

continuous treatment and the tumors were removed and weighed.

Chromatin immunoprecipitation (ChIP)

ChIP assays were conducted with a SimpleChIP Plus Enzymatic
Chromatin IP Kit (#9005; CST) according to the manufacturer’s
instructions. Briefly, approximately 1 x 107 SCLC cells with or
without chidamide treatment were fixed in 1% formaldehyde
for 10 min at room temperature, then quenched with 0.125 M
glycine for 5 min. The cross-linked chromatin was sonicated to
generate 100-900 bp DNA fragments for subsequent immuno-
precipitation. The protein/DNA complexes were eluted and ana-
lyzed with qPCR and the ChIP-qPCR primers listed in Table S3.

Statistical analysis

All data were analyzed and visualized in GraphPad Prism
9.0 software (Dotmatics, La Jolla, CA, USA) with Students
t-test and one-way ANOVA. The normality and homogene-
ity of variance were tested before the analysis. Kaplan-Meier

analysis was used for survival analysis and the variations in
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survival probabilities were evaluated with the log-rank test.
The Pearson’s rank test was used for correlation analysis
between CCL2 expression and other markers. All presented
data came from at least three distinct repeated experiments
and are expressed as the mean = SEM. P < 0.05 was considered

to indicate statistical significance.

Results

Chidamide exhibits anticancer effects in SCLC
RNA-seq data from 81 postoperative patients with SCLC

were first analyzed to gain initial insights into HDAC expres-

sion?”. Heat map indicated relatively higher levels of HDACI,

Liu et al. Chidamide reprograms macrophages via STAT4/CCL2 in SCLC

HDAC2, HDAC3, and class I HDAC6 expression compared to
other HDAC:s in patients with SCLC (Figure 1A). Chidamide is
a subtype selective HDAC inhibitor that predominantly targets
class I HDAC1, HDAC2, and HDACS3 and class IIb HDAC10.
The differences in expression of the four HDACs between
normal and cancer tissues in GSE149507 were subsequently
examined?®. The results indicated significantly higher HDAC1
and HDAC?2 expression in SCLC than in cancer adjacent tis-
sues, whereas the changes in HDAC3 and HDACIO0 expres-
sion were not pronounced (Figure 1B). Expression of the four
above-mentioned HDACs in SHP77 and non-SMC cells with
or without chidamide treatment was determined next. gPCR
and WB analyses revealed that HDAC expression decreased to

different degrees after chidamide treatment (Figure 1C, D).
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Figure 1 Effects of chidamide on HDAC expression in SCLC. (A) mRNA expression of 18 HDAC types in 81 patients with SCLC. (B) Expression
of four chidamide targets in para-cancer and SCLC in GSE149507. (C, D) Effects of chidamide on the expression of four HDACs in SCLC cells.
Data are the mean+SD values. Unpaired two-tailed Student's t-test was used. *P < 0.05, **P < 0.01, ***P < 0.001. These experiments were

performed three times. SCLC, small cell lung cancer; Chi, chidamide.

SCLC cell lines were treated with various concentrations of
chidamide to determined the inhibitory effect of chidamide on
proliferation. CCK-8 assays indicated that chidamide inhib-
ited the growth of SCLC cells in a time- and concentration-
dependent manner (Figure 2A-C). A tumor xenograft model
was established in BALB/c-nude mice to further determine
the role of chidamide in SCLC, The results showed that tumor
growth was significantly suppressed in the chidamide-treated
group compared to the control group. The mice were sacri-
ficed after 14 d of treatment with chidamide and the tumor
masses were photographed and measured. The tumor masses
were much larger in the control group than the chidamide
group (Figure 2D). In addition, tumor growth was signifi-
cantly delayed in the chidamide group compared to the con-
trol group (Figure 2E). HE staining showed no apparent liver
or kidney toxicity after chidamide treatment (Figure 2F). The
IHC results indicated markedly fewer Ki-67 positive cells in
the chidamide group than the control group (Figure 2G, H).
Taken together, these findings suggested that chidamide inhib-
ited SCLC proliferation in vitro and in vivo. In addition, RNA

sequencing indicated differential enrichment in apoptotic sig-
naling pathway genes after chidamide treatment (Figure 2I).
qPCR and WB results confirmed an increase in the expression
of the pro-apoptotic genes, Bim and Bax, and a decrease in the
expression of the anti-apoptotic gene, BCL-2, after chidamide
treatment (Figure 2J). The effect of chidamide on apoptosis
was subsequently examined by flow cytometry. Chidamide
significantly promoted apoptosis in SHP77 and non-SMC cells
and the proportion of apoptotic cells increased with increasing
drug concentration (Figure 2K-M).

Chidamide promotes CCL2 expression in
SCLC

RNA-seq was performed on SCLC cells with or without chi-
damide treatment to further investigate the effects of chi-
damide on the SCLC TIME. Differential gene expression
analysis was then performed, which identified 1,708 and 3,551
genes significantly upregulated after chidamide treatment in
SHP77 and H889 cells, respectively (Figure 3A). The main
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Figure 2 Chidamide inhibits malignancy proliferation in SCLC. (A-F) Effects of chidamide on the viability of various neuroendocrine SCLC
cells in vitro (A-C), subcutaneous tumor growth, and toxicity in vivo (D-F). (G, H) Expression of Ki-67 in the control and chidamide groups. (1)
Gene set enrichment analysis (GSEA) of apoptosis pathway transcriptomic differences in SCLC cells in the chidamide and control groups. (J)
Quantification of apoptosis-associated gene expression in the chidamide and control groups according to gPCR and WB. (K-M) Flow cytometry
analyses of SCLC cell apoptosis after treatment with various chidamide concentrations. Bars represent the mean+SD values. *P < 0.05, **P < 0.01,
**p < 0.001, ****P < 0.0001. Student's t-test (E, H, J), one-way ANOVA (M). These experiments were performed three times.

signaling pathways of the differentially expressed genes were
analyzed according to the KEGG database. The cytokine-cy-
tokine receptor interaction pathway was a commonly enriched
pathway among the three SCLC cell lines (Figure 3B, D).

Subsequent studies focused on cytokine-cytokine receptor
interaction signaling pathways, as cytokine and chemokines
have been reported to be involved in regulating the TIME?’.

Human cells exhibited 25 differentially expressed genes in



1586

Liu et al. Chidamide reprograms macrophages via STAT4/CCL2 in SCLC

C Cytokines and receptors genes (25 genes)
[— | Group
- CXCL8
| | | CXCR2
[ [ [ ] CXCL3
| 1 | GDF15
A Chidamide vs. control IL2RB
CSF1R
4,000 — GHR Group
3,551 TNFRSF1B o NCI-H889 chi
BMPR1B g SHP77 chi
IL1IR1 [ NCI-H889 ctrl
3,000 CXCLS SHP77 ctrl
= IL12RB1
7 CCL2 2
5 - osvk B L
8 2000 || NGFR
0 1,708 [ ] EI\DAE; 0
e [ | CX3CL1 !
1,000 — [ | TNF x-2
| EBI3
[ | ILIRAP
187 254 . TNFSF10
0 - || TNFSF18
|| IL22RA1
Up Down Up Down IL1IR2
SHP77 H889 SHP77 & H889
B SHP77 KEGG pathways H889 KEGG pathways
Q value Q value
Hematopoietic cell lineage . 0 Neuroactive ligand-receptor interaction 0
Protein digestion and absorption . 0.0001 PI3K-Akt signaling pathway —
Graft-vs.-host disease | [ ] : Cell adhesion molecules — [ ) 0.00002
Type I diabetes mellitus | ([ ] 0.0002 Calcium signaling pathway — .
Allograft rejection - [ ] Hematopoietic cell lineage [ ] 0.00004
Cell adhesion molecules | . 0.0003 Focal adhesion -| [ )
Rheumatoid arthritis — [ ] ECM-receptor interaction [ ]
Staphylococcus aureus infection [ ] 0.0004 Human papillomavirus infection — . 0.00006
Neuroactive ligand-receptor interaction - . Complement and coagulation cascades | [ ]
Autoimmune thyroid disease | o 0.0005 Cytokine-cytokine receptor interaction . 0.00008
Viral myocarditis | [ ] Rap1 signaling pathway | )
Leishmaniasis — [ ] Arrhythmogenic right ventricular cardiomyopathy | [ ]
Inflammatory bowel disease —| ) Gene number MicroRNAs in cancer | [ ) Gene number
Cytokine-cytokine receptor interaction - ' ® 10 Pathways in cancer | . e 18
Th1 and Th2 cell differentiation - [ ] Proteoglycans in cancer | [ ]
Th17 cell differentiation - [ ] ® 20 Ras signaling pathway | . @ 44
Viral protein interaction with cytokine and cytokine receptor [ ] @31 Hippo signaling pathway — [ ] @ ©°
Intestinal immune network for IgA production — [ ] Malaria — [ ]
Asthma | [ ) . 41 Morphine addiction - [ ] . 95
Phagosome [ ) 51 Nicotine addiction [ ] . 120

[ |
0 0102 0304
Rich ratio
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the cytokine-cytokine receptor interaction pathway, whereas
murine cells displayed 15 differentially expressed genes
(Figure 3C, E). By intersecting the differentially expressed
cytokines, CCL2, CXCL5, and TNFRSF18 were shown to
be commonly upregulated among the three SCLC cell lines
after treatment with chidamide (Figure 3F). Subsequently,
the levels of cytokine expression in the RNA-seq data
were quantified and CCL2 was identified as the most sig-
nificantly differentially expressed gene in SCLC cell lines

| I B R E—
0 01020304
Rich ratio

(Figure 3G, H). The baseline expression of CCL2 in SCLC
was examined according to the GEO database’-32. The find-
ings revealed significantly downregulated CCL2 expression
in cancer tissues compared with adjacent non-cancerous tis-
sues (Figure 3I). Eighty-one patients with SCLC were subse-
quently stratified into high and low expression groups using
x-tile software33. Survival curves indicated poorer prognosis
among the patients with low rather than high CCL2 expres-
sion (Figure 3J). Moreover, the levels of CCL2 mRNA and
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protein significantly increased after chidamide treatment
(Figure 3K-M).

CCL2 promotes M1 macrophage
infiltration and ameliorates the immune
microenvironment

Boinformatics analysis was performed to determine the role
of CCL2 in the SCLC TIME. The xCell package revealed
that patients with high CCL2 expression exhibited signifi-
cantly higher macrophage infiltration than patients with low

CCL2 expression (Figure 4A) and the correlation was more

0

0.03

0.04

Gene number
e 13
® 32
@ 50
@ 59
[ X4

CCL2
CXCL5
TNFRSF1B

1587

E Cytokines and receptors genes (15 genes)

Group

Ccl27b

P cei

Ccl7

Ccl2

l18rap  Group

P cds W mSCLC Chi

Il mSCLC _ctrl
ll6ra

Cxcl2

Cxcl5 0
Ppbp -1
Tnfrsflb ! -2
Csfl

Cxcl12

Cxcll

Ccl11

Non-SMC

Mouse SCLC cell

CD27B
CSF1
CXCL1
IL18RAP
IL6RA
CCL11
CCL3
CCL5
CCL7
CXCL12
PPBP

11

pronounced between CCL2 expression and M1 macrophages
(Figure 4B). The Cibersort package was subsequently used
for further analysis. The results were consistent with the pre-
vious findings and indicated a marked increase in M1 infiltra-
tion in the SCLC TIME in patients with high CCL2 expression
(Figure 4C). The correlation between CCL2 expression and
macrophage markers was then determined to elucidate the
relationship between CCL2 and macrophage infiltration in
SCLC. Positive correlations were detected between CCL2
and M1 macrophage markers, including CD86 (r = 0.788,
P < 0.001), CD80 (r = 0.716, P < 0.001), IL-6 (r = 0.766, P <
0.001),IL-2 (r=0.413, P<0.001), IL-1A (r = 0.540, P < 0.001),
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IL-1B (r = 0.835, P < 0.001), TLR2 (r = 0.723, P < 0.001), and An initial step in immune cell function is infiltration
TLR4 (r = 0.477, P < 0.001; Figure 4D). Additionally, among around tumors. Therefore, Transwell assays were performed
all M2 macrophage markers, only CD163 had a correlation to examine the effects of cytokines secreted by SCLC cells
with CCL2 (Figure 4E), Therefore, CCL2 expression in SCLC on macrophage migration after chidamide treatment. The
might be closely associated with infiltration of M1 mac- conditioned media obtained from SCLC cells (SHP77 and

