Oncogene

ARTICLE

www.nature.com/onc

W) Check for updates

FK228 reshapes tumor microenvironment to enhance

anti-PD-L1 efficacy

12 Lu Tian

Liang Gong
4> and Youming Zhang

. . DX
Kaisa Cui 125

© The Author(s) 2025

3, He Li*3, Kexuan Zhou??, Haocheng He'?, Shuai Xiao', Yizhun Zhu

3 Zhicheng Gong 4M,

The lack of a favorable tumor immune microenvironment (TIME) results in limited response rates to immune checkpoint blockade
(ICB) across human solid tumors, necessitating the development of novel combination strategies. In this study, we repurposed
FK228, an US FDA-approved histone deacetylase inhibitor that is used clinically in non-solid tumor treatment, as a novel ICB
sensitizer in solid tumors and revealed the diverse regulatory functions of FK228 in the TIME. FK228 serves as a novel necroptosis
inducer in cancer cells by triggering endoplasmic reticulum stress. This in turn enhances the immunogenicity of cancer cells and
increases the infiltration of tumor-killing immunocytes, including CD8* T and natural killer cells, particularly activating tumor-
infiltrated CD8* T cells. Meanwhile, FK228 treatment shifts macrophages toward the pro-inflammatory phenotype. Moreover, the
combined use of FK228 and a PD-L1 inhibitor significantly delay tumor growth and extend the survival of tumor bearing mice.
Overall, our findings reveal new possibilities for the clinical application of FK228 in solid tumors and underscore the critical role of
histone deacetylases in maintaining the immune-unfavorable TIME.
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INTRODUCTION

FK228, also known as romidepsin, is a small-molecule agent
developed successfully by Celgene Co. Ltd. and was first approved
by the US FDA in 2009 for the clinical treatment of cutaneous and
peripheral T cell ymphoma [1, 2]. As a histone deacetylase (HDAC)
inhibitor, FK228 can initiate the expressions of the epigenetically
silenced genes to markedly hamper the proliferation of tumor
cells in vitro and in vivo [3], which is achieved through the cell
cycle and mitotic arrest by directly inhibiting the activities of
HDAC1, HDAC2, HDAC4, and HDAC6 [4]. Currently, the single
doses of FK228 used for clinical treatment are very high and
relatively expensive, resulting in low clinical benefits for numerous
patients. Therefore, our group previously focused on increasing
the yield of FK228 to fulfill a desire [5]. On the basis of our original
Burkholderia-specific recombineering system technology, we
obtained FK228 with a 3-fold greater yield than the previously
reported highest yield [5]. However, although FK228 has been
successfully applied in the clinical treatment of non-solid tumors
and we have improved its production, it has not yet received
clinical approval for the treatment of solid tumors.

Previous clinical trials have shown that single-agent FK228
treatment has only moderate therapeutic effects on solid tumors,
such as colorectal cancer [6], prostate cancer [7], and renal cancer
[8]. Differ from non-solid tumors, such as lymphomas and
hematomas, solid tumors have complex tumor microenviron-
ments, and changes in their characteristics and status determine

the progression or regression of solid tumors [9]. In addition to cell
cycle arrest induction in tumor cells, accumulating evidence has
shown that HDAC inhibitors (HDACis) influence tumor immune
microenvironment (TIME) regulation, such as enhancing the
infiltration and activation of the CD8" T cells by the pan-HDACi
vorinostat (SAHA) or LBH589 [10, 11], abolishing the immunosup-
pression microenvironment via the SAHA-reducing activity of
regulatory T cells (Tregs) or entinostat reprogramming of tumor-
infiltrating myeloid-derived suppressor cells (MDSCs) [12, 13]. PD-
L1 plays an important role in tumor immunity and serves as the
most prominent and effective target for immune checkpoint
blockade (ICB) [14]. Previous studies have shown that FK228, a
HDACI, promotes the expression of PD-L1 in solid tumor cells
[15, 16], indicating that FK228 regulates the TIME. In addition,
FK228 can increase T cell infiltration into lung cancer [17].
Nevertheless, few studies have revealed the TIME landscape of
solid tumors after FK228 treatment. Moreover, there are no reports
uncovering the mechanism how FK228 regulates the TIME.
Single-cell RNA sequencing (scRNA-seq) is one of the most
effective approaches for understanding the TIME [18, 19]. We
previously also used scRNA-seq technology to characterize the
immune landscapes of the solid tumor [20]. In this study, we first
explored the type of tumor cell death caused by FK228. The TIME
landscapes in three solid tumor-transplanted models treated with
FK228 were subsequently characterized using scRNA-seq to
further analyze whether FK228-induced tumor cell death could
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alter the TIME. Moreover, we investigated the mechanism of
FK228-induced changes in the TIME, and analyzed the sensitivity
of solid tumors to a PD-L1 inhibitor via FK228 treatment. Our study
provides new insights into the use of FK228 in solid tumor
treatments and reveals a novel mechanism by which FK228
remodels the TIME. This work provides guidance for the clinical
treatment of solid tumors with FK228.

MATERIALS AND METHODS
Materials
The antibodies and other commercial reagents used are listed in Table S1.

Cell culture and animals

Mouse colorectal cancer MC38 and CT26 cells, mouse mononuclear
macrophages RAW264.7 cells were purchased from the Mcellbank (Shanghai,
China). Mouse breast cancer 4T1 cells, and human breast cancer MDA-MB-
231, MDA-MB-436, MDA-MB-468 cells were obtained from the Pricella
(Wuhan, China). All cell lines were confirmed by a short tandem repeat (STR)
identification. MC38, RAW264.7, MDA-MB-231, and MDA-MB-436 cells were
cultured in DMEM medium (Sigma, Cat# D6429) suppled with 10% FBS
(Sigma, Cat# F8687 or MIKX, Cat# MK1123) and 1% penicillin-streptomycin
(Beyotime, Cat# C0222). CT26 and 4T1 cells were incubated in RPMI1640
(Sigma, Cat# R8758) containing 10% FBS and 1% penicillin-streptomycin.
MDA-MB-468 cells were grown in L15 (HyClone, Cat# SH30525.01) containing
10% FBS and 1% penicillin-streptomycin. All these cells were incubated at
conditions of 37°C in humidified 5% CO, atmosphere. Two types mice,
including C57BL/6 and BALB/c mice (5 weeks, female) were purchased from
Zhuhai Bestest Biotechnology Co., Ltd (Zhuhai, China).

