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Abstract

Histone deacetylation represents a significant epigenetic mechanism that involves the removal of acetyl groups

from histones, subsequently influencing gene transcription. Overexpression of histone deacetylases (HDACs)

is prevalent across various cancer types, positioning HDAC inhibitors as broadly applicable therapeutic agents. These
inhibitors are known to enhance tumor immune antigenicity, potentially slowing tumor progression. Furthermore,
the tumor microenvironment, which is intricately linked to cancer development, acts as a mediator in the proliferation
of numerous cancers and presents a viable target for oncological therapies. This paper primarily explores how HDAC
inhibitors can regulate cancer progression via the tumor microenvironment and suppress tumor growth through mul-
tiple pathways, in addition to examining the synergistic effects of combined drug therapies involving HDAC inhibitors.

Keywords Histone deacetylase, Histone deacetylase inhibitors, Tumor, Tumor microenvironment

Introduction

Histone modification is a pivotal epigenetic mechanism
implicated in the development and progression of can-
cer [1]. HDAC and HAT interconversion is shown in
Fig. 1A. Acetylation, a key histone modification, is cru-
cial in maintaining physiological equilibrium within the
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body. Histone deacetylases, a group of proteases, catalyze
the deacetylation of lysine residues, which are pivotal in
chromosomal structural adjustments and gene expres-
sion regulation. The process of histone deacetylation
impacts the interaction of DNA with histone octamers,
consequently influencing the specific binding of vari-
ous transcription factors and co-transcription factors to
DNA binding sites, thereby modulating gene transcrip-
tion. HDAC enzymes are ubiquitously present across
organisms. In humans, 18 histone deacetylases have
been identified and categorized into four major fami-
lies according to the homology of transcriptional con-
trol factor sequences in yeast as class I, class II, class
IV, and class III [2]. Notably, class L, II, and IV enzymes
are Zn2+-dependent proteins, while class III relies on
NAD +as a cofactor. Figure 1B illustrates the classifica-
tion of HDACs. HDACs play critical roles in various
biological processes, such as transcriptional regulation
through histone acetylation status, post-translational
modification of proteins, and cellular proliferation and
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Fig. 1 AThe regulation of gene transcription mediated by HDAC and HAT. 1B Based on the sequence homology of transcriptional regulators

in yeast, HDACs can be categorized into four main families

differentiation. Furthermore, the overexpression of
HDAC is strongly correlated with a wide spectrum of
conditions, including different cancers [3—7]neurological
disorders [8], and inflammatory diseases [9, 10].

Histone acetylase inhibitors prevent the removal of
the N-acetyl group from acetylated lysine residues on
histones. This action facilitates the dissociation of DNA
from histone octamers, loosens the spatial structure
of nucleosomes, and thereby enhances gene transcrip-
tion. These inhibitors represent a novel class of antican-
cer agents that exert anti-tumor effects by inducing cell
cycle arrest and apoptosis in tumor cells. Furthermore,
HDAC inhibitors have the potential to enhance tumor
immunogenicity, making them valuable in cancer immu-
notherapy. The HDAC inhibitors identified thus far are
categorized into five main groups based on their struc-
tural characteristics, particularly the zinc-binding com-
ponent: these include isohydroxamic acids, short-chain
fatty acids, cyclic peptides, thiols, and benzamide histone
deacetylase inhibitors [11]. To date, the U.S. Food and
Drug Administration has approved four HDAC inhibi-
tors for clinical use: vorinostat, romidepsin, belinostat,
and panobinostat [12]. Additionally, chidamide has been
approved by the Chinese Food and Drug Administration
for the treatment of relapsed or refractory peripheral
T-cell lymphoma (PTCL) [13]. An overview of HDAC
inhibitors used in treatment of tumors (Table 1) .

The tumor microenvironment encompasses the sur-
rounding milieu where tumor cells reside, composed
of adjacent blood vessels, immune cells, fibroblasts,
myeloid-derived inflammatory cells, various signaling
molecules, and the extracellular matrix. Normal tissue
homeostasis and tumor growth rely on the reciprocal

communication between cells and their microenviron-
ment. Interactions between tumor cells and this environ-
ment can foster cancer progression, impacting disease
advancement and prognosis [45]. Notably, interactions
like those with tumor-associated macrophages can facili-
tate metastasis and invasion in pancreatic cancer through
epithelial-mesenchymal transformation [46]. Further-
more, the tumor microenvironment, a crucial com-
ponent of the tumor itself, sustains tumor growth and
metastatic dissemination while compromising immune
surveillance [47]. For instance, myeloid-derived suppres-
sor cells(MDSCs) can impede innate immunity by con-
verting macrophages from M1 to M2 and suppressing
NK cell activity [48].

Acting as a modulator for various cancers, the tumor
microenvironment can be targeted for tumor therapy
by focusing on constituents like tumor-infiltrating T
cells, tumor-associated fibroblasts, tumor-associated
macrophages, and tumor-associated neutrophils [49].
With increasing research on the tumor microenviron-
ment and HDAC inhibitors, mounting evidence indicates
that HDAC inhibitors play a role in tumor development
through the tumor microenvironment. This article offers
a comprehensive review of HDAC inhibitors and the
tumor microenvironment.

HDAC inhibitors modulate the tumor
microenvironment to alleviate tumor progression
The expression of HDAC is intricately linked to the
tumor microenvironment and exhibits a negative correla-
tion with infiltrating immune cells, where the microenvi-
ronment can supply growth factors for tumor cells, aiding
evasion from immune cell attacks. HDAC inhibitors
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Fig. 2 HDAC inhibitors can promote the proliferation of natural killer cells, inhibit the proliferation of regulatory T cells, and facilitate the migration
of CD8* and CD4* T cells toward tumor cells. Additionally, HDACs suppress the recruitment of myeloid-derived suppressor cells (MDSCs) to tumor
sites and promote the conversion of M2 macrophages to M1 macrophages

hold promise in enhancing tumor immunogenicity, fos-
tering anti-tumor immune responses, and countering
the immunosuppressive tumor environment [50]. As
shown in Fig. 2, these inhibitors can stimulate anti-tumor
immune responses by modulating macrophages, T cells,
and MDSCs.

Macrophages, abundant in various cancers, play a piv-
otal role in regulating cancer progression, thus present-
ing significant potential for cancer interventions. HDAC
inhibitors can bolster anti-tumor capabilities by influenc-
ing macrophage phenotype. Not only do they restrict the
recruitment of bone marrow-derived suppressor cells
in tumors, but they also enhance the anti-tumor profile
of tumor-associated macrophages, leading to favorable
alterations in the tumor immune landscape [51, 52]. For

example, the Chinese medicine Celastrol shifts mac-
rophage polarization from M2 to M1, restraining the
growth of colon cancer cells [53]. Moreover, TMP195, a
selective class Ila histone deacetylase inhibitor, facilitates
macrophage recruitment and differentiation, modulating
the anti-tumor characteristics of macrophages and refin-
ing the tumor microenvironment [54]. Likewise, TMP195
induces macrophage M1 phenotypic shifts in colon can-
cer to exert anti-tumor effects [55].

T cells play a pivotal role in anti-tumor immunity,
with HDAC inhibitors proving effective in mitigating
tumor progression through T cell-mediated mecha-
nisms. For instance, HDACG6 inhibitors demonstrate
favorable immunomodulatory effects in chronic lympho-
cytic leukemia by alleviating T-cell immunosuppression
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induced by chronic lymphocytic leukemia [56]. Nota-
bly, the class I HDAC inhibitor entinostat counteracts
tumor microenvironment suppression in epithelial ovar-
ian carcinoma, enhancing CD8*T-cell activation and
improving response rates to other immunotherapies
[57]. Similarly, moxidectin reduces the population of T
regulatory cells and potential myeloid-derived suppres-
sor cells within the tumor while enhancing the CD8"
cell population within the tumor [58]. Furthermore,
HDAC inhibitors are known to recruit T cells to tumor
sites, exerting anti-tumor effects. Remarkably, the novel
HDAC inhibitor, HPTA, generates anti-tumor effects by
enlisting CXCR3*CD4* T cells to tumor sites through
the chemokine CXCL9/10 axis [59]. Similarly, HDAC3
inhibitors impede tumor growth in murine models by
recruiting CXCR3™ T cells to the tumor microenviron-
ment via chemokine signaling [60]. Natural killer(NK)
cells are pivotal in the tumor microenvironment, curbing
cancer cell proliferation and dissemination. Pan-HDAC
inhibitors can enhance IL2-induced NK cell proliferation
through the JAK-STAT pathway, preserving their immu-
noreactivity and activation status [61]. Besides facili-
tating NK cell proliferation, NK cells can also enhance
the expression of the activating receptor NKG2D on
their surface, thereby boosting NK cell activity [62]. The
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abundance of MDSCs in the tumor microenvironment
orchestrates immunosuppression, with CN133 showcas-
ing the ability to reshape the tumor microenvironment
by reducing polymorphonuclear myeloid-derived sup-
pressor cells (PMN-MDSCs) infiltration and bolstering
immune response [63]. These findings underscore the
potential of HDAC inhibitors in reducing immunosup-
pression, enhancing anti-tumor efficacy by modulating
relevant cells in the tumor microenvironment, and pro-
vide a foundation for targeting the tumor microenviron-
ment to impede tumor progression.

Antitumor mechanisms of HDAC inhibitors
Numerous strategies can be employed in cancer therapy,
with potential approaches targeting over-immunomod-
ulation, angiogenesis, inflammation, and tumor cell
communication with the extracellular matrix. HDAC
inhibitors offer an additional avenue to impede tumor
growth through diverse mechanisms, including inhibiting
angiogenesis, decreasing hypoxia, promoting apoptosis,
and modulating the immune response to hinder tumor
advancement. Figure 3 shows the anti-tumor mechanism
of HDAC inhibitors.
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Fig. 3 Under hypoxic conditions, HDAC1 and HIF-1a can bind to the RECK promoter, resulting in the downregulation of RECK expression.
However TSA can inhibit this interaction. HDAC inhibitors can suppress EMT-related markers by blocking the TGF-3/Smad pathway and activating
phosphorylated p38 MAPK. Furthermore, LBH589 can inhibit the activity of HIF-1a in hypoxic environments, leading to a reduction in VEGF

and GLUT1 expression
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Anti-angiogenic effects

Hypoxia fosters aggressive tumor characteristics such as
abnormal angiogenesis, invasion, metastasis, and resist-
ance to radiation and chemotherapy [64, 65]. Among
these, angiogenesis is pivotal in various physiological
and pathological processes, notably tumor growth [66—
68]. Glioblastoma, known for its strong vascularization,
relies on angiogenesis for its growth and survival. HDAC
inhibitors such as LBH589 counter the adaptation of glio-
blastoma cells to hypoxia by curbing hypoxia-inducible
factor-la (HIF-1a) activity and reducing VEGF secre-
tion, thus exerting an anti-angiogenic effect [69]. Simi-
larly, MPT0G157, another HDAC inhibitor, induces the
degradation of hypoxia-inducible factor-1a by enhancing
the hyperacetylation of heat shock protein 90 (Hsp90),
leading to the downregulation of vascular endothelial
growth factor expression. Notably, TSA has exhibited
enhanced anti-tumor efficacy in various cancers, includ-
ing breast cancer, colon cancer, and human tongue squa-
mous carcinoma [70-72]. Targeting the tumor survival
factor HIF-1a and its downstream gene VEGF, TSA can
curb tumor adaptation to hypoxia, thereby restraining
the invasion and transmigration of human tongue squa-
mous carcinoma cells [71]. Researches have indicated
that RECK is an important regulatory factor in the pro-
cess of angiogenesis and is expressed at low levels in
various types of cancer [73, 74, 74, 75]. Hypoxia induces
oncogenic expression in RECK, yet HDAC inhibitors can
reverse this effect by targeting the interaction of HDAC1
and HIF-1a at the rHRE2 site on the RECK promoter,
downregulating RECK [76] and subsequently hinder-
ing the migratory invasion of cancer cells by inhibiting
MMP1 and MMP9 activity [64].

Apoptosis

HDAC inhibitors also play a vital role in anticancer
mechanisms encompassing apoptosis, cell cycle. For
instance, DWPO0016 can enhance the acetylation of p53
by promoting the interaction among p300, CBP, and
PCAEF, thereby facilitating apoptosis and cell cycle arrest
in cancer cells [77]. Notably, HDAC inhibitor TW09 also
mediates cancer cell death via mitochondrial apoptosis,
accompanied by the expression of pro-apoptotic genes
such as BIM, NOXA, PUMA, and BMF [78]. Addition-
ally, Vorinostat induces apoptosis and cell cycle arrest in
Hodgkin lymphoma cells, resulting in downregulation of
Bcl-xL expression and upregulation of P21 expression.
MPTO0G157 induces apoptosis via a caspase-dependent
mechanism [79]. It is noteworthy that HDAC inhibitor
can also suppress cancer cell proliferation by regulating
the cell cycle protein CDC25 [80]. Furthermore, HDAC
inhibitors can promote tumor cell apoptosis via multiple
mechanisms, including the Rb-E2F1 pathway, the JNK/

Page 5 of 12

AP-1 pathway, and the death receptor 5/TRAIL-R2 path-
way [81-83].

Other pathways

HDAC inhibitor can also exert anti-tumor effects
through mechanisms involving autophagy and the tumor
microenvironment. HDAC inhibitor also exerts immu-
nomodulatory effects by inhibiting STAT6-mediated
TH2 cytokine and chemokine secretion within the tumor
microenvironment [84]. Additionally, radicicolothionein
inhibits tumor growth and activates PENT by down-
regulating the expression of HDACS6, thereby induc-
ing autophagy in tumor cells [85]. The HDAC inhibitor
hydroxyvaleric acid enhances direct interactions between
monocytes and tumor cells in the tumor microenvi-
ronment, promoting cell death in malignant pleural
mesothelioma cells [86]. Furthermore, the inhibition of
epithelial-mesenchymal transition and promotion of
apoptosis in colon cancer can be achieved through the
regulation of TGF-p and p38 MAPK signaling pathways
[72]. Collectively, these findings support the notion that
HDAC: play a crucial role in exerting anti-tumor effects
through mechanisms involving the mitigation of hypoxia,
inhibition of angiogenesis, promotion of autophagy, and
induction of apoptosis.

Drug combinations with HDAC inhibitors

HDAC inhibitors alone may lack efficacy. For instance,
at a dosage of 85 mg/day, MGCDO0103 shows a lack of
efficacy in treating chronic lymphocytic leukemia. How-
ever, when the dosage is increased to 110 mg/day, the
trial discontinued due to toxic side effects [87]. Likewise,
Panobinostat, when utilized as a standalone treatment,
primarily exhibits myelosuppressive toxicity in pediatric
patients with diffuse intrinsic pontine glioma, which lim-
its the possibility of increasing the dosage [88]. Further-
more, although romidepsin exhibits minimal toxicity in
advanced colon cancer, it lacks effectiveness, and its ther-
apeutic efficacy in recurrent or metastatic head and neck
cancer remains also limited [89, 90]. The above demon-
strates that the efficacy of monotherapy is limited; thus,
it is important to consider combination treatments with
other drugs to improve efficacy and minimize toxicity.

The combination of immune checkpoints and HDAC
inhibitors

HDAC inhibitors alone may have certain limitations,
prompting research into their more potent combina-
tion therapies. Immune checkpoints remain a focal
point in cancer research, as they mediate the immune
evasion of tumor cells. The interaction of PD-1 ligands
on tumor cells with PD-1 on T cells in the tumor micro-
environment establishes an immunosuppressive milieu
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promoting cancer immune evasion. Counteracting this
process via PD-1 blockers or anti-PD-L1 agents inhib-
its immune escape. Moreover, HDAC inhibitors are
capable of modulating immunogenicity and augment-
ing anti-tumor immune responses. Numerous studies
have highlighted the broad applicability of combining
HDAC inhibitors with checkpoint inhibitors. Combi-
nations of HDAC inhibitors and PD-1 blockers have
exhibited promising anti-tumor effects and enhanced
survival rates across cancer types such as colon can-
cer, chondrosarcoma, and melanoma [55, 91, 92]. For
instance, clinical studies indicate that panobinostat as
monotherapy lacks efficacy in melanoma treatment and
[93]; however, when paired with PD-1 blockers, it led to
more potent anti-tumor effects and improved survival
rates [94]. Notably, the HDAC inhibitor CG-745 poten-
tiated the anti-tumor properties of anti-PD-1 antibod-
ies [71]. Additionally, the co-administration of HDAC6
inhibitors with anti-PD-1 blockers reduced tumor
growth, enhanced immune cell infiltration, dimin-
ished M2-type macrophages, and reshaped the tumor
microenvironment [95]. The HDAC inhibitor TSA can
promote the conversion of macrophages to the M1 phe-
notype and, when used in combination with PD-L1, can
enhance the tumor-suppressive capabilities of PD-L1
[51].

Additionally, CD47, CTLA-4, and LAG3 are promis-
ing immune checkpoints that play significant roles in
regulating immune cell function. When combined with
HDAC inhibitors, they can synergistically enhance anti-
tumor activity. HDAC inhibitor tacedinaline combined
with anti-CD47 effectively eliminates MYC-driven tumor
cells, enhances the phagocytic capacity of macrophages,
and significantly improves survival rates [96]. Moreo-
ver, combining entinostat with anti-CTLA-4 improves
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immune cell infiltration, decreases the abundance of
granulocyte MDSCs in the tumor microenvironment,
and boosts the levels of CD8" effector T cells [97]. Simi-
larly, the combination of the HDAC inhibitor SAHA with
anti-LAG-3 significantly enhances tumor suppression
compared to monotherapy and promotes the activation
of CD8* T cells [98]. In summary, these findings empha-
size the enhanced efficacy achieved through combining
HDAC inhibitors with checkpoint inhibitors (Table 1).

The combination of targeted agents and HDAC inhibitors

In addition, HDAC inhibitors exhibit potent synergistic
effects when combined with targeted drugs. Following
the juxtaposition of the GB2 monoclonal antibody, a tar-
geted therapy for neuroblastoma, with HDAC inhibitors,
the latter aids in altering the tumor microenvironment
by reducing macrophages and bone marrow immuno-
suppressive cells with high FGR expression, enhancing
the effectiveness of the GD2 monoclonal antibody [99].
In a phase II clinical trial, chidamide showcased remark-
able outcomes with higher overall response rates (50%)
and complete response rates (40%), as well as sustained
responses in patients with angioimmunoblastic T-cell
lymphoma [13]. By combining the BTK inhibitor ibru-
tinib, a targeted therapy, with the HDAC inhibitor chi-
damide, the modulation of the tumor microenvironment,
augmented T-cell infiltration, diminished M2-type mac-
rophages, and intensified T cell-mediated cytotoxic-
ity [100]. Furthermore, the non-toxic effects of the type
I HDAC inhibitor entinostat and the mTOR inhibitor
sirolimus on monocytes in the tumor microenviron-
ment elucidated significant inhibition of tumor growth,
induction of apoptosis, and cell cycle blockade [100].
Phase I clinical investigations unveiled the tolerability
of the mTOR inhibitors ridaforolimus and vorinostat at

Table 1 An overview of HDAC inhibitors used in treatment of tumors

HDAC inhibitor Cancer type

HDAC specificity Clinical trial Regulated protein References

Fimepinostat Relapsed or refractory diffuse large B cell and high-grade

B-cell lymphoma
Givinostat Relapsed or progressive multiple myeloma
Mocetinostat Relapsed or refractory lymphoma
Abexinostat Relapsed or refractory lymphoma
Domatinostat Advanced hematological malignancies

Resminostat Relapsed or refractory Hodgkin lymphoma

OBP-801 Advanced solid tumors

Belinostat Relapsed or refractory peripheral or cutaneous T-cell lym-
phoma

SB939 Translocation-associated recurrent/metastatic sarcomas

CKD-581 Lymphoma or multiple myeloma refractory

Quisinostat Advanced solid tumors

Class I/11 Phase I c-Myc [14-16]
Class /1l Phase Il BRAF, P53 [17-20]
Class I/IV Phase Il E2F6, ZEB1 [21-24]
Class I/1l/IV Phase /1l EZH2, RAD51 [25-28]
Class | Phase | FOXM1, HES1 [29-31]
Class /1l Phase Il CD44 [32,33]
Class | Phase la NOXA [34,35]
Class /1l Phase Il P21 [36-38]
Class I/1I/IV Phasell CDK5 [39,40]
Class I/11 Phase | MYC, BCL-2 [41,42]
Class I/l Phase | P53 [43,44]
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recommended phase II doses without inducing dose-lim-
iting toxicities [101]. Concurrently, the combination of
JQ1, a BET bromodomain inhibitor, and ricolinostat, an
HDACES inhibitor, facilitated T-cell activation, decreased
the inhibitory capacity of immunosuppressive cells, and
curtailed tumor growth [102]. In clinical studies, the
PI3K inhibitor duvelisib has demonstrated associated
pathological toxicities, including elevated transaminases
and colitis, in patients with advanced hematologic malig-
nancies [103]. However, the combination of duvelisib
with romidepsin has been found to mitigate the liver tox-
icity induced by the PI3Kd inhibitor duvelisib in patients
with relapsed/refractory T cell lymphomas [104].

The combination of other drugs with HDAC inhibitors

The combination of entinostat and ricolinostat elimi-
nated the suppressive effects on monocyte and poly-
morphonuclear cell myeloid-derived suppressor cell
populations, significantly retarding tumor progression
[105]. Moreover, the synergistic interplay of entrestat,
N-803, and a vaccine reduced regulatory T cells and
bolstered CD8 T-cell infiltration, thereby amplifying
the anticancer effect [106]. Study has demonstrated that
mucoepidermoid carcinoma cells exhibit a certain level
of tolerance to EGFR inhibition. However, the concurrent
use of EGFR and HDAC inhibitors can effectively syn-
ergize to overcome this EGER tolerance in mucoepider-
moid carcinoma cells [107]. Similarly, SAHA can enhance

Table 2 Clinical trials of HDAC inhibitor combinations
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the expression of PTEN, and inhibit the AKT signaling
pathway thereby overcoming resistance to lenvatinib in
Hepatocellular Carcinoma [108]. Notably, the combina-
tion of panobinostat and NK cells enhances tumor lysis,
with panobinostat promoting an increase in the activa-
tion receptors of NK cells and facilitating their binding
to tumors [109]. Collectively, these findings accentuate
the compelling synergy achieved when combining HDAC
inhibitors with other pharmacological agents. Clinical
trials of HDAC inhibitors in combination with drugs
shown in Table 2.

Conclusion and perspectives

Histone deacetylases have garnered significant attention
in recent years due to their crucial role in cancer devel-
opment through the reversible regulation of histone
acetylation and non-histone proteins. Acetylation, as an
essential epigenetic process of histones, is indispensable
for maintaining normal cellular functionality. The use of
HDAC inhibitors in cancer therapy has been extensively
explored. These inhibitors exhibit anti-tumor effects
by inducing cell cycle arrest and apoptosis, while also
enhancing the immune antigenic phenotype to bolster
immune responses. The tumor microenvironment, where
tumor cells reside, is closely linked to cancer progres-
sion and influences the development of various cancer
types. Targeting the tumor microenvironment has shown
promise in alleviating tumor advancement. HDAC

HDACi Combined drug Cancer type Phase Curative effect References
Panobinostat Carfilzomib Relapsed or relapsed/refractory  Phases I/l The overall objective response  [110]
multiple myeloma of all evaluable patients

was 67%, and the clinical
benefit rate was 79%

Entinostat Pembrolizumab Metastatic uveal melanoma Phase Il The overall objective response  [111]
was 14%. The clinical benefit
rate at 18 weeks was 28%

Valproic acid S-1 Advanced pancreatic cancer Phases I/II The disease control rate [112]
of combination therapy
was 91.7%

Valproate Doxorubicin Progressing mesothelioma Phase Il The response rate was 16%, 113
and the optimal control rate
was 36%

Vorinostat Lixabepilone Breast cancer Phase IB The ORR and CBR were 22 [114]
and 22%

Mocetinostat Durvalumab Non-small cell lung cancer Phases I/11 The overall objective response  [115]
was 11.5%

Ivaltinostat Gemcitabine, erlotinib  Pancreatic ductal adenocar- Phases I/II The ORR and DCR were 25.0%  [116]

cinoma and 93.8%
Romidepsin, Romidepsin  Tenalisib, 5-Azacytidine Relapsed/refractory T-cell Phases I/Il, Phase Il The overall objective response  [117,118]

lymphoma, Peripheral T-cell

lymphomas

rate in evaluable patients

was 63.0% the ORR and com-
plete response rates were 61%
and 48%
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inhibitors interventions can enhance the tumor microen-
vironment by modulating macrophages, T cells, and NK
cells to strengthen the immune response.

HDAC inhibitors exhibit a wide range of therapeu-
tic potential, with five HDAC inhibitors having received
approval for cancer therapy. However, the currently
approved and clinically researched HDAC inhibitors still
present certain limitations in the treatment of cancer. For
instance, HDAC inhibitors can induce side effects such as
diarrhea, heart problems, and ventricular tachyarrhyth-
mia. Conversely, in some hematologic malignancies,
HDAC inhibitors demonstrate efficacy as single-agent
anti-tumor therapies. Furthermore, HDAC inhibitors
possess the capability to target multiple HDACs, thereby
down-regulating their expression and potentially impact-
ing normal physiological processes. As such, the quest
for HDAC-specific inhibitors with optimal targeting to
enhance tumor cell apoptosis, elevate tumor immuno-
genicity, and counteract the immunosuppressive tumor
microenvironment becomes imperative. Moreover, the
pursuit of novel HDAC inhibitors with reduced side
effects is essential. Additionally, pillararenes represents a
promising class of targeted drug delivery systems. Future
developments can focus on designing pillararene-based
carriers to transport HDAC inhibitors to the tumor
microenvironment, allowing for selective drug release
based on the characteristics of that environment.

Combining multiple drugs for cancer treatment can
address the limitations of monotherapy, enhancing treat-
ment efficacy and expanding therapeutic possibilities
through synergistic or cumulative effects. This approach
can mitigate adverse effects and drug resistance by allow-
ing lower doses of drugs in combination. For instance,
clinical evidence supports the synergistic and less toxic
nature of HDAC inhibitors when combined with other
drugs. Nonetheless, some experiments have failed to
demonstrate enhanced cancer progression or have even
shown adverse effects and notable clinical toxicity when
HDAC inhibitors are used in combination. To optimize
the anti-tumor potential of HDAC inhibitors, broaden
the therapeutic scope, and develop safer and more effi-
cient combinations, advanced studies must meticulously
consider the dosage of HDAC inhibitors in combina-
tions and explore novel pairing strategies. Additionally,
the combination of HDAC inhibitors with targeted drugs
can modulate the tumor microenvironment, suggest-
ing that dosing regimens with targeted agents should be
deliberated in later stages of research. In the context of
neurological disorders, drugs often face challenges such
as poor solubility and inadequate tissue penetration. Fur-
thermore, combining HDAC inhibitors with immune
checkpoints offers opportunities to explore additional
novel combinations, such as targeting TIM-3. Notably,
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DDR?2 is crucial for tumor proliferation and metastasis,
and mutations have been reported in various cancers,
highlighting its potential as a therapeutic target. How-
ever, there are currently no studies investigating the
combination of DDR2 targeting with HDAC inhibitors.
Future research could focus on developing dual-target
inhibitors or exploring combination therapies that incor-
porate both approaches.

Abbreviations

HDAC Histone deacetylase
HAT Histone acetyltransferase

HDACI Histone deacetylase inhibition

PTCL Peripheral T-cell lymphoma

MDSCs Myeloid-derived suppressor cells

NK cells Natural killer cells

Treg Regulatory T

PMN-MDSCs  Polymorphonuclear Myeloid-derived suppressor cells

HIF-1a Hypoxia-inducible factor-1a

VEGF Vascular endothelial growth factor

HSP90 Heat Shock Protein 90

RECK Reversion inducing cysteine rich protein with Kazal motifs

MMP1 Matrix metallopeptidase 1

MMP9 Matrix metallopeptidase 9

CBP CREB-binding protein

PCAF P300/CBP-associated factor

BIM Bcl-2 interacting mediator of cell death

PUMA P53 upregulated modulator of apoptosis

BMF Bcl-2 modifying factor

CDC25 Cell division cycle 25

PTEN Phosphatase and tensin homolog deleted on chromosome
ten

EMT Epithelial-mesenchymal transition

TGF-B Transforming growth factor 3

MAPK Mitogen-activated protein kinase

STATE Signal transducer and activator of transcription 6

PD-L1 Programmed cell death 1 ligand 1

PD-1 Programmed cell death protein-1

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4

LAG-3 Lymphocyte Activation Gene-3

CcDb47 Cluster of differentiation 47

GLUT1 Facilitative glucose transporter

EGFR Epidermal growth factor receptor

TIM-3 T cell immunoglobulin domain and mucin domain-3
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