rophages in the TIME. non-SMC) treated with chidamide induced macrophage
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treatment with chidamide. KEGG signaling pathway enrichment in human (B) and murine SCLC cells (D) before and after chidamide treatment.

Differential cytokine heatmap in cytokine-cytokine receptor interaction signaling pathways in human (C) and murine SCLC cells (E). (F) Venn

diagram of the above-mentioned differentially expressed cytokines in the three SCLC cell lines. (G) Expression of three cytokines based on

RNA sequencing. (H) Expression of three cytokines in SCLC cells verified by qPCR. (I) CCL2 expression between normal and SCLC tissues in the
GSE43346(43/25), GSE60052(7/79), GSE15240(3/38), and GSE149507(18/18) datasets. (J) Survival curve of 81 SCLC patients with high or low
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(K, L). These experiments were performed three times (H, K, L, M).

migration more effectively than control cells (Figure 5A, B).
Next, tumor cells were co-cultured with macrophages. gPCR
indicated that chidamide significantly promoted CD86,
iNOS, IL-6, and TNF-o. mRNA expression in the murine
co-culture system, whereas CD206, CD163, Argl, and TGF-
B1 expression was suppressed (Figure 5C, D). Chidamide
promoted CD86 and IL-6 expression whereas inhibited the
expression of CD163 and TGF-fB in a co-culture system
with human cells (Figure 5E, F). These results suggested

that chidamide might exert effects on macrophage polar-
ization. Flow cytometry was also performed to determine
the effects of chidamide on macrophage polarization in the
SCLC TIME. Chidamide increased the proportion of CD86-
positive (CD86+) macrophages, while decreasing the pro-
portion of CD163-positive (CD163+) cells. Additionally,
the proportion of CD86+ cells significantly decreased from
9.29% to 2.3% after the addition of SHP77 tumor cells.
A notable increase in CD86+ macrophages (2.3% to 7.68%)
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Figure 4 Continued

and a decrease in CD163+ macrophages (3.89% to 1.54%;
Figure 5G, H) were observed after the introduction of chid-
amide into this co-culture system. These findings provided
further support that chidamide facilitates M1 polarization
of macrophages in the SCLC TIME. Flow cytometry results
from mouse-derived cells demonstrated that chidamide
promoted the polarization of RAW264.7 cells toward the M1
phenotype on the basis of a decrease in CD163+ cells (7.15%
vs 1.73%) and an increase in CD86+ cells (43% vs 66.4%)
(Figure 51, 7).
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Chidamide promotes M1 macrophage
polarization in the SCLC TIME via CCL2

We speculated that the chemokine, CCL2, might have a cru-
cial role in the SCLC TIME based on RNA-seq and valida-
tion. Therefore, CCL2 neutralizing antibody was added into
the co-culture system and the effect of chidamide on mac-
rophage polarization was determined. The flow cytometry
results revealed no significant change in the proportions of
CD163+ and CD86+ macrophages (M0) in the tumor cells
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Figure 4 Continued

M1 macrophage infiltration is mediated by CCL2 in the SCLC

immune microenvironment.

after addition of CCL2-neutralizing antibodies. Simultaneous

treatment with chidamide and CCL2-neutralizing antibodies

IHC of mice tumor tissues was performed to clarify the in

led to an increase in CD163+ macrophages cells compared

vivo effects of chidamide on macrophages in the SCLC tumor

to conditions without neutralizing antibodies (Figure S1A).

microenvironment. The results revealed a significantly higher

Further validation in mouse-derived cells demonstrated that

proportion of CD86+ macrophages in the chidamide group

the addition of CCL2-neutralizing antibodies resulted in a

than the control group, whereas the proportion of CD163+

increase in the proportion of CD163+ cells, whereas the pro-

macrophages was relatively lower in the chidamide group

(Figure S1C-E).

portion of CD86+ cells notably decreased (Figure S1B). These

results confirmed that the key role of chidamide in promoting
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Figure 4 Relationship between CCL2 and macrophage infiltration in SCLC. (A-C) Relationship between chemokine CCL2 expression and
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and macrophage markers. *P < 0.05, **P < 0.01, ***P < 0.001. Pearson’s rank correlation test (D).

Chidamide enhances CCL2 expression by
increasing STAT4 binding to the CCL2
promoter region

To elucidate the mechanism of CCL2 regulated by chi-
damide, we analyzed the differential transcription fac-
tors (TFs) from RNA-seq of human SCLC cells with and
without chidamide, using the criteria of |log,FC| > 2.5 and
a g-value < 0.1. TF enrichment analysis was performed with
the ClusterProfiler package®*. Numerous TFs were differen-
tially enriched in domains after chidamide treatment, such
as TEA (Transcription Enhancer Factor Domain)/ATTS
(AbaA,TEClp, TEF-1 sequence), DM(Doublesex/Mab-3)
DNA-binding domain, homeobox, and STAT proteins (Figure
6A). The PROMO database was subsequently screened and
the Animal TFDB database predicted TFs for STAT4 by deter-

mining intersections with the above-mentioned differentially

enriched TFs (Figure 6B). A strong positive correlation
was noted between STAT4 and CCL2 in 81 RNA-seq SCLC
samples (Figure 6C). Chidamide was subsequently verified
to promote upregulation of CCL2 and STAT4 at the mRNA
and protein levels with increased H3K27ac protein expres-
sion (Figure 6D-G). STAT4 was knocked-down with siRNA
to determine the effect of STAT4 on CCL2 and the knock-
down efficiency was assessed with qPCR. siRNA#275 and
siRNA#2482, which had high knockdown efficiency, were
selected for subsequent experiments (Figure 6H). CCL2
expression was clearly suppressed after knockdown of STAT4
(Figure 6I, J). Chidamide promoted CCL2 and STAT4
expression, whereas CCL2 expression was clearly suppressed
after siRNA-STAT4 addition (Figure 6K, L).

The JASPAR database was initially used to predict the
potential binding site between STAT4 and the promoter
region of CCL2 to determine whether STAT4 modulates
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Figure 5 Chidamide augments macrophage infiltration and induces polarization to the M1 phenotype in SCLC. (A, B) Effects of conditioned
medium treated with chidamide on macrophage chemotaxis detected with Transwell assays. (C-J) Effects of chidamide on macrophage
polarization according to qPCR (C-F) and flow cytometry (G-J). Bars represent the mean+SD values. *P < 0.05, **P < 0.01, ***P < 0.001, ****P
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CCL2 expression. Twenty-six sites were identified and the top

10 with the highest prediction scores are highlighted in Table

$4. Ten pairs of primers for the CCL2 promoter region were

subsequently designed, each approximately 500 base pairs

long and spanning from 5 kb upstream to 1 kb downstream
of the transcription start site (Figure 6M). ChIP-qPCR assays
revealed a significant increase in STAT4 binding to the Up4,
Up5, and Up6 primer regions of the CCL2 promoter after
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Figure 6 Continued

treatment with chidamide. Additionally, chidamide enhanced

binding of H3K27ac to the Up4-Up6 primer regions upstream

of the CCL2 promoter (Figure 6N). These findings suggested

that chidamide promotes the interaction between STAT4 and

CCL2 promoter, thereby activating CCL2 transcription and

promoting CCL2 expression and secretion.
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Anlotinib enhances the antitumor effect of
chidamide in SCLC

CCL2 has been shown to promote angiogenesis in multiple
cancers®>?’. The correlation between CCL2 and 36 angio-

genesis-associated genes (AAGs) were analyzed to determine

the involvement of CCL2 in angiogenesis within SCLC3®. The

results indicated a significant positive correlation between

CCL2 and the expression of 27 genes, including key angiogenic
factors, such as platelet-derived growth factor C (PDGFC),
vascular endothelial growth factor C (VEGFC), and CD34
(Figure S2). RNA-seq data were next analyzed from SCLC cells
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Figure 7 Continued
with or without chidamide treatment. Differentially expressed was noted between CCL2 and the angiogenic genes, CD34 and
genes after chidamide treatment were significantly enriched in VEGFC (Figure 7C). Moreover, IHC indicated markedly higher

the VEGEF signaling pathway (Figure 7A, B), which was closely CCL2 and CD31 protein expression in the chidamide-treated
associated with angiogenesis. A significant positive correlation group than the control group (Figure 7D-F).
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Figure 7 Anlotinib enhances the antitumor efficacy of chidamide in SCLC. (A, B) Chidamide enhances differential gene enrichment in the
VEGF pathway. (C) Correlation between CCL2 and CD34 and VEGFC. (D-F) Effects of chidamide on CCL2 and CD31 protein expression in vivo
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< 0.001, ****P < 0.0001. Student's t-test (D, E), one-way ANOVA (G, ), Pearson’s rank correlation test (C).

Although CCL2 enhances immune surveillance by recruit-
ing M1 macrophages, the pro-angiogenic effect may limit
the efficacy of monotherapy. Therefore, the combination
with anti-angiogenic drugs is a potential strategy. Previous
studies have confirmed the ability of anlotinib to suppress
CCL2-induced angiogenesis. Thus, the anti-tumor effects of
combining anlotinib with chidamide in SCLC were further

investigated®” (Figure 7G). Treatment with either anlotinib

or chidamide alone suppressed tumor growth compared to
the control and the combined therapy impeded tumor pro-
gression more significantly (Figure 7H-J). Moreover, com-
bined treatment did not lead to significant changes in body
weight in tumor-bearing mice (Figure 7K). IHC showed that
the proportion of Ki-67-positive cells in the group receiv-
ing combined treatment was notably diminished, indicating

inhibition of tumor cell proliferation (Figure 7L, M).
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Discussion

Epigenetic dysregulation has critical roles in tumorigene-
sis and modulation of the immune TIME***), Among vari-
ous epigenetic alterations, abnormal histone modifications
are a prominent mechanism underlying cancer progression.
Notably, HDAC inhibitors have gained FDA approval for
hematologic malignancy treatment*! and chidamide was the
first domestically developed HDAC inhibitor approved for
various hematologic cancers*>*%. In addition to the established
efficacy in hematologic malignancies, chidamide has shown
promising antitumor activity in solid tumors through multiple
mechanisms, including suppression of drug resistance genes
and enhancement of therapeutic responses through modula-
tion of gene methylation***’. In SCLC, in which epigenetic
abnormalities are particularly pronounced, the therapeutic
potential of HDAC inhibition is underexplored. Our analysis

revealed significantly greater expression of the chidamide tar-
gets, HDACI and HDAC?2, in SCLC than adjacent non-tumor-
ous tissues, thus suggesting the potential involvement of them
in SCLC pathogenesis. Although the expression of HDAC6
(a non-target of chidamide) has also elevated in SCLC, the
functional implications require further investigation. Our
findings demonstrated that chidamide exerted in vitro and in
vivo anti SCLC activity through apoptosis induction and pro-
liferation suppression.

Tumor-associated macrophages, the predominant immune
population in the TIME, exhibit functional plasticity through
MI1/M2 polarization in response to microenvironmental
cues®®. M2 macrophages facilitate immune evasion and
tumor progression, whereas M1 macrophages mediate anti-
tumor immunity through T cell activation and inflamma-
tory responses®. The chemokine, CCL2, which is secreted

primarily by tumor cells, regulates monocyte recruitment
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and tumor growth inhibition®. Clinical evidence has asso-
ciated macrophage infiltration levels with survival outcomes
in patients with SCLC!**!. Our investigation revealed that
chidamide treatment significantly stimulates CCL2 gene
expression and CCL2 protein secretion in SCLC cells and
subsequently enhances macrophage infiltration into tumor
sites, which is a critical prerequisite for antitumor immune
responses. Mechanistic analysis demonstrated a positive cor-
relation between CCL2 levels and M1 polarization markers.
Notably, CCL2 blockade via neutralizing antibodies abol-
ished chidamide-induced M1 polarization, thereby confirm-
ing CCL2 as the central mediator of this immunomodulatory
process. Our findings collectively indicated that chidamide
remodels the SCLC TIME through CCL2-dependent mac-
rophage recruitment and polarization, thus shifting the bal-
ance toward antitumor M1 phenotypes.

Increased histone acetylation can activate gene transcrip-
tion by facilitating TF binding to DNA. Whether histone
deacetylase inhibitor chidamide might exert effects through
TF activation was determined to elucidate the mechanism
underlying chidamide-mediated CCL2 regulation. Integrated
analysis of RNA-seq data and TF databases identified STAT4
as a candidate regulator. STAT4, a member of the signal
transducer and activator of transcription family, drives IFN-
v production and promotes M1 macrophage polarization,
which has pro-inflammatory phenotype and associated with
impaired tissue repair and chronic inflammation®*>. A recent
study shows that cancer patients with high STAT4 expression
have significantly better prognosis than patients with low
STAT4 expression after immunotherapy®®. STAT4 expression
has a strong positive correlation with CCL2 levels in SCLC
models. Chidamide treatment led to significantly increased
STAT4 and CCL2 expression concomitant with elevated
H3K27ac binding levels at promoter regions. Functional val-
idation through STAT4 knockdown demonstrated decreased
basal CCL2 expression and attenuated chidamide-induced
CCL2 upregulation. Bioinformatics analysis of the CCL2 pro-
moter revealed multiple conserved STAT4 binding motifs.
After chidamide treatment, ChIP-qPCR confirmed enhanced
STAT4 occupancy at Up4-Up6 primer region and concurrent
H3K27ac accumulation. These findings demonstrated that
chidamide promoted STAT4-mediated transcriptional activa-
tion of CCL2 through chromatin remodeling, thus potentially
driving M1 macrophage polarization in the SCLC TIME.

1601

Differentially expressed genes were identified in angiogen-
esis pathways after chidamide treatment in SCLC cells using
RNA-seq. Furthermore, a positive correlation was noted
between CCL2 expression and various AAGs. Anlotinib, a
multi-targeted therapeutic agent, has anti-tumor and angio-
genesis-inhibitory effects and is a third-line therapy for SCLC.
Prior research has indicated that anlotinib inhibits the angi-
ogenic effects of CCL2 in non-small cell lung cancer®’. Our
findings revealed that anlotinib in combination with chid-
amide achieves a more robust anti-tumor response compared
to monotherapy. This synergistic treatment addresses the angi-
ogenesis challenge induced by CCL2, increases the anti-cancer
potency of chidamide, and improves the immunosuppressive
tumor microenviroment of SCLC.

One limitation of this study was that we only observed
short-term effects of chidamide combined with anlotinib in
animal studies and this drug combination strategy has not
been tried in clinical patients. Therefore, further research is
required. In the future we will gather further experimental
evidence to verify the application prospects of chidamide in
SCLC.

Conclusions

Our study revealed a dual role for chidamide in SCLC. One
the one hand, it directly suppressed tumor growth by inhibit-
ing proliferation and inducing apoptosis. On the other hand, it
modulated the tumor microenvironment by promoting CCL2
secretion, recruiting macrophages and driving their polari-
zation into the anti-tumor M1 phenotype. Mechanistically,
chidamide regulated macrophage infiltration and polarization
via the CCL2/STAT4 signaling axis (Figure 8). Our findings
enhance the understanding of epigenetic therapy in SCLC and
underscore the potential to target the TIME. Moreover, this
work will pave the way to the development of novel combina-

tion therapies for refractory SCLC patients.
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