Evaluation of FK228-induced cell death types

The 7-amino-actinomycin D (7-AAD) staining was used to detect the death
of mouse solid tumor cells treated with FK228 (MCE, Cat# HY-15149).
Briefly, MC38, CT26 or 4T1 cells (1 x 10° cells/well) were cultured in 6-well
plates, followed by DMSO (Ctrl group) or FK228 (at ICs, concentration)
treatment for 24 h, respectively. These cells, a mixture of both live and
dead cells, were then collected, washed and incubated with 100 uL 1 x
Assay Buffer containing 5 L 7-AAD Staining Solution (Vazyme, Cat# A213)
at room temperature for 10 min. The death cell rates (7-AAD-positive cells)
were assessed by BD LSRFortessa Cell Analyzer (BD, USA). For cell death
pathways, MC38, CT26 or 4T1 cells (3 x 10° cells/well) were seeded into 96-
wells plates, respectively. After cell adherence overnight, these cells were
treated with FK228 under IC5, concentration synergized with DMSO or
different cell death inhibitors for 24h. The cell viability was then
determined by CCK-8 (ApexBio, Cat#K1018).

Colony-formation assay

Colony-formation assay was based on our previous works [21, 22]. Tumor
cells (1000 cells/well) were cultured in 6-well plates for 14 days, then
treated with FK228 under ICso concentration. Prior to photograph, the
colony was stained with crystal violet (Beyotime, Cat #C0121). DMSO
treatment served as control (Ctrl).

Luminex platform analyses

Cell-free supernatants from FK228-treated tumor cells were collected and
send to Shanghai UNIV Biotechnology Co., Ltd. (Shanghai, China). Multiple
cytokines and/or chemokines were analyzed using Bio-Plex Pro Mouse
Chemokine Panel 31-Plex (Bio-Rad, Cat# 12009159). Their concentrations
were determined by Luminex X-200 (Luminex, USA). DMSO treatment
served as control (Ctrl).

ATP release detection

Extracellular ATP from FK228-treated M(C38, CT26, and 4T1 cells was
quantified using Enhanced ATP Assay Kit (Beyotime, Cat# S0027) according
to the manufacturer’s instructions, respectively. After prepared the
samples, the value was measured using a Synergy H11 microplate reader
(Biotech, USA). DMSO treatment served as control (Ctrl).

Calreticulin (CRT) surface-location assay
MC38, CT26, and 4T1 cells were grown in 6-well plates at a density of 1 x
10° cells per well, and treated with FK228 under ICs, concentration for
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12 h, respectively. These cells were obtained and washed with DPBS. Next,
both anti-CRT antibody (HUABIO, Cat# ET1608-60) and DyLight 594-
conjugated Goat-anti-Rabbit IgG (H + L) Secondary Antibody (Thermo, Cat#
35560) were used to label FK228-treated tumor cells without the damaged
plasma membrane. The translocation of CRT was detected and observed
by BD LSRFortessa Cell Analyzer or AX confocal laser scanning microscope
(Nikon, Japan), respectively. DMSO treatment served as control (Ctrl).

Gold-standard in vivo vaccination assay

The vaccination assay was performed in line with previous studies [23, 24].
The tumor vaccines derived from FK228-killed MC38, CT26, and 4T1 cells
were prepared. These dead cells were injected into the left flank of
immunocompetent C57BL/6 or BALB/c mice, respectively. After 7 days, the
homologous live tumor cells (1 x 10° cells/mouse) were inoculated into the
right flank of above immunized mice. Both PBS and freeze-thawed tumor
cells immunization group served as controls. Subsequently, tumor growth
and incidence were recorded once every three days with calipers, and was
calculated using the standard formula (length x width x width/2).

Animals therapy

C57BL/6 or BALB/c mice were subcutaneously injected with 4 x 10° MC38,
CT26, or 4T1 cells in their right armpit of the forelimb to construct
subcutaneous transplant tumors, respectively. These tumor-bearing mice
were injected with FK228 (0.5 mg/kg) via the tail vein every 2 days (5 times
in total), when the tumor volume attained to approximately 50 mm?. All
FK228-monotherapeutic mice were humanely sacrificed and the tumor
tissues were excised for further scRNA-seq analyses. DMSO with an equal
volume of FK228 diluted in PBS acted as ctrl (control) group. For
combination therapy, the immunologically cold CT26- or 4T1-harboring
mouse models were established [25]. Then, these mice were divided
randomly into four groups, including DMSO+IgG, DMSO + @PD-L1,
FK228+1gG, FK228 + @PD-L1. According to the grouping protocols, the
administrations were performed by intravenous injection with a dose of
0.5 mg/kg FK228 and/or 200 pg/mouse anti-PD-L1 (Bioxcell, Cat# BEO101)
or IgG isotype control (Bioxcell, Cat# BE0O090). After once treatment every
2 days (5 times in total), these tumors were dissected, weighed, and
photographed, following by scRNA-seq. In addition, the tumor size was
monitored and calculated using the same method as described above
during the treatment period. Tumor diameter of 1.5cm in any direction
and its size of 1500 mm? were considered as humane endpoint of tumor-
bearing mice in therapeutic studies.

Flow cytometry

The infiltration of immune cells in subcutaneous tumors was determined
according to our previous approaches [26, 27]. The harvested tumor tissues
with therapy were disaggregated using enzyme digestion solution
containing type | collagenase (1 mg/mL), hyaluronidase (200 pg/mL) and
DNase | (150 pg/mL) at 37 °C for 1 h. After the single-cell suspensions were
filtered through 70 pum cell strainer and performed red blood lysis using
Red Blood Cell Lysis Buffer (MIKX, Cat# CE371), the lymphocyte was
isolated using Tumor Tissue Mononuclear Cell Separation Solution
(Solarbio, Cat# P4740). After labeled with Fixable Viability Stain 440UV
(1:1000, BD, Cat# 566332) to exclude dead cells, these single lymphocytes
were blocked with Rat Anti-Mouse CD16/CD32 (1 ug per 1 x 10° cells, BD,
Cat# 553141) at 4°C for 10 min, and stained with different flow cytometry
antibodies for 30 min at 4°C. For intracellular antigens (cytokine), before
surface-stained cells were fixed and permeabilized using Intracellular
Fixation & Permeabilization Buffer (Invitrogen, Cat# 88-8824-00), cells were
stimulated with Leukocyte Activation Cocktail (BD, Cat# 550583) for
5 hours at 37 °C. Following this, the cells were subjected to blocking before
undergoing antibody labeling. Finally, the stained cells were detected by
BD LSRFortessa Cell Analyzer.

Multiplex immunofluorescence

Three type immune cells in tumor tissues, including CD8* T cells, pro-
inflammatory (M1-like) or anti-inflammatory (M2-like) M, were visualized
using multiplex immunofluorescence based on our technology [20]. The
tumor tissues were sectioned, fixed, penetrated, and primary antibody
labeling. Subsequently, Alexa Fluor 488 conjugated Goat-anti-Rabbit 1gG
(Servicebio, Cat# GB25303) was used to label CD8" T cells, and HRP-
conjugated Goat-anti-Rabbit IgG (Servicebio, Cat# GB23303) and TSA Kit
(Servicebio, Cat# G1236) was used to label M@. The slides were observed
by Zeiss LSM980 or AX confocal laser scanning microscope. Ctrl (control)
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group represents the tumors from mice receiving the treatment with
DMSO with an equal volume of FK228 diluted in PBS.

Co-culture experiments

To investigate the in vitro effects of FK228 on tumor-associated macrophages
(TAMs), a transwell co-culture system of RAW264.7 cells (3 x 10° cells) and
tumor cells (1 x 10° cells) was employed, wherein RAW264.7 or tumor cells
were cultured in the lower or upper chamber, respectively. Following
overnight attachment, FK228 was added to the upper chamber, and the cells
were cultured for 48 h. Subsequently, these cells from the lower chamber
were collected, labeled with the IL-13, and analyzed using BD LSRFortessa
Cell Analyzer. DMSO treatment served as control (Ctrl).

In order to assess whether FK228 directly influences pro-inflammatory
macrophage polarization. Using the abovementioned co-culture setup,
RAW264.7 cells were first induced into M2-like macrophages for 48 h. The
upper chamber was then removed, and FK228 was added directly to the
induced M2-like TAMs in the lower chamber. Finally, these cells were
detected using flow cytometry. DMSO treatment served as control (Ctrl).

Western blotting

The expressions of the related proteins were analyzed according to our
methods [28, 29]. In brief, A mixture of both live and dead cells treated
with FK228 or DMSO (Ctrl group) was lysed using RIPA lysis buffer
(Beyotime, Cat# P0013C) suppled with Protease Inhibitor Cocktail (MCE,
Cat# HY-K0010) and PMSF (Beyotime, Cat# ST506). After determining
protein concentration, equal amounts of protein extracts were subjected
to SDS-PAGE gel electrophoresis (Sangon, Cat# C661101) and then
transferred to PVDF membrane (Vazyme, Cat# E801). Prior to correspond-
ing primary antibodies incubation, the membranes were blocked with
NcmBlot blocking buffer (New Cell & Molecular Biotech, Cat# P30500).
Subsequently, the membranes with 3-times washes were incubated in
HRP-conjugated secondary antibodies, followed by the band visualizations
using ECL Chemiluminescence Kit (Vazyme, Cat# E422) under chemilumi-
nescent system (Analytikjena, Germany).

ScRNA-seq assay

Tissues from tumor murine models were performed dissociation by
experimental personnel in the laboratory of SeekGene Biotechnology Co.,
Ltd. (Beijing, China). Single-cell suspensions from samples were sorted by
using CD45 MicroBeads (Miltenyi, Cat# 130-052-301) and then integrated
cells following CD45*:CD45 = 3:1. The scRNA-seq libraries were prepared
using the SeekOne® Digital Droplet (DD) Single Cell 3’ library preparation
kit (SeekGene, Cat# K00202) and related platform following the
manufacturer protocol and libraries sequencing was performed in an
lllumina NovaSeq 6000. SeekSoul® Tools were used to proceed raw data
and generated Unique Molecular Identifier (UMI) count matrices. The R
package Seurat 4 was used to further processed and annotated scRNA-seq
UMI count matrices data [30]. Ro/e approach was used to calculate the
ratio of observed to expected cell numbers for each cell type in different
treatment groups to quantify the preference of each cell type[31]. One cell
type was identified as being enriched in a specific treatment group if Ro/
e>1, while < 1 indicates depletion. The expected cell numbers for each
combination of cell types and treatment groups were obtained from the
chi-square test. Transcription factor analysis of CD8* T cells was used the
python package pySCENIC [32]. ER stress pathway gene sets were obtained
from molecular signatures database (MSigDB, https://www.gsea-
msigdb.org/gsea/msigdb/collections.jsp) and enrichment analysis was
used the R package UCell [33].

Public data and statistical analysis

The transcriptomic data about human cancer cell lines treated with FK228
were  downloaded  (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE133120) [34]. Statistical analyses were performed using GraphPad
Prism 10 and R 4.3.0. Significant difference was executed and set as follow:
*p-value < 0.05, **p-value <0.01, ***p-value <0.001, ****p-value < 0.0001,
ns, no significant. The data were presented as the mean + SD.

RESULTS

FK228 induces solid tumor cell necroptosis

FK228 can kill human solid tumor cells as previously described
[5, 35]. Hence, we first explored whether FK228 can cause the
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death of mouse solid tumor cells, including mouse colorectal
cancer MC38 and CT26 cells, and mouse breast cancer 4T1 cells. As
expected, we obtained lower ICsq values for the above three
tumor cell lines (43.37nM for MC38, 58.61 nM for CT26, and
13.49 nM for 4T1) (Fig. STA), and observed extensive cell death in
the FK228-supplemented group compared with Ctrl group (DMSO
treatment) (Fig. 1A). These results were confirmed using 7-amino-
actinomycin D (7-AAD) staining (Fig. 1B, C) and colony formation
assays (Fig. S1B). Treatment with FK228 can increase both histone
3 and 4 acetylation levels in human cancer cells [36]. We also
conducted histone acetylation assays in mouse solid cancer cells.
In comparison with the Ctrl (DMSO treatments), the FK228
treatments significantly induced acetylation at different lysine
sites, such as histone 3 at lysine 9 and 27 sites and histone 4 at
lysine 8 and 16 sites (Fig. S1Q).

Next, we investigated the type of cell death induced by FK228.
Multiple inhibitors for common cell death pathways, including Z-
VAD-FMK for apoptosis inhibition, necrostatin-1 for necroptosis
inhibition, ferrostatin-1 for ferroptosis inhibition, disulfiram for
pyroptosis inhibition, and 3-methyladenine for autophagy inhibi-
tion, were used to prevent the cell death [37]. Obviously,
necrostatin-1 significantly reversed the reductions in the viability
of MC38, CT26 and 4T1 cells during FK228 treatment compared
with other inhibitors (Fig. 1D), suggesting that FK228 can trigger
solid tumor cell necroptosis. To verify this hypothesis, we analyzed
necroptosis markers in these FK228-treated cell lines using
western blotting. The phosphorylation of the pseudokinase mixed
lineage kinase-like domain (MLKL), an inducer of necroptosis [38],
was obviously increased in the above three solid tumor cell lines
after exposure to FK228 at both 10- and 12-hours (Figs. 1E and S2).
Additionally, we observed the enhanced RIPK1 and RIP3
phosphorylation, which are upstream molecules that induce the
phosphorylation of MLKL (Figs. 1E and S2). When necroptosis
occurs, the cells release massive amounts of cytokines and/or
chemokines [39]. Subsequently, we determined the concentra-
tions of chemokines involved in FK228-induced necroptosis in
these three solid tumor cell lines via the Luminex platform. These
findings showed that FK228 can stimulate the release of many
inflammatory chemokines, such as CX3CL1, CXCL10 and so on
(Fig. S1D).

Necroptotic solid tumor cells treated with FK228 trigger
immunogenic cell death

Encouraged by the release of inflammatory factors from the
FK228-induced tumor cell necroptosis, we speculated that FK228
administration stimulates immunogenic cell death (ICD) in solid
tumor cells. To corroborate these results, we evaluated the ICD
hallmarks in FK228-treated MC38, CT26 and 4T1 cells in vitro. The
features of ICD commonly include upregulation, cell-surface
expression, or release of immunostimulatory damage-associated
molecular patterns (DAMPs) by the dying tumor cells [40]. ATP, a
chemoattractant signal released into the extracellular environ-
ment, can recruit and activate antigen-presenting cells (APCs) [23].
As conjectured, we detected a significant increase in ATP release
from tumor cells treated with FK228 relative to Ctrl (DMSO
treatment) (Fig. 2A). In addition, another ICD marker, calreticulin
(CRT), is overexpressed and translocated onto the membrane of
the dying tumor cells, which serves as an “eat me” signal to
facilitate identification and phagocytosis by APCs [23]. A robust
increase in CRT expression was observed in FK228-treated MC38,
CT26 and 4T1 cells compared with Ctrl (DMSO treatment) using
western blotting (Figs. 2B and S3). Further immunofluorescence
and flow cytometry analyses confirmed the cell-surface CRT
expressions after FK228 exposure (Fig. 2C, D). According to
previous reports, drug-killed tumor cells as an antitumor vaccine is
the gold standard for determining whether drugs can induce ICD
in cancer cells [23, 24, 41]. We next investigated the immuno-
genicity of dead tumor cells induced by FK228. After three tumor

SPRINGER NATURE


https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp
https://www.gsea-msigdb.org/gsea/msigdb/collections.jsp
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133120
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE133120

L. Gong et al.

3668

A v  Mc38 cT26 ' 41

Ctrl

FK228

B Mc38 CT26 411
=31 Ctrl =*1FK228 == Ctrl =< FK228 =3Ctrl *1FK228
™ , 861 ™ ’ 9 ‘ 24
C D MC38 cT26 4T
257 o ctrl prrx 1.5 - 15 15
S
2 z z
=20 ® FKo28 = 5 . £
3 o 1o : Sto w 810 e
0 15— g M8 H ~:<
= 205 2os 205 ‘
g Hekk ok g i ki & P kK i n F
- £ ] @ 2 ill
a] 0.0 ————— 0.0 0.0l
:tts- BRBEE B B 5 5 B FKo28 - - - - - -
R ZVAD-FMK - + - - - - - - - - - ZVAD-FMK - + - - - - - - - - - ZVADFMK - + - - - - - - - - -
~ o n Necrostatin-1 = - + - - - - - + - - - Necrostatin-1 = - + - - = - - + - - - Necrostatin-1 = - + - - = - - g s & e
I I I Ferrostain-1 = - - + - - - - - + - - Ferostain-1 = = - + - - - - - + - - Ferrostain-1 - - - + - - - - - + - -
MC38 CT26 471 disufiramy= = = g = m om = & 4 diuliramy= = = s g o s m =k e disulfiram - - - - 4+ - - - - - +
E 3-methyladenine - - - - - + - - - - - + 3-methyladenine - - - - - + - - - - - +  3-methyladenine - - - - - + - - - - - +
Mc38 CT26 4T1
g FK228 (43.37 nM) 8 FK228 (58.61 nM) 8 FK228 (13.49 nM)
O 3h 6h 10h 24h 36h 2 3h_6h_10h 24h 36h 2 3h_6h_1oh 24h_36h
Phospho—RIPK1 Ll l l l 70kn Phospho-RIPK1[ l l l l[70kD Phospho-RlPK1m
1.00 0.86 1.26 1.14 1.14 0.81 100090123129150 1.96 100081 0.89 1.16 1.97 1.89
RIPKI[ S S W - . W [7060 RIPK{ ) o [7ox0

1.00 0.97 1.09 0.99 0.98 0.82 1.001.03 1.10 1.16 1.27 1 46

Phospho-RIP3| ™= == W W8 W ™ 550 phospho-RIP3[™ - 55kD Phospho-RIP3

1.00 0.80 1.27 1.34 1.55 1.25 1.00 0.48 1.08 1.29 2.30 2.32 1.00 0.80 1.70 2.62 3. 19 2.22

R|P3|.'.".'-"'|57kn RIPS[ S - o w0 [57kD RIPS/ S W W W W9 W |57kD

1,00 0.89 0.98 0.96 0.92 0.89 1.00 0.82 0.87 0.62 0.81 1.03 1.001.08 1.10 1.03 1.12 0.98
Phospho-MLKL[ T8 55 S5 B8 B B8 |s4kp Phospho-MLKL fJsakp Phospho-MLKLES B8 B8 B8 B BRS4D

1.000.91 1.32 1.36 1.59 1.26 1.000.58 1.24 162 1.97 2.54 1.000.90 0.99 1.80 2.05 0.94
wWEEEEEEL, wEseeeko -

1,00 0.93 0.96 1.12 0.95 0.94 1.000.76 0.90 1.00 1.09 1.18 1.001.00 1.03 0.95 0.90 0.83

T I — e ACTB|......|41kD ACTB_B -

Fig. 1 FK228 facilitates the direct death of solid tumor cells by inducing necroptosis. A Representative images of cell death in MC38, CT26,
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indicated ICso for 24 h. Ctrl indicates DMSO treatment. Significant difference was executed using Student’s t-test. D Determination of cell
death pathways mediated by FK228 based on the rescue with different cell death inhibitors. Three mouse solid tumor cells were treated with
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3-methyladenine (10 pM), and then analyzed using CCK-8. Significant difference was executed using Student’s t-test. E The analysis for markers
of necroptosis in three solid tumor cell lines treated with FK228 for different times using western blotting.
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Fig. 2 FK228-mediated necroptosis of solid tumor cells evokes immunogenic cell death (ICD). A Extracellular ATP content released by
FK228-treated three solid tumor cells under its indicated ICs, for 24 h. Ctrl indicates DMSO treatment. Significant difference was executed
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E Gold-standard in vivo vaccination assay for ICD investigation. Three solid tumor cells were pretreated with indicated 1C5, FK228, or freeze-
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with live corresponding tumor cells. Shown are the percentages of tumor-free mice 21 days after rechallenge. Significant difference was

executed using Log-rank (Mantel-Cox) test.

cell lines were treated with FK228 in vitro, these dead cells were
injected into the left flank of immunocompetent C57BL/6 or BALB/
¢ mice. These mice were rechallenged with homologous live
tumor cells that were inoculated into the right flank 7 days later.

Oncogene (2025) 44:3665 - 3678

Compared with those immunized with freeze-thawed tumor cells,
the mice immunized with FK228-treated dead tumor cells
exhibited significantly increased tumor-free survival (Fig. 2E).
These results demonstrated FK228 as a bona fide ICD inducer.
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FK228 promotes CD8" T cells infiltration and activation in
solid tumors

Tumor ICD can globally reprogram the TIME [42]. Next, we
constructed three syngenetic tumor mouse models, including
MC38-engrafted C57BL/6 mice and CT26- or 4T1-bearing BALB/c
mice, and conducted scRNA-seq to assess the TIME landscape of
FK228 pre- and post-treated solid tumors (Fig. 3A). We performed
quality control and annotated major cell types according to
marker genes (Fig. S4A, B). Interestingly, we analyzed ICD-related
indicators in cancer cells in vivo at the single-cell transcriptome
level. In line with the abovementioned findings, the expressions of
most DAMPs were significantly upregulated after FK228 treatment
versus solvent control (DMSO treatment) (Fig. S4C).

T cell subpopulations and their infiltration play critical roles in
antitumor therapy. We identified T cells from the abovementioned
scRNA-seq landscape, and further clustered and annotated them
(Fig. S5A-D). CD8" T cells represent one of the most effective
immune cell types for anticancer treatment in the TIME
[26, 27, 43]. Our analyses presented that FK228 treatment
obviously increased the number of tumor-infiltrating CD8*
T cells in the three mouse models (Fig. 3B). Flow cytometry
analysis of single cells isolated from tumor tissues treated with
FK228 further confirmed the enhancing CD8" T cells (Figs. 3C and
S6A). Tumor tissue slices also showed a significant increase in the
infiltration of CD8" T cells in the FK228-treated group compared
with the Ctrl (DMSO treatment) group (Figs. 3D and S7A). Besides
the increased infiltration of CD8" T cells, its activation is required
to achieve prominent antitumor therapy efficiency [44]. We next
evaluated the cytotoxic granules expression of CD8* T cells in
three FK228-treated mouse solid tumor models based on scRNA-
seq analyses. Several genes expressing antitumor effector
molecules, such as granzyme families and perforin, showed
significant upregulation in the CD8* T cells of three FK228-
treated mouse solid tumor models compared to the Ctrl (DMSO
treatment) group (Fig. 3E). We then used flow cytometry and
determined the higher CD8" T cell subpopulations expressing
granzyme B (GZMB) and IFN-y in three FK228-treated mouse solid
tumor models than those in Ctrl (DMSO treatment) group (Fig. 3F
and S6A). Moreover, to elucidate the putative upstream regulators
of the CD8" T cell activations after FK228 treatment, we used
pySCENIC to identify transcription factor regulons [32]. A series of
transcription factor regulons were upregulated in CD8* T cells
under FK228 administration (Figs. 3G and S5E), providing a
potential explanation for stimulating cytotoxic granules expres-
sion in CD8" T cells after FK228 treatment.

FK228 induces pro-inflammatory phenotype of macrophage in
solid tumors

Besides malignant cells, tumor-associated macrophages (TAMs)
are the most abundant cell population in the TIME [45]. TAMs with
pro-inflammatory (M1-like) or anti-inflammatory (M2-like) pheno-
type are considered to describe the functional diversity of
macrophages (Mgs) [46]. We also isolated M@s and other myeloid
cells from the scRNA-seq results to further annotate each subtype
(Fig. SBA-D). Notably, FK228 promoted pro-inflammatory Megs and
suppressed anti-inflammatory Mes in three solid tumor models
compared to Ctrl (DMSO treatment) group (Fig. 4A). In vitro co-
culture of tumor cells and RAW264.7 cells showed a greater
proportion of the pro-inflammatory M@ phenotype in the FK228-
treated group than in Ctrl (DMSO treatment) group (Fig. 4B).
Subsequently, we observed the similar results in three solid tumor
models treated with FK228 in vivo through flow cytometry
(Figs. 4C and S6B) and multiplex immunofluorescence (Figs. 4D
and S7B, C). To determine whether the Mg phenotype in the TIME
is directly affected by FK228, we directly utilized FK228 to treat
TAMs derived from abovementioned co-culture system.
FK228 significantly promoted TAM reprogramming into pro-
inflammatory Mgs compared with that in the Ctrl (DMSO

SPRINGER NATURE

treatment) group (Fig. 4E). Additionally, we detected the increas-
ing neutrophils (Fig. SBE) and the reducing MDSCs (Fig. S8F) after
FK228 administration. These findings revealed that FK228 can
reprogram myeloid cells, especially Mgs.

FK228 improves the sensitivity of solid tumors to a PD-L1
blockade

Previous studies have illustrated that FK228 can promote the PD-
L1 expression in carcinoma cells [15, 16]. We also confirmed the
expression of PD-L1 in a series of human or mouse cancer cell
lines after FK228 treatment (Fig. S9A). In addition, our scRNA-seq
data displayed that the PD-L1 expression was obviously increased
in cancer cells and Meps after FK228 treatment (Fig. S9B-C).
Intriguingly, the PD-1, a corresponding receptor of PD-L1, was
obviously upregulated in total T cells and CD8" T cells after FK228
treatment (Fig. S9D, E). The flow cytometry assays corroborated
the above sequencing results (Fig. S9F-H). Moreover, based on
GSE133120 dataset [34], we also found the higher PD-L1
expression levels in FK228-incubated human cancer cell lines
(Fig. S9I).

Although FK228-therapeutic solid tumors exhibit abundant antic-
ancer immune cell infiltration and reprogramming, the enhancing
PD-1/PD-L1 expression can drive the exhaustion of T cells [47]. Our
previous work has shown that TAMs expressing PD-L1 are
detrimental to the prognosis of patients with tumors [26]. To further
improve the therapeutic effects of FK228 on solid tumors and
evaluate the responsiveness of immune-cold tumors to ICB
treatment by FK228 sensitization, we performed the combined
treatment with anti-PD-L1 and FK228 in immunologically cold CT26-
harboring mouse models (Fig. 5A). Compared with the control
(DMSO + IgG) or monotherapy group, the combined FK228 and anti-
PD-L1 therapy resulted in the most severe delayed tumor growth
(Fig. 5B-D), indicating that FK228 could significantly enhance tumor
sensitivity to PD-L1 inhibitors. Additionally, the median survival of
these administrated mice within 30 days was 6, 10.5, 8, and 28 days
in DMSO + IgG, DMSO + @PD-L1, FK228 + IgG, and FK228 + @PD-L1
group, respectively (Fig. 5E), suggesting that the combined therapy
dramatically prolonged the survival periods of the mice. Surprisingly,
four mice (total eleven mice) in the combination therapy group had
their tumors completely regressed. Of note, no obvious weight loss
was observed in any of the groups through monitoring the murine
body weights during the course of the different agent administra-
tions (Fig. S10A). In another immunologically cold 4T1-harboring
mouse model, we also observed similar results in the combination
therapy group (Fig. S11). Subsequently, we explored the TIME
landscape of combination therapy for CT26 tumors via scRNA-seq
(Fig. S10B-D), and further annotated each subpopulation of T cells
and Mo cells (Fig. ST0E-H). The combination group presented the
greatest infiltration of anticancer immune cells, such as pro-
inflammatory M, dendritic cell (DC), neutrophil, and CD8* T cells,
as well the modest accumulation of anticancer natural killer (NK)
cells (Fig. 5F). A remarkable decrease in anti-inflammatory Megs was
detected in tumors treated with FK228 combined with a PD-L1
inhibitor (Fig. 5F). We further confirmed several differences in
immune cells, including pro-inflammatory Mes, DC, NK, and CD8"
T cells, in solid tumor after different therapeutic strategies via flow
cytometry (Figs. 5G and S6). Multiplex immunofluorescence
observations presented the changes in CD8" T cells and pro- and
anti-inflammatory Mes across the four treatment groups, which
were similar to the results of the above scRNA-seq and flow
cytometry methods (Figs. 5H, | and S7D, E). Interestingly, combina-
tion therapy can induce the strongest activation of CD8" T cell,
boosting the potential secretion of cytotoxic granules, including
those of the granzyme family and perforin (Fig. 5J). We determined
the highest frequency of GZMB-positive CD8" T cells in combined
therapeutic tumors (Figs. 5K and S6A). These results suggested that
FK228 increases the sensitivity of solid tumors to PD-L1 therapy and
has great potential for the treatment of solid tumors.
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Fig.3 FK228 treatments increase infiltration and activation of CD8" T cells in solid tumors. A A schematic depiction of the FK228 therapy
in three subcutaneous tumor models. After tumor-bearing mice preparation with 4 x 10° tumor cells subcutaneous injection, they were
intravenously injected with 0.1 mL FK228 (0.5 mg/kg) or DMSO with an equal volume of FK228 diluted in PBS (n=15). B Ro/e heatmaps
showing the FK228 treatment preference of each T cell subtype. Ctrl represents the tumors from the mice receiving DMSO treatment with an
equal volume of FK228 diluted in PBS. Significant difference was executed using chi-square test. C Flow cytometry showing the relative
amount of CD8" T cells in tumor tissues with or without FK228 treatments. Ctrl represents the tumors from the mice receiving DMSO
treatment with an equal volume of FK228 diluted in PBS. Significant difference was executed using Student’s t-test. D Representative
immunofluorescence observation of CD8" T cells in tumor tissue slides from FK228 pre- or post-treated mice models. Ctrl represents the
tumors from the mice receiving DMSO treatment with an equal volume of FK228 diluted in PBS. Scale bar, 50 pm. E Standardized mean
expressions of cytotoxic granules in CD8" T cells grouped by FK228 pre- and post-treatment. Ctrl represents the tumors from the mice
receiving DMSO treatment with an equal volume of FK228 diluted in PBS. F The relative amount of activated CD8" T cells with high
expression of GZMB and IFN-y in tumor tissues from FK228-treated mice. Ctrl represents the tumors from the mice receiving DMSO treatment
with an equal volume of FK228 diluted in PBS. Significant difference was executed using Student’s t-test. G Network of transcription factor
regulons that upregulated in FK228 treatment CD8™ T cells.
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FK228 promotes endoplasmic reticulum stress in solid

tumor cells

Chemotherapy-induced ICD is often contributed by endoplasmic
reticulum (ER) stress [48, 49]. To survey how FK228 induces
necroptosis in solid tumor cells, thereby initiating global tumor
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ICD, we analyzed the ER stress-related signature levels from cancer
cells of FK228 pre- and post-treated tumors according to scRNA-
seq data. GO enrichment analyses showed that the ER stress
pathway was obviously upregulated in cancer cells from FK228-
treated tumors (Fig. 6A). The phosphorylation of elF2a protein is
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Fig. 5 FK228 enhances response to anti-PD-L1 immunotherapy and reshapes tumor immune microenvironment leading to tumor
inhibition. A Diagram of the combination therapy with FK228 and anti-PD-L1 inhibitor. CT26 tumor-bearing mice (4 x 10° cells) were
constructed. These tumor-bearing mice were injected with indicated agents via the tail vein, when the tumor volume attained to approximately
50 mm?>. After the indicated treatments, the tumors were harvested and used to further analyses. B Representative images of the tumors isolated
from the CT26 subcutaneous tumor model mice receiving the indicated administration (n = 5). Scale bar, 1 cm. C Spider plots of tumor volume in
each group with indicated administration. Each line served as one mouse (n=10). D Weights of the tumors tissues from mice receiving the
indicated administration (n = 5). Significant difference was executed using Student’s t-test. E Survival rates of mice with indicated administration
(n=6 for DMSO+IgG, DMSO + @PD-L1, FK228+IgG, and n=11 for FK228 + @PD-L1). Significant difference was executed using Log-rank
(Mantel-Cox) test. F Ro/e heatmap showing the combined treatment preference of each cell subtype. Significant difference was executed using
chi-square test. G The percentages of pro-inflammatory Mg, DC, NK and CD8" T cells in tumor tissues from mice with indicated administration.
Significant difference was executed using Student’s t-test. H, | Representative immunofluorescence image of CD8" T cells (H), and pro-
inflammatory or anti-inflammatory Megs (I) in tumor tissues treated with indicated administration. Scale bar, 50 pm. J Standardized mean
expressions of cytotoxic granules in CD8™ T cells grouped by combined treatment. K The amount of activated CD8" T cells with high expression

of GZMB in tumor tissues from pre- and post-combined treated mice. Significant difference was executed using Student’s t-test.

one of the classic hallmarks of ER stress [41]. Next, we evaluated
the phosphorylated elF2a levels in FK228-treated MC38, CT26, and
4T1 cells using western blotting, and the results showed that the
phosphorylation levels of elF2a at serine 49 and 51 robustly
increased with FK228 incubation time and reached peak value at
24h (Figs. 6B and S12). Subsequently, a rescue assay using
4-Phenylbutyric acid (4-PBA), an ER stress inhibitor [50], in the
abovementioned three solid tumor cell lines treated with FK228
was conducted. We observed the greatly recovered cell viability in
FK228-treated tumor cells during 4-PBA supplementation (Fig. 6C).
The obviously reducing death cells existed in 4-PBA rescued
FK228-treated tumor cells groups in accordance with 7-AAD
staining analyses (Fig. 6D). To further explore the relationship
between ER stress and necroptosis, we investigated the expres-
sions of two hallmark (phosphorylated- elF2a and RIP3) about ER
stress and necroptosis in solid tumor cells with or without FK228
and/or 4-PBA administration. Both elF2a and RIP3 simultaneously
exhibited dramatic phosphorylation in the single FK228 treatment
group, while 4-PBA supplementation significantly decreased their
phosphorylation levels (Figs. 6E and S13). These investigations
demonstrated that FK228-induced necroptosis was attributed to
ER stress.

DISCUSSION

Accumulating clinical trials have illustrated that FK228 is a highly
promising HDACi for treating non-solid tumors [51, 52]. According
to global cancer statistics in 2022, the new cases and deaths for
non-solid tumors accounted for only 6.5% and 7.1%, respectively
[53]. Numerous solid tumor cases might not benefit from FK228
therapy. As early as the 1990s, Ueda et al. reported the
tremendous solid tumor cell inhibition by FK228 using in vitro
cell experiments and in vivo immunodeficient xenograft nude
mouse models [6, 35]. Subsequently, there is a growing interest in
solid tumor therapy using FK228. After 30 years of development,
approximate 18 clinical trials of FK228 for the treatment of solid
tumors have been conducted (Table S2) via a systematic search of
clinical trial website (www.clinicaltrials.gov). However, six pub-
lished clinical trials demonstrated the moderate therapeutic
efficacy of a single FK228 treatment in solid tumors. We further
found that these clinical studies have several shortcomings in
terms of experimental design. For example, patients who had
developed resistance to other drugs were selected for a clinical
study of colorectal cancer, while FK228 is served as a substrate of
both multidrug resistance-associated protein (MRP1) and
P-glycoprotein [6]. Although FK228 monotherapy exhibited a
modest level of antitumor activity in a phase Il for metastatic
castration-resistant prostate cancer, two patients who have
received standard hormone treatments showed significant anti-
tumor responses after FK228 treatments, indicating that FK228
when combined with other agents could have extremely clinical
activity in solid tumor therapy [7].
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Previous studies have shown that FK228 directly inhibits tumor
growth by the cell cycle arrests and apoptosis inductions in tumor
cells [4, 54]. Interestingly, our research found that FK228 can
induce ER stress in tumor cells, thereby triggering their
necroptosis. In programmed cell death, the signaling pathways
for apoptosis and necroptosis share some overlapping molecular
components, such as the upstream Fas/TNFR receptor family,
while the main differences are the involved intracellular signaling
molecules [38]. In this study, we used the corresponding inhibitors
for the intracellular signaling molecules associated with these two
cell death types [37, 55]. These results clearly indicated that the
addition of necroptosis-specific inhibitor significantly reversed the
decline in cell viability mediated by FK228, whereas the same
phenomenon was not observed in the apoptosis-specific inhibitor
group. Previous investigation has shown FK228-mediated ER
stress by class | HDAC-dependent mechanism [56]. Programming
cell death, such as necroptosis and ferroptosis, is also associated
with ICD and immune responses [57, 58]. ER stress-mediated
necroptosis often results in the release of a large amount of
DAMPs and pro-inflammatory contents in tumor cells, thereby
eliciting the occurrence of ICD in entire tumor tissues [41, 59].
Impressively, we also confirmed the FK228-induced ICD through
in vivo and in vitro experiments. Therefore, FK228-induced ER
stress is likely due to the class | HDAC-dependent pathway, which
further leads to necroptosis and ICD activity.

Beyond the direct tumor cell inhibition, FK228 can regulate the
TIME of solid tumors via ICD induction [15, 17]. Unfortunately, few
studies have comprehensively reported on the panoramic view of
the TIME of FK228-treated solid tumors. In our case, we performed
scRNA-seq to characterize the TIME landscape of FK228 pre- and
post- treatment solid tumors. Our results revealed that many
immune cell subgroups undergo significant changes after FK228
administration, including increased infiltration and activity of
antitumor immune cells, and decreased protumor immune cells.
Many studies have shown that enough tumor-infiltrating T cells
are favorable for patient survival [17, 60]. During analyzing T cell
subtypes, we observed the abundant anticancer CD8* T cell
infiltration in FK228-treated solid tumors. The chemokine CXCL10
can attract T cells into solid tumors, which promotes a better
response to anticancer therapy [61]. Additionally, CX3CL1 serves
as a chemoattractant for T cells, monocytes, and NK cells, while
also promoting adhesion between these immune cells and tumor
cells [62]. Based on Luminex platform, our investigation revealed
that after treatment with FK228, the levels of CXCL10 and/or
CX3CL1 released by tumor cells significantly increased. Moreover,
the activation of CD8* T cells is crucial for anticancer effects.
Activated cytotoxic CD8" T cells can secrete perforin, granzymes
and IFN-y, which damage the target-tumor cell membrane and kill
cancer cells [47, 63]. We analyzed the expression of cytotoxic
granules in CD8" T cells infiltrating into mouse solid tumors after
FK228 treatment and found a significant increase in the
expression of cytotoxic molecules, including the granzyme family,
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perforin, and IFN-y. As FK228 is an epigenetic drug, it may activate
transcription factors that regulate the expressions of the above
cytotoxic granules. Subsequently, using transcription regulation
analysis, we identified a series of upregulated transcription factors,
such as Runx3 and Nfkb2, in CD8" T cells from FK228-treated
mouse solid tumors. In line with these findings, previous ATAC-seq
analyses of CD8" T cells showed Runx3 can access the Gzmb gene,
thereby delaying tumor growth [64]. These results suggest that
FK228 not only induces infiltration of CD8" T cells but also directly
regulates transcription factors within these cells, resulting in the
release of cytotoxic granules.

Besides regulating T cells, FK228 can affect myeloid cells,
especially macrophages. Our original discovery revealed that
FK228 can directly reprogram TAMs into pro-inflammatory Mes
(M1-like). Furthermore, the HDACi entinostat remodeled tumor-
infiltrating MDSCs to enhance both T cell activation and
infiltration [12]. MDSCs are involves in the formation of an
immunosuppressive TIME that severely hinders the infiltration
and sensitization of effector immune cells, causing tolerogenic
immunological effects [61]. We found that FK228 can reduce
MDSC infiltration, which might unleash T cell activation.
Impressively, we and other groups have demonstrated that
FK228 can promote the expression of the immune checkpoint PD-
L1 on tumor cells [15, 16]. In addition, we found that FK228 can
also increase the expression of PD-1 on CD8" T cells, and the PD-
1/PD-L1 axis has the potential to lead to CD8" T cell exhaustions
[47]. Recent studies have also revealed the presence of a subset
of CD8" T cells with both activated and exhausted-like
phenotypes in solid tumors, and the TIME enriched with these
cell types shows increased sensitivity to ICB [17, 43, 44]. Following
FK228 treatment, solid tumors, including immune-cold tumors,
increased the activated and exhausted-like CD8" T cells, suggest-
ing the ability of FK228 to improve the effectiveness of ICB.
Therefore, we explored the combination of FK228 with PD-L1
inhibition in an immune-cold tumor CT26-bearing mouse model.
After combined treatment, the tumors in the mice were almost
completely inhibited, with some tumors showing regression. We
comprehensively presented the single-cell landscape of FK228-
treated solid tumors and investigated the pathways by which
FK228 alters the TIME. The deeper mechanisms of FK228-
mediated TIME reprogramming need to be further investigated
in future studies, such as how FK228 polarizes TAMs into pro-
inflammatory Mes, and regulates the transcription factors that
promote the expression of cytotoxic granules in CD8" T cells.
Strikingly, we noted that Tregs increased in the combination
treatment group. Indeed, the increased intratumoral infiltration of
global T cells was observed following either PD-L1 inhibitor or
FK228 administration. Notably, a further increase in global T cell
infiltration were detected in tumors from mice with combination
therapy. The proportion alteration patterns of Treg cells were
similar to those of total T cell numbers, indicating that increased
Treg cell infiltration was a consequence of alterations in the total
T cell number. Insightly, in cellular immunity, T and NK cells use
perforin to deliver serine protease granzymes into cancer cells to
kill them, executing pyroptosis, a form of pro-inflammatory cell
death [65]. Hence, this pyroptosis probably combined with
FK228-induced immunogenic cell death to further enhance
global T cell infiltration.

In conclusion, our study firstly provides a novel mechanism and
the single-cell landscapes of FK228-induced TIME remodeling in
solid tumors. This histone deacetylase inhibitor turns the
unfavorable TIME into a favorable TIME, contributing to enhancing
the efficacy of immunotherapy in solid tumors. In line with this
notion, our findings highlight FK228 as a novel ICB sensitizer that
could be considered to synergize with ICB in solid tumors in the
future. Currently, many clinical trials have not been completed.
Our investigation of FK228 in solid tumor therapy provides a
reference for improving current clinical studies.
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