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Modulating epigenetic modification has been recognized for over a decade as an
effective therapeutic approach to cancer and many studies of histone deacetylase
(HDAC), one of the best known epigenetic modulators, have been published. HDAC
modulates cell proliferation and angiogenesis and plays an essential role in cell growth.
Research shows that up-regulated HDACs are present in many cancer types and
synthetic or natural HDAC inhibitors have been used to silence overregulated HDACs.
Inhibiting HDACs may cause arrest of cell proliferation, angiogenesis reduction and
cell apoptosis. Recent studies indicate that HDAC inhibitors can provide a therapeutic
effect in various cancers, such as B-cell lymphoma, leukemia, multiple myeloma and
some virus-associated cancers. Some evidence has demonstrated that HDAC inhibitors
can increase the expression of immune-related molecules leading to accumulation of
CD8 + T cells and causing unresponsive tumor cells to be recognized by the immune
system, reducing tumor immunity. This may be a solution for the blockade of PD-1. Here,
we review the emerging development of HDAC inhibitors in various cancer treatments
and reduction of tumor immunity.
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INTRODUCTION

Epigenetic modification plays an important role in regulating gene expression without changing
deoxyribonucleic acid (DNA) sequence (Yoo and Jones, 2006). Recently, much evidence has
shown that histone function, modulated by various types of reversible modifications, such as
methylation and acetylation, is crucial in heritable deliverance and cancer progression. Among
these modifications, histone acetylation which is controlled by histone acetyl transferase (HAT) and
especially, histone deacetylases (HDAC) are regarded as effective fields of cancer therapy (Jenuwein
and Allis, 2001; Li and Seto, 2016; Sanaei and Kavoosi, 2019).

In general, histone acetylation is related to chromatin expression. HATs free chromatin through
acetylation of histone lysine tails, producing HDACs which oppose this effect (Berger, 2007).
Human HDACs have 18 highly conserved members. Based on their functions and analogies to
yeast, HDACs can be divided into two families and four classes, a zinc-dependent family (Class
I, Class IIa, Class IIb, and Class IV) and a nicotinamide adenine dinucleotide (NAD)-dependent
family (Class III) (Seto and Yoshida, 2014). In addition to histone deacetylation, HDACs have also
been found to regulate acetylation of a variety of non-histone proteins (Choudhary et al., 2009). The
balance between acetylation and deacetylation is often upset in cancer, and expression of aberrant
HDACs may lead to inactivation of tumor suppressing genes. On this basis, many compounds has
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been identified as HDAC inhibitors (HDACI). These include
hydroxamic acids, benzamides, short-chain fatty acids and cyclic
peptides, all of which modulate overexpression of HDACs in
cancer (Noureen et al., 2010). These HDACIs have marked
effects on cancer cells where they induce apoptosis, arrest cell
cycles and even modulate the immune system (Hull et al., 2016).
Here, we review usage of HDACIs in reduction of lymphomas
and tumor immunity.

LYMPHOMA

Lymphoma and leukemia are blood cancers, and while they
share some common symptoms, they have different origins.
Leukemia typically begins in the bone marrow, and lymphoma
generally develops in the lymphatic system. The lymphatic
system, including marrow, spleen and lymph nodes, are part of
the immune system, which helps to protect against infection.

Hodgkin’s (HL) and non-Hodgkin’s lymphoma (NHL) are
the two main subtypes of lymphoma. HL, a relatively aggressive
lymphoma, is characterized by the presence of very large
cells known as Reed-Sternberg (RS) cells, which can be
classified into two main types: classic Hodgkin lymphoma (cHL)
and nodular lymphocyte-predominant Hodgkin lymphoma
(NLPHL) (Table 1). On the other hand, in the view of
the Leukemia and Lymphoma Society (LLS), NHL is broadly
categorized into two groups: B-cell lymphomas and natural killer
(NK)/T-cell lymphomas (Table 2). NHL is nine times more
common than HL, and there are more than 60 subtypes of NHL,
some “aggressive” (fast-growing) and others “indolent” (slow-
growing). This classification determines the treatment options.

The two principle therapies for lymphomas are radiation
therapy and chemotherapy, and stem cell transplantation is
another choice in some lymphoma types. Currently, increasing
research efforts show that HDAC could be a therapeutic target
in lymphomas (Table 3), and this has inspired us to try to
understand its mechanism and development.

HDAC AND T CELL LYMPHOMA

Role of HDACs in T Cell Development
HDACs have been reported to be necessary for t cell development.
CD4 lineage integrity is regulated by HDAC1 and HDAC2
members through downregulation of Runx3/CBFβ complexes,
which induce CD8 lineage programs in CD4+ t cells (Boucheron
et al., 2014; Ellmeier, 2015). An HDAC1 and HDAC2 knockout
test of t lymphocytes also has been found to result in cell

TABLE 1 | Classification of Hodgkin lymphomas (cHL).

Hodgkin
Lymphoma
(10% of all
lymphomas)

Classical Hodgkin lymphomas: 95% of HL

Nodular sclerosis cHL

Mixed cellularity cHL

Lymphocyte depleted cHL

Lymphocyte-rich cHL

Nodular lymphocyte-predominant Hodgkin lymphoma: 5% HL

TABLE 2 | Classification of Non-Hodgkin lymphomas.

Mature B-cell lymphomas: 85% of NHL

Non-Hodgkin Lymphoma (90% of all lymphomas)

Aggressive Burkitt/Burkitt-like lymphoma

Diffuse large B-cell lymphoma (DLBCL)

Double-hit lymphoma

Mantle cell lymphoma (MCL)

Primary mediastinal B-cell lymphoma

Indolent Chronic lymphocytic leukemia/small lymphocytic lymphoma
(CLL/SLL)

Follicular lymphoma (FL)

Lymphoblastic leukemia/lymphoma (more commonly
derived from T cells)

Lymphoplasmacytic lymphoma/Waldenstrom
macroglobulinemia (WM)

Marginal zone lymphoma (MZL)

T cell lymphoma: 15% of NHL

Aggressive Anaplastic large cell lymphoma (ALCL)

Angioimmunoblastic T-cell lymphoma (AITL)

Peripheral T-cell lymphoma (PTCL)

Lymphoblastic leukemia/lymphoma (less commonly derived
from B cells)

Indolent Adult T-cell leukemia/lymphoma (ATLL)

Cutaneous T-cell lymphoma (CTCL)

Mycosis fungoides (MