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Abstract

Background This study investigates HDAC3 as a potential immunotherapy biomarker in advanced non-small cell
lung cancer (aNSCLC), focusing on its association with treatment response to immune checkpoint inhibitors (ICls).

Methods \We employed a multi-phase approach in 78 aNSCLC patients with 138 plasma samples, starting with

a discovery phase that identified differential autoantibodies (AAbs) using proteomic analysis in responders

and non-responders. In the validation phase, we assessed AAb levels at multiple time points. Additionally,
immunohistochemistry and multiple immunofluorescence (n=21) were used to validate HDAC3 expression in FFPE
samples, single-cell RNA sequencing (n=26) was performed to explore gene expression differences, cell and animal
experiments were performed.

Results We identified 127 differential AAbs, with five key AAbs (HDAC3, METTL21C, HSPB3, SPACA7, and SPPL2B)
consistently linked to prognosis pre- and post-treatment (p < 0.05). A risk score model based on these AAbs effectively
predicted progression-free survival. Furthermore, HDAC3 expression correlated with significant pathway enrichments
and was associated with higher TGFB1, PD-L1 infiltration and lower CD8* T cells infiltration (p < 0.05). HDAC3
knockdown significantly inhibited cell proliferation, impaired colony formation, and induced GO/G1 phase arrest in
lung cancer cells. Preclinical models demonstrated that RGFP966, an HDAC3 inhibitor, combined with anti-PD-1
therapy enhanced CD8* T cell infiltration (p <0.05).

Conclusion Our findings underscore HDAC3's role as a biomarker for predicting ICl response in aNSCLC and suggest
its potential as a therapeutic target, paving the way for future studies on HDAC3-targeted therapies to improve
immunotherapy outcomes.
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Introduction

According to the 2020 GLOBOCAN report, lung cancer
is the second most commonly diagnosed cancer world-
wide, accounting for 11.4% of new cases, and it has the
highest mortality rate, responsible for 18% of cancer-
related deaths [1]. Non-small cell lung cancer (NSCLC)
represents approximately 85% of these cases. Due to the
lack of reliable screening tools and the often nonspecific
early clinical symptoms, the majority of NSCLC patients
are diagnosed at advanced stages, resulting in a poor
prognosis [2—4]. Despite recent advances in treatment,
particularly with the advent of immune checkpoint inhib-
itors (ICIs), the response to immunotherapy in aNSCLC
patients remains highly variable, with non-responders
constituting three-quarters of NSCLC patients under
immunotherapy [5, 6], necessitating the identification of
reliable prognostic biomarkers to guide clinical decisions
and optimize therapeutic outcomes.

Histone deacetylase 3 (HDACS3) is a critical member
of the histone deacetylase family, playing a pivotal role
in epigenetic regulation by remodeling chromatin struc-
ture and influencing gene expression. Overexpression
of HDAC3 has been implicated in various malignancies,
contributing to tumor progression through mechanisms
such as cell proliferation, apoptosis evasion, and metas-
tasis [7—11]. Notably, HDAC3 has been associated with
poor prognosis in lung cancer, serving as an indepen-
dent predictor of survival outcomes [12]. Its involvement
in tumor immunity further underscores its potential
as a therapeutic target, as HDAC3 modulates immune
responses by promoting CD8" T cell exhaustion and
downregulating major histocompatibility complex class I
expression on tumor cells [13-15].

Recent studies have demonstrated that inhibiting
HDACS3 can restore T cell function and enhance the effi-
cacy of immunotherapies in preclinical models [16-18].
The selective HDAC3 inhibitor RGFP966 has shown
promise in reversing immune suppression in the tumor
microenvironment, thereby improving the therapeutic
effects of ICIs [16—18]. Given these findings, the present
study aims to unravel the role of HDAC3 as a prognostic
biomarker and a potential therapeutic target in aNSCLC,
utilizing a comprehensive multi-phase approach that
includes proteomic analysis, immunohistochemistry,
single-cell RNA sequencing, and in vivo experiments.
This investigation not only seeks to validate the prognos-
tic significance of HDAC3 in aNSCLC but also aims to
elucidate its mechanistic role in modulating the tumor
immune microenvironment. The insights gained from
this study could pave the way for novel therapeutic strat-
egies that enhance the effectiveness of immunotherapy in
patients with aNSCLC.
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Methods

Study design and sample collection

This retrospective study aimed to explore HDAC3 as a
potential immunotherapy biomarker in aNSCLC through
a multi-phase approach. In the discovery phase (n=22),
proteomic analysis was used to identify differential AAbs
between responders and non-responders to ICls, reveal-
ing 127 AAbs—51 upregulated and 76 downregulated in
non-responders. Considering the pivotal role of PD-L1 as
a biomarker in lung cancer immunotherapy, an additional
cohort (n=22) with available PD-L1 expression data was
analyzed to evaluate the independent predictive value of
AAbs. This plasma cohort also underwent targeted pro-
tein microarray analysis.

Patients for both the discovery phase and validation
phase were randomly selected to ensure unbiased sam-
ple representation. To ensure methodological rigor, the
discovery cohort (n=22) and validation cohort (n=34)
were designed with matched pre-treatment and post-
treatment pairs. A balanced distribution of samples was
maintained, with pretreatment samples (discovery: 22
vs. validation: 23) and post-treatment samples (discov-
ery: 23 vs. validation: 25) allocated at a near 1:1 ratio.
This is further supported by the absence of significant
differences in clinical characteristics between cohorts,
including gender distribution, ECOG, histology, and
disease stage (P>0.05). In the validation phase, we con-
ducted aNSCLC-focused microarray analysis, compar-
ing AAD levels in responders and non-responders at two
time points. We identified 24 and 22 prognostic AAbs
(p<0.05), including five key AAbs (HDAC3, METTL21C,
HSPB3, SPACA7, SPPL2B) with consistent expression
patterns. We also performed a dynamic assessment in a
cohort of patients at baseline and subsequent time points
to track AAb trends, constructing a risk score model that
predicted PFS. Additionally, HDAC3 expression was vali-
dated in 21 FFPE samples via immunohistochemistry and
was associated with higher TGFB1, PD-L1 infiltration
and lower CD8" T cells infiltration, while single-cell RNA
sequencing assessed gene expression differences between
HDAC3" and HDAC3" cells, revealing significant path-
way enrichments. Finally, we utilized si-HDAC3 and a
C57BL/6 mouse model to evaluate the role of HDAC3 in
lung cancer cells, the therapeutic effects of RGFP966 (an
HDACS3 inhibitor) and anti—-PD-1 antibodies on tumor
growth and immune cell infiltration. This comprehen-
sive approach aims to elucidate the role of HDAC3 in
immune modulation and its potential as a biomarker for
enhancing aNSCLC immunotherapy outcomes. Detailed
clinical characteristics were shown in Tables S1 and S2.

Between 2016 and 2022, a total of 138 plasma sam-
ples were collected from 78 aNSCLC patients, includ-
ing 67 pre-treatment samples (T0), 47 post-treatment
samples (T1) within three months of ICIs therapy, 24
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post-treatment samples (T2) at the time of three months.
Additionally, 42 formalin-fixed paraffin-embedded
(FFPE) samples were obtained from 42 aNSCLC patients
who received ICI monotherapy (Nivolumab, Pembroli-
zumab, Sintilimab, or Tirellizumab) at the Cancer Hos-
pital, Chinese Academy of Medical Sciences. All plasma
samples were collected using ethylenediaminetetraace-
tic acid, centrifuged at 3000 rpm at 4 °C for 10 min, and
stored in 2 ml conical tubes at -80 °C until the microarray
assay. FFPE samples were stored at room temperature.
The inclusion criteria for patients were: (1) biopsy-
confirmed aNSCLC with stage III or IV disease and
with clinical data (gender, age, smoking history, ECOG,
histological type, staging) and follow-up data (efficacy
evaluation at 3 months and PFS); (2) treatment with
ICI monotherapy; and (3) ICIs used as either first-line
or later-line therapy. Patients were excluded if they met
any of the following conditions: (1) a concurrent diagno-
sis of another cancer; (2) non-primary lung tumors; (3)
concomitant autoimmune diseases; or (4) use of other
immunosuppressive agents (e.g., steroid medication).
The efficacy of immunotherapy was assessed using the
Response Evaluation Criteria in Solid Tumours (RECIST)
version 1.1. Patients were categorized as “responders” if
they achieved complete remission, partial remission, or
stable disease within three months of ICI treatment, and
as “non-responders” if they experienced disease progres-
sion. This study was approved by the Ethics Committee of
the National Cancer Center/National Clinical Research
Center for Cancer/Cancer Hospital, Chinese Academy of
Medical Sciences & Peking Union Medical College (No.
19-019/1804). All procedures were conducted in accor-
dance with the principles of the Declaration of Helsinki.

HuProt™ microarray and aNSCLC-focused microarray

Standard experimental procedures for high-density
microarrays have been described in our previous studies
[19, 20]. Briefly, the HuProt™ microarray (CDI Labs, May-
aguez, PR) consisted of approximately 21,000 proteins.
The microarray was retrieved from -80 °C storage and
blocked with bovine serum albumin (BSA, 9048-46-8,
Sigma) for 1.5 h. Following the blocking step, the micro-
array was incubated with plasma samples at a 1:1000 dilu-
tion for 1 h. After washing with 0.1% phosphate-buffered
saline-Tween 20, the plates were incubated with Alexa
Fluor 647 goat anti-human IgG (109-605-003, Jackson)
diluted in 5% BSA. The microarray was then scanned
using a GenePix 4300 A microarray scanner (141095,
Molecular Devices) with a 635 nm excitation laser. Signal
intensities of IgG for each protein were quantified using
GenePix Pro v.6.0 software (Molecular Devices). For the
validation phase, candidate AAbs identified during the
discovery phase were selected and printed onto 2x7
sub-arrays to create an aNSCLC-focused microarray.
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The experimental procedures for the aNSCLC-focused
microarray were similar to those used for the high-den-
sity microarray, except for the blocking and dilution buf-
fer, which was 3% BSA.

Immunohistochemistry validation

All patient samples underwent hematoxylin-eosin stain-
ing and were meticulously reviewed by two experienced
pathologists to identify cancer lesions. Immunohisto-
chemistry (IHC) was performed on FFPE samples fol-
lowing dewaxing and heat-induced antigen retrieval.
After washing, the samples were treated with a 3%
hydrogen peroxide solution to quench endogenous per-
oxidase activity. Primary antibodies, including rabbit
anti-human IgG antibodies specific to histone deacety-
lase 3 (HDAC3, ab32369, Abcam), were applied at a
1:500 dilution following blocking with rabbit serum.
After incubation, the samples were treated with a 1:200
dilution of HRP-labeled goat anti-rabbit IgG secondary
antibody (GB23303, Servicebio) for 50 min at room tem-
perature. Diaminobenzidine (DAB) was used for color
development, and the nuclei were counterstained with
hematoxylin (G1004, Servicebio). The results were exam-
ined under a white light microscope (E100, Nikon) and
quantified using CaseViewer 2.4 (3DHISTECH, Hungary)
software. Protein expression levels were quantified using
an H-score, which was calculated based on the intensity
of the stain and the percentage of positive tumor cells,
with scores ranging from 0 to 300. Staining intensity was
categorized as negative (0), weak (1), moderate (2), or
strong (3), and the percentage of positive cells was scored
from O to 100. The H-score was determined by multiply-
ing the intensity score by the percentage of positive cells.
An H-score below 60 was classified as low expression,
while an H-score of 60 or above was considered high
expression.

Single-cell and bulk-RNA sequencing analysis of HDAC3
Data from GSE131907 (n=21), which includes NSCLC
tumor samples (including advanced stage lung tumors,
lymph node metastases, and brain metastases), as well
as data from GSE182434 (n=5), consisting of four tumor
samples from DLBCL and one tonsil sample from a
patient with tonsillitis, were retrieved. Clinical data and
metadata were obtained from the original study [21, 22].
Additionally, immunotherapy-related dataset GSE218989
[23] (=339 NSCLC) was annotated and utilized for
immunotherapy prediction analysis. Raw data underwent
rigorous quality control using the “Affy” package [24]
within R software, involving the computation of aver-
age values for multiple probes corresponding to a single
gene. The risk score was calculated using the formula:
risk score=% (Expression * Coefficient) and generated
through the use of the “ggrisk” package.
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Initially, quality control was performed on the
GSE131907 data using “Seurat” [25] package, which
focused on single-cell RNA-seq data analysis, particu-
larly for clustering and dimensionality reduction. Using
Seurat, we were able to perform quality control, nor-
malization, and integration of datasets, followed by clus-
tering cells based on gene expression profiles. Quality
control was focusing on cell quality by filtering based
on the number of detected genes (minimum: 300, maxi-
mum: 6000), mitochondrial gene percentage (0-15%),
hemoglobin gene percentage (0-0.1%), and ribosomal
gene percentage (minimum: 1-100%). Genes expressed
in fewer than three cells were excluded. Malignant epi-
thelial cells were then isolated. Based on the expression
status of HDAC3, these malignant epithelial cells were
classified into ‘HDAC3-positive’ and ‘HDAC3-negative’
groups. Copy number variations (CNVs) analysis was
subsequently conducted on these cells using the “infer-
CNV” [26] package, which was applied to detect CNVs
from single-cell RNA-seq data, calculating CNV scores
for each cell type. By analyzing the expression levels of
genes across cells, inferCNV allowed us to infer CNVs
that could distinguish cancerous from non-cancerous
cells, providing insights into the genomic landscape of
the tumors. Additionally, “GSEABase” [27] package was
used to perform rank-based Gene Set Enrichment Analy-
sis (GSEA). It provided the tools to access, organize, and
work with gene sets, allowing us to evaluate whether spe-
cific pathways or biological processes were significantly
enriched in our data, helping to interpret the functional
implications of gene expression changes in the context of
cancer.

To investigate the differences in interactions between
HDAC3" and HDAC3™ tumor cells and immune cells
(including exhausted Tfh, exhausted CD8" T cells, cyto-
toxic CD8" T cells, CD8*/CD4* mixed Tth, CD8" low T
cells, CD4* Tth, NK cells, naive CD8" T cells, naive CD4*
T cells, and microglia / macrophage cells), the “CellChat”
[28, 29] package was employed to analyze cell-cell com-
munication. It facilitated the identification of signaling
pathways involved in tumor-immune cell interactions.
By constructing cell-cell communication networks,
we could explore the potential roles of specific ligand-
receptor pairs in mediating immune responses in the
tumor microenvironment. Specific categories within the
CellChat database, such as “Secreted Signaling,” “ECM-
Receptor,” and “Cell-Cell Contact,” were examined, with a
minimum cell count criterion of three applied.

Multiple Immunofluorescence

FFPE tissue sections of 4—5 um thickness were prepared,
followed by dewaxing and rehydration. Antigen retrieval
was performed, and endogenous peroxidase activity was
blocked using an antibody blocking solution. Sequential
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immunostaining was carried out for each target anti-
gen, including primary antibodies against rabbit anti-
human IgG for HDAC3 (ab32369, 1:250, Abcam), CD8A
(ab237709, 1:500, Abcam), TGFB1 (ab215715, 1:500,
Abcam), PD-L1 (#13684S, 1:800, CST), and mouse anti-
human pan cytokeratin IgG (ab7753, 1:250, Abcam).
This was followed by incubation with secondary anti-
bodies: HRP-labeled goat anti-rabbit IgG (GB23303,
1:500, Servicebio) for HDAC3, CD8A, and TGFBI1 and
HRP-labeled goat anti-mouse IgG (GB23301, 1:500,
Servicebio) for pan cytokeratin. Tyramide signal ampli-
fication (TSA) was employed, followed by microwave
treatment to remove the TSA-antibody complex, allow-
ing for subsequent rounds of antibody labeling. After
immunostaining, cell nuclei were counterstained with
4,6-diamidino-2-phenylindole, and slides were cover-
slipped for scanning. Microscopy (ECLIPSE C1, Nikon)
and scanning (Pannoramic MIDI, 3DHISTECH) were
used for result interpretation. The CaseViewer 2.4
(3DHISTECH) and Image] software were utilized to
quantify the number and percentage of positive cells. All
results were independently reviewed by two experienced
pathologists.

Cell and animal experiment

Cell culture and transfection

Human non-small cell lung cancer cell lines A549 and
H1299 were obtained from the American Type Cul-
ture Collection (ATCC). Cells were cultured in RPMI-
1640 medium (Gibco, USA) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) and 1% penicil-
lin/streptomycin (Gibco, USA) at 37 °C in a humidified
atmosphere containing 5% CO,. Cells were passaged
when they reached 70-80% confluence. The Lewis (cata-
log KG070) mouse lung cancer cell line was cultured in
DMEM supplemented with 10% fetal bovine serum at
37 °C and 5% carbon dioxide. All experiments were con-
ducted using mycoplasma-free cells.

RNA interference and lentiviral infection
To construct the RNA interference (RNAI) vector target-
ing HDACS3, single-stranded DNA oligonucleotides with
the interference sequences were synthesized. These oli-
gonucleotides were annealed to form double-stranded
DNA and ligated into the pre-digested RNAi vector. The
ligation products were transformed into competent bac-
teria, and correct clones were confirmed by sequencing.
Lentiviral vectors expressing HDAC3 shRNA were gen-
erated by co-transfecting HEK-293T cells with the RNAi
plasmid and packaging plasmids using Lipofectamine
2000 (Invitrogen, USA). After 48 h, the culture superna-
tant was collected, filtered, and concentrated to obtain
the lentivirus. A549 and H1299 cells were infected with
the concentrated lentivirus for HDAC3 knockdown.
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Stable clones were selected by incubation with puromy-
cin (1 pg/mL, Sigma-Aldrich, USA) for 2 weeks. Success-
ful knockdown of HDAC3 was confirmed by qPCR and
Western blot analysis.

For qPCR, specific primers for the target genes
(HDAC3 and GAPDH) were designed using Primer3
software based on the gene sequences obtained from the
GenBank database. The primers used for qPCR are as fol-
lows: HDAC3_Forward (CGCTATGTGGATACGCTGC
TTTA), HDAC3_Reverse (GCAACCAGGATTTATAC
AAGGAGGA), GAPDH_Forward (GTCTCCTCTGAC
TTCAACAGCG), and GAPDH_ Reverse (ACCACCCT
GTTGCTGTAGCCAA). For Western blot, The primary
antibodies used were Anti-f-Actin (1:1000, CST, #4970S)
and Anti-HDACS3 (1:5000, Abcam, ab32369).

Cell proliferation assays (CCK-8)

Cell proliferation was assessed using the CCK-8 assay
(Dojindo, Japan). A549 and H1299 cells were seeded in
96-well plates and allowed to adhere overnight. Cells
were transfected with HDAC3-targeting shRNA or con-
trol vectors as described above. At 24, 48, and 72 h post-
transfection, CCK-8 reagent (10 uL) was added to each
well, and the cells were incubated for 2 h at 37 °C. Absor-
bance was measured at 450 nm using a microplate reader.
The proliferation rate was calculated relative to the con-
trol group.

Colony formation assay

For the colony formation assay, cells in the logarith-
mic growth phase were trypsinized with 0.25% trypsin
and dissociated into a single-cell suspension by pipet-
ting. The cell suspension was resuspended in complete
culture medium. The cell suspension was then seri-
ally diluted and seeded in 6-well plates at a density of
approximately 300 cells per well. Cells were evenly dis-
tributed and allowed to settle for 2—3 weeks in the incu-
bator, with medium replacement every 4-5 days. Once
visible colonies appeared, culture was terminated. The
medium was discarded, and cells were carefully washed
twice with PBS. Cells were then fixed with 1 mL of 4%
paraformaldehyde for 15 min, followed by staining with
crystal violet solution for 20 min. The staining solution
was gently washed off with deionized water, and the colo-
nies were allowed to air dry. Colonies were counted and
photographed.

Cell cycle analysis

Cell cycle distribution was analyzed by flow cytometry.
A549 and H1299 cells were transfected with HDAC3-tar-
geting shRNA or control vectors, and at 48 h post-trans-
fection, cells were harvested, washed with cold PBS, and
fixed in 70% ethanol at 4 °C overnight. Fixed cells were
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then stained with propidium iodide (PI) solution contain-
ing RNase A for 30 min at 37 °C.

Animal experiment

RGFP966 is a specific inhibitor of HDAC3, N-(o-amino-
phenyl)carboxamide, purchased from MedChemExpress
(catalog HY-13909) [30, 31]. Male C57BL/6 mice (6-8
weeks old) were sourced from Shanghai GemPharmat-
ech. These mice were housed in a specific pathogen-free
animal facility with free access to food and water. They
were maintained at 22 °C+2 °C with a relative humid-
ity of 70%, under a 12-hour light/dark cycle. To establish
the NSCLC model, Lewis (1x10"7) cells were injected
into the flanks of C57BL/6 mice. Tumors were moni-
tored and measured with calipers every 2-3 days. After
8 days of Lewis cell implantation, tumor volumes reached
approximately 100 mm®. C57BL/6 mice carrying Lewis
cells were randomly divided into three groups (n=3),
including a control group, an anti-PD-1 mAb group,
and an RGFP966 plus mAb anti-PD-1 group. RGFP966
(catalog HY-N0504) was dissolved in PBS and admin-
istered to mice at a dosage of 25 mg/kg daily. The PD-1
monoclonal antibody (catalog BE0146, BioXCell) was dis-
solved in PBS and intravenously administered at a dose
of 200 pg three times a week. The control group received
only intravenous PBS. Treatment continued until tumor
volume exceeds 3000 mm?. Mice were euthanized with
an overdose of 0.5% pentobarbital sodium, and tumors
were excised, photographed, and weighed. The resected
tumors were subjected to flow cytometry analysis.

Statistical analysis
All statistical analyses were conducted using IBM SPSS
Statistics 24 (Chicago,

Illinois, USA), R version 4.2.1, Sanger plot (http://w
ww.sangerbox.com), and Hiplot (https://hiplot.com.c
n/home/index.html). The Mann-Whitney U test was
used for group comparisons. Sensitivity, specificity, and
ROC curves were calculated using the “pROC” [32] and
“ROCR” [33] packages in R. The “maxstat” [34] package
in R was employed to determine the optimal cutoff values
for categorizing high- and low-expression groups for sur-
vival analysis in both the discovery and validation phases.
A p-value of <0.05 (two-tailed) was considered statisti-
cally significant for all analyses.

Results

aNSCLC AAbs validation in aNSCLC-focused microarray
Our previous study [19] identified 127 differential AAbs
between responders and non-responders that overlapped
in the pre- and on-ICIs monotherapy in the discovery
phase, as shown in Table S3, with 51 AAbs elevated and
76 AAbs decreased in non-responder group. To address
concerns regarding the randomization of the discovery
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(See figure on previous page.)
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Fig. 1 Validation of differential AAbs using high-density microarrays pre- (n=23) and on-ICls monotherapy (n=25) (p <0.05). A, D. Heatmaps illustrating
differential AAbs between responders and non-responders pre- and on-ICls monotherapy, based on normalized intensity data (Z-Scored across individu-
als and p<0.05). B, E. Volcano plots displaying differential AAbs between responders and non-responders pre- and on-ICls monotherapy based on the
normalized intensity data (Z-Scored across individuals and p <0.05). D, F. ROC curves of the five overlapping AAbs (HDAC3, METTL21C, HSPB3, SPACA7,
and SPPL2B) predicting responder and non-responder patients pre- and on-ICls monotherapy. (Abbreviation: AAb: autoantibody; ICIs: immune checkpoint

inhibitors; ROC: receiver operating characteristic.)

and validation cohorts, we conducted a sensitivity anal-
ysis for HDAC3 autoantibodies. For the pre-treatment
cohort of 45 patients, we performed 100 random splits
into two nearly equal groups (22 vs. 23 patients). In 85%
of these splits, the hazard ratios (HRs) remained consis-
tent in the same direction (HR>1) (Figure S1A). Simi-
larly, for the post-treatment cohort of 47 patients, 95%
of the 100 random splits showed consistent HR direc-
tions (HR>1) (Figure S1B). These results confirm that
our findings are robust and not dependent on the specific
cohort division, further supporting the stability and gen-
eralizability of our conclusions. In the aNSCLC-focused
microarray validation phase, we compared respond-
ers (n=13) and non-responders (n=10) at TO and T1
time points using normalized intensity data. A total of
24 AAbs and 22 AAbs (p<0.05) were identified as prog-
nostic AAbs (Fig. 1). Among these, five AAbs (HDACS3,
METTL21C, HSPB3, SPACA7, and SPPL2B) were consis-
tently detected in both the pre- and on-ICIs monother-
apy, with areas under the curve (AUCs) of 0.76, 0.76, 0.74,
0.77, and 0.75 in the pre-ICIs monotherapy (Fig. 1A-C)
and 0.84, 0.78, 0.72, 0.76, and 0.76 in the on-ICIs mono-
therapy (Fig. 1D-F). All five AAbs showed differential
expression between the pre- and on-ICIs monotherapy,
with SPACA7, HDAC3, and METTL21C being higher
(p<0.05) in the non-responder group, while HSPB3 and
SPPL2B were higher (p<0.05) in the responder group
(Fig. 2A-B). Considering that patients with EGFR-mutant
lung cancer have poorer responses to immunotherapy
compared to those with EGFR wild-type, we compared
the levels of HDAC3 autoantibody intensity among three
groups: EGFR-mutant, EGFR wild-type, and unknown
EGFR status. We also analyzed whether HDAC3 auto-
antibody independently predicts PES regardless of EGFR
mutation status. The results showed no significant dif-
ferences in HDAC3 autoantibody levels among the three
groups (P>0.05) (Fig. S2A), while HDAC3 autoanti-
body was an independent prognostic predictor of PFS
(P<0.05) (Figure S2B).

In the dynamic cohort, these five AAbs were evalu-
ated at baseline (n=15), 1 month (n=14), 1.5 months
(n=14), and 3 months (z=10). HDAC3 AAb showed
higher levels in non-responders compared to responders
at baseline and 3 months (P<0.05). HSPB3 AAb showed
higher levels in responders compared to non-responders
at baseline (P<0.05), while METTL21C AAb showed
higher levels in non-responders compared to responders

at baseline (P<0.05). SPPL2B AAb showed higher levels
in non-responders compared to responders at baseline,
1 month, and 3 months (P<0.05). Although SPACA7
AAD levels consistently trended higher in responders
across all timepoints, these differences did not reach sta-
tistical significance (Fig. 2C). A risk score model based
on these five AAbs was constructed for both pre- and
on-ICIs monotherapy, with the risk score calculated as:
risk score=% (Expression * Coefficient) (Fig. 3A). High-
risk score groups were associated with poorer PFS in
both pre- and on-ICIs monotherapy (p<0.05) (Fig. 3A).
These five AAbs demonstrated correlations with labo-
ratory tests: HDAC3 AAb was associated with MCV,
BASO, and IgA, while METTL21C AAb and SPACA7
AADb correlated with CEA and ALP (Fig. 3B). Patients
with liver metastasis exhibited significantly higher levels
of HDAC3 and CRNN AAbs (p<0.05), whereas patients
with lung metastasis showed elevated levels of HSPB3
and METTL21C AAbs (p<0.05) (Fig. 3C). Additionally,
HDAC3 was identified as a prognostic marker for PFS
(p<0.01) (Fig. 3D) in GSE218989, which containing 339
NSCLC patients receiving ICIs therapy. PD-L1 expres-
sion was not predictive of PFS, regardless of the stratifi-
cation method—whether dichotomized (TPS<50% vs.
TPS>50%) or divided into three categories (TPS<1%,
TPS=1-50%, and TPS>50%) (P>0.05) (Fig. 3E). In
contrast, HDAC3 AAbs demonstrated prognostic value
among the 22 patients with available PD-L1 expression
data, showing a positive correlation with PD-L1 lev-
els; patients with higher HDAC3 AAb levels tended to
exhibit higher PD-L1 expression (P <0.05) (Fig. 3F).

Validation of HDAC3 in IHC, scRNA-seq, and mIF cohorts
HDACS3 protein expression was assessed in 21 NSCLC
FFPE samples. Representative examples of HDAC3
expression, ranging from negative, weak, moderate to
strong were shown in Fig. 3G. IHC staining of HDAC3
in two representative patients with different PFS was
illustrated in Fig. 3G (patient 1 with a long PFS of 24.9
months, stage III, and patient 2 with a short PES of 2.67
months, stage III). HDAC3 protein expression dem-
onstrated predictive value for PFS (p<0.05) (Fig. 3QG).
Two overlapping patients in the autoantibody and IHC
cohorts showed that patients with high expression of
HDACS3 protein also had high levels of HDAC3 autoan-
tibodies (Fig. 3H).
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HDAC3" malignant lung cancer cells exhibited sig-
nificantly higher expression of UBE2S, PPPIRI4B,
EGFRI, AREG, CHI3LI, BRI3, CXCL2, SOD3, SLC25A6,
TGM2, VIM, I1SG15, MUCSB, CTSE, FAM177A1, CD74,
RPS4Y1, and NFKBIA (p<0.05) and lower expression
of AKRIB1, MTI1X, PIGR, UBC, HILPDA, HMGBS3,
HSPAI1B, ARGLUI, HNRNPHI1, MGP, SAA1, N4BP2L2,
HIST1IHI0, POLR2J3, KCNQIOT1, SCGB3, RPS4Yl,
MALATI1, HSPA6, WSBI1, and SFTPA2 (p<0.05) com-
pared to HDAC3- malignant lung cancer cells in
GSE131907 (Fig. 4A). HDAC3" cells showed significant
enrichment in (p<0.001) NRF2, IL-17, and NF-kappa
B signaling pathways (Fig. 4B). Furthermore, HDAC3*
malignant lung cancer cells exhibited higher chromo-
somal copy number variation (CNV) scores (p<0.001)
compared to HDAC3™ malignant lung cancer cells
(Fig. 4C). Enrichment analysis of HDAC3" cells revealed
significant associations with pathways including the
unfolded protein response, reactive oxygen species path-
way, protein secretion, PI3K-AKT-MTOR, P53, oxidative
phosphorylation, Myc targets, MTORCI1, adipogenesis,
and DNA repair signaling (p<0.05) (Fig. 4D). HDAC3*
malignant lung cancer cells also had significantly higher
epithelial-mesenchymal transition (EMT) scores than
HDAC3" cells (p <0.001) (Fig. 4D).

Analysis of interactions between HDAC3" tumor cells
and immune cells, as well as HDAC3™ tumor cells and
immune cells (including exhausted T follicular helper
(Tfth) cells, exhausted CD8" T cells, cytotoxic CD8*
T cells, CD8"/CD4" mixed Tfh cells, CD8" low T cells,
CD4" Tth cells, NK cells, naive CD8" T cells, naive CD4*
T cells, and microglia/macrophage cells), showed that
HDAC3" tumor cells interact more closely with immune
cells than HDAC3™ cells. This includes interactions with
exhausted and cytotoxic CD8* T cells, CD4" Tth cells,
NK cells, and macrophages (Fig. 5A). Specific interac-
tions, such as TGFB1-ACVR1B/TGFBR2, were unique to
HDAC3" cells and immune cells (Fig. 5B). In malignant
lung tumors, HDAC3 expression positively correlated
with TGFB1 (R=0.72), TGFBR2 (R=0.68), and ACVRIB
(R=0.62) (p<2.2e-16) (Fig. 5C). In the mIF cohort, sam-
ples with higher levels of HDAC3" tumor cells exhibited
higherTGFB1 infiltration (p<0.05, R=0.49) (Fig. 5D).
The intensity of HDAC3* tumor cells was found to have
predictive value for OS (p<0.01) (Fig. 5E). Furthermore,
the percentage of TGEp1 infiltration was significantly
higher in patients with increased HDAC3" tumor cells
(p<0.05) (Fig. 5E). HDAC3 intensity showed a positive
correlation with PD-L1 intensity in aNSCLC patients
(p<0.05, R=0.45) (Fig. 5F). Representative mIF stain-
ing of HDAC3" tumor cells, CD8" T cells, PD-L1, and
TGEFp1 infiltration was shown for a patient with a short
OS of 48 days compared to a patient with a long OS of
894 days Fig. 5G. Given the extensive studies [18, 35,
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36] on HDAC3 in lymphoma, we also investigated the
expression of HDAC3 in a single-cell DLBCL cohort
(GSE182434) [22]. This analysis was motivated by previ-
ous findings demonstrating the significant role of HDAC3
inhibition in modulating tumor immune responses and
epigenetic programming in DLBCL. Based on our prior
study on DLBCL [37], malignant B cells in GSE182434
were categorized into low and high malignancy groups.
HDACS expression was found to be higher in high-malig-
nancy B cells (Figure S3A).

HDAC3 inhibitor shapes tumor microenvironment in lung
cancer

To investigate the effects of HDAC3 on lung cancer cells,
we performed HDAC3 knockdown in A549 and H1299
cell lines. mRNA and protein level analysis confirmed
that siRNA effectively inhibited HDAC3 expression (Fig-
ure S3B-C). Cell proliferation assays showed a significant
decrease in cell proliferation following HDAC3 knock-
down (Figure S4A), and colony formation ability was also
significantly impaired (Figure S4B). Flow cytometry anal-
ysis revealed that HDAC3 knockdown induced cell cycle
arrest at the GO/G1 phase (Figure S4C). These results
suggest that HDACS3 plays a crucial role in the prolifera-
tion of lung cancer cells.

Given that higher levels of HDAC3" tumors were asso-
ciated with lower infiltration of CD8" T cells, we hypoth-
esized that the use of HDAC3 inhibitors could enhance
the therapeutic efficacy of anti-PD-1 immunotherapy.
We administered RGFP966 and/or anti—-PD-1 antibod-
ies to C57BL/6 mice harboring Lewis cells (Fig. 6A). Both
monotherapy and combination therapy did not affect
the weight of the mice (Fig. 6B), indicating good toler-
ance. Treatment with either the combined therapy or
anti-PD-1 therapy resulted in a significant decrease in
both tumor volume (Fig. 6B) and tumor weight (Fig. 6C)
(p<0.05). Flow cytometry analysis revealed that the com-
bined therapy significantly increased CD3" CD8* cell
infiltration (p<0.05), while anti—-PD-1 immunotherapy
was not (Fig. 6C). In summary, these findings suggest that
inhibition of HDAC3 may reshape the inflamed tumor
microenvironment in vivo.

Discussion

This study investigates HDAC3 as a potential immuno-
therapy biomarker in aNSCLC, revealing its significant
association with treatment responses to ICIs and patient
outcomes. Employing a multi-phase approach, we iden-
tified and validated several AAbs linked to PFS. In the
discovery phase, we identified 127 differential AAbs
between responders and non-responders, and the valida-
tion phase confirmed 24 and 22 prognostic AAbs at dif-
ferent time points through microarray analysis. Notably,
five key AAbs (HDAC3, METTL21C, HSPB3, SPACA?7,
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Fig. 2 Differential and dynamic analyses of AAbs pre- and on-ICls monotherapy. A-B. Comparison of prognostic AAbs (p <0.05) between responders
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Fig. 3 Performance of the five AAbs risk score model in predicting PFS pre- and on-ICls monotherapy and its correlation with clinical factors and prog-
nostic value of HDAC3 AAb (n=22) and HDAC3 protein in IHC cohort (n=21, 100X). A. Scatter plots, heatmaps, and Kaplan-Meier curves showing PFS in
high-risk versus low-risk score groups pre- and on-ICls monotherapy. B-C. Heatmap and box plots depicting the correlation between differential AAbs
and clinical factors. D. Kaplan-Meier curves for PFS based on HDAC3 mRNA expression in the GSE218989 dataset. E. Kaplan-Meier curve for PFS based on
PD-L1 expression (group 1: TPS < 50% and TPS > 50%; group 2: TPS < 1%, TPS = 1-50%, and TPS > 50%). F. Kaplan-Meier curve for PFS based on HDAC3 AAb
and the correlation of PD-L1 and HDAC3 AAb. G. Representative IHC staining images showing HDAC3 expression levels from strong to moderate, weak,
and negative; patient 1 (PFS=24.9 months) and patient 2 (PFS=2.67 months) are depicted, along with Kaplan-Meier survival curves for PFS grouped by
HDAC3 expression levels. H. The levels of HDAC3 autoantibodies and HDAC3 protein expression in two patients (Patient 3: PFS=718 days and patient 4:
PFS=365 days) with overlapping autoantibody and IHC cohorts. (Abbreviation: AAb: autoantibody; PFS: progression-free survival; ICls: immune checkpoint

inhibitors; IHC: immunohistochemistry.)

and SPPL2B) exhibited consistent expression patterns,
underscoring their dynamic nature during pre-treatment
and on-treatment phases. Furthermore, IHC validation
of HDAC3 confirms its prognostic value, correlating with
PES. Single-cell RNA sequencing reveals significant path-
way enrichments in HDAC3" malignant cells, indicating
its role in immune modulation. Notably, HDAC3* tumor
cells show higher TGFp1 infiltration and lower CDS8*
T cell infiltration, emphasizing the therapeutic poten-
tial of targeting HDAC3 to enhance immune responses
in the mIF cohort. Our preclinical model demonstrates
that RGFP966, an HDACS3 inhibitor, in combination with
anti-PD-1 therapy, improves CD8" T cell infiltration,
suggesting that HDAC3 inhibition may enhance the effi-
cacy of immunotherapy.

Histone deacetylase 3 (HDAC3) is a key member of
the histone deacetylase family, primarily regulating gene
expression by remodeling chromatin and playing a cru-
cial role in epigenetics [38—40]. The functions of HDAC3
include several major aspects: (1) promoting cell prolif-
eration and participating in cell cycle regulation. HDAC3
is overexpressed in various malignant tumors, particu-
larly in processes such as tumor proliferation, apopto-
sis, metastasis, angiogenesis, and cancer drug resistance
[9]. In colorectal cancer, the deletion of HDAC3 inhibits
cell proliferation, invasion, and migration by reducing
the expression of TGIF1, thereby slowing tumor growth
and inducing cell apoptosis [8]. In endometrial can-
cer, inhibiting HDAC3 increases STRING expression,
thereby suppressing tumorigenesis [10]. In gastric can-
cer, overexpression of HDAC3 is associated with poor
prognosis [11]. Furthermore, HDAC3 plays a critical
role in cancer stem cells through genome-wide epigen-
etic modifications [41, 42]. In lung cancer, high expres-
sion of HDACS3 is considered an independent prognostic
factor for patients with lung adenocarcinoma [12] and
is also highly expressed in brain metastatic lung adeno-
carcinoma [43]. The absence of HDAC3 expression dis-
rupts the expression of Wnt ligands, leading to reduced
Wnt activity [44]. Inhibition of HDAC3 helps NSCLC
overcome osimertinib resistance [45]. (2) Regulation
of PD-L1 expression. The regulatory mechanism of
HDAC3 on PD-L1 exhibit dual roles depending on the
immune context and cancer subtype. In lymphoma [36],

melanoma [46], and gastric cancer [47], HDAC3 func-
tions as a negative regulator of PD-L1, whereas in pan-
creatic cancer [16] and thymic epithelial tumors [48],
HDACS3 positively regulates PD-L1 expression. In lym-
phoma [36], HDACS3 inhibitors (HDAC3i) can rapidly
increase histone acetylation in the PD-L1 gene promoter
region and recruit bromodomain protein BRD4, thus
activating transcription. In melanoma, HDAC3 inter-
acts with RORA and participates in the RORA-mediated
suppression of PD-L1 [46]. In pancreatic cancer [16], the
selective HDAC3 inhibitor RGFP966 can reduce both the
protein and mRNA levels of PD-L1 in pancreatic cancer
cells. (3) Regulation of genes such as TGF-B1 and promo-
tion of CD8" T cell exhaustion. In tumor immunother-
apy, HDACS3 can inhibit the expression of cytotoxic genes
through histone acetylation modifications, promoting
CD8" T cell exhaustion [13, 15]. Inhibiting HDAC3 can
enhance chemotaxis and immune cell recruitment medi-
ated by CXCL10, promoting anti-tumor immunity [49].
Consistent with our research findings, high expression
of HDACS3 and its own antibodies is positively correlated
with poor PFS and OS in NSCLC patients. Our experi-
ments demonstrate that HDAC3 not only regulates the
proliferation of lung cancer cells, PD-L1 expression, and
TGFBI expression, but also modulates CD8" T cell infil-
tration in vivo.

The advantages of existing preclinical and clinical
HDACS3 inhibitors include: (1) Cell specificity: HDAC
inhibitors can specifically inhibit HDAC activity in tumor
cells with relatively low toxicity to normal cells, offer-
ing better safety and tolerance; (2) Multi-target effects:
HDAC inhibitors act on multiple targets in tumor cells,
including cell proliferation and cell cycle regulation,
providing a more comprehensive therapeutic effect; (3)
Combination with immunotherapy: HDAC3i can lower
DNMT1 protein levels, indirectly activating PD-L1 tran-
scription. Combined use of CTLA-4 and PD-1 antibod-
ies can lead to upregulation of PD-L1 on early tumor
antigen-presenting cells and expression of PD-1 on
tumor-infiltrating effector T cells. In mouse models of
melanoma and breast cancer [50, 51], HDACi induces
rapid acetylation of PD-L1 genomic histones, trigger-
ing persistent gene expression, significantly enhancing
the in vivo PD-1/CTLA-4 blocking response. Compared
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Fig. 4 Aanysis of HDAC3* and HDAC3- tumor cells in NSCLC using single-cell RNA sequencing in GSE131907. A.Volcano plots displaying differential gene
expression between HDAC3* and HDAC3™ tumor cells. B. Functional enrichment analysis of differential expressed genes. C. Heatmap and comparison
of CNV scores between HDAC3* malignant cells and HDAC3™ malignant cells. D. GSEA of hallmark pathways and comparison of EMT scores between
HDAC3* and HDAC3~ tumor cells. (Abbreviation: NSCLC: non-small cell lung cancer; CNV: copy number variation; EMT: epithelial-mesenchymal transition.

¥ p<0.001,4** p<0.0001.
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Fig. 6 HDAC3 inhibitor RGFP966 enhanced CD8* T cells infiltration in mouse model. A. Schematic protocol of the antitumor therapy using anti-PD-1
mAb and RGFP966 in C57BL/6 mice. B. Weight change curve and tumor growth curve of mice treated with PBS (n=3), anti-PD-1 mAb (n=3), or anti-
PD-1 mAb plus RGFP966 (n=3). C. Weight of the harvested tumors (n=3) and quantification of the percent of CD3* CD8" T cells (n=3) in the tumors. (*

p<0.05,* p<001)

to monotherapy, mice receiving combination treat-
ment show slower tumor progression and higher sur-
vival rates. In pancreatic cancer, the specific HDAC3
inhibitor RGFP966 can reduce both PD-L1 protein and
mRNA levels in pancreatic cancer cells [16]. In colorec-
tal cancer, RGFP966 decreases PD-1* CD8" T cell infil-
tration in a dose-dependent manner [17]. In lymphoma,
HDACS3 inhibitors have been shown to be more effective
than pan-HDAC inhibitors, enhancing T cell activation
against tumor cells [35]. RGFP966 can reverse abnormal

epigenetic programming caused by CREBBP mutations
[18] and affect lymphoma cells and the tumor microen-
vironment [35], upregulating PD-L1 expression in B-cell
lymphoma [36], while restoring the ability of tumor-
infiltrating lymphocytes to kill DLBCL cells, enhancing
the effect of PD-L1 immunotherapy. In NSCLC, HDAC3
selective inhibitors combined with osimertinib have
shown potential in treating EGFR-mutant non-small
cell lung cancer, especially for polymorphisms with BIM
deletions [45]. HDACS3 can inhibit T cell recruitment to
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KRAS-mutant lung tumors, and combination therapy
with KRAS pathway inhibitors and HDAC3 inhibitors
can separate CXCL10 from immune-suppressive che-
mokines. The combination of entinostat and trametinib
enhances in vivo T cell recruitment to lung tumors [49].
Furthermore, the combination of HDAC3-targeted drug
entinostat with trametinib significantly inhibits tumor
growth and overcomes resistance in STKII-mutant
NSCLC [52]. Consistent with our research findings, high
expression of HDAC3 and its antibodies is positively
correlated with poor PFS and OS in NSCLC patients.
Cellular and animal experiments suggest that HDAC3
is involved in regulating lung cancer cell proliferation
and modulating CD8" T cell infiltration in vivo. Future
research directions for HDAC3 inhibitors include (1)
Development of highly selective inhibitors: Most current
HDAC inhibitors (such as Entinostat [53]) exhibit some
selectivity for HDAC3 but may still inhibit other Class I
members such as HDAC1/2. Future efforts should focus
on structural optimization or Al-based molecular design
to develop inhibitors that specifically target HDACS3.
(2) Deepening combination therapy strategies: HDAC3
inhibitors can enhance the sensitivity of other therapies
through epigenetic regulation. This includes combination
with targeted drugs [45], synergy with immunotherapy
[50, 51], and the development of dual-target inhibitors.
(3) Precision medicine and biomarker screening: Screen-
ing patient populations based on HDAC3 expression lev-
els, specific gene mutations (such as STK11 [52], KRAS
[49] abnormalities), or epigenetic features can optimize
treatment windows. Challenges in the future develop-
ment of HDACS3 inhibitors include (1) Insufficient selec-
tivity: Existing inhibitors may cross-inhibit other HDAC
family subtypes (such as HDAC1/2), leading to off-target
effects. Developing highly specific HDAC3 inhibitors will
need to address the highly conserved nature of its cata-
lytic domain. (2) Low clinical translation efficiency: Most
HDACS3 inhibitors are still in preclinical or early clinical
trial stages. Accelerating drug screening through organ-
oid models or patient-derived xenograft platforms, and
optimizing clinical trial designs (such as adaptive bas-
ket trials) to cover more tumor types, will be necessary.
(3) Heterogeneity and resistance mechanisms cancers:
Tumor cell heterogeneity and epigenetic plasticity may
lead to adaptive resistance following HDAC3 inhibition.
Multi-omics analyses are needed to uncover resistance
mechanisms.

The future of HDAC3 inhibitors should focus on pre-
cision, combination, and technological innovation. By
optimizing structure, guiding treatment with biomarkers,
and upgrading delivery systems, current bottlenecks can
be overcome. Additionally, a deeper understanding of the
multidimensional regulatory network of HDAC3 in the

Page 15 of 17

tumor microenvironment will provide new insights to
overcome resistance.

This study has several limitations. First, the small sam-
ple sizes may affect the generalizability and robustness of
our findings. Larger, independent cohorts are necessary
to validate these results, enhance statistical power, and
improve reproducibility. Additionally, the study focuses
on aNSCLC, limiting its applicability to other malig-
nancies. The absence of key prognostic markers, such as
PD-L1 expression and tumor mutational burden, restricts
the ability to stratify analyses by PD-L1 status. Sufficient
tumor tissue was not available for retrospective PD-L1
analysis in our AAb’s cohorts. We acknowledge this limi-
tation and plan to include PD-L1 assessment in future
studies to further validate the relationship between
HDACS3 and PD-L1 and its clinical significance in immu-
notherapy. Furthermore, further exploration of HDAC3'’s
mechanisms is needed, and clinical trial validation of pre-
clinical findings with RGFP966 and anti—-PD-1 therapy is
required.

Conclusion

In conclusion, our study underscores the importance of
HDACS3 as a biomarker for predicting response to ICIs
in aNSCLC and provides a rationale for further inves-
tigation into HDAC3-targeted therapies. Future stud-
ies should aim to explore the mechanisms by which
HDACS3 influences TGFB1 and CD8" T cells infiltration
and the overall tumor microenvironment, paving the
way for innovative strategies to improve immunotherapy
outcomes.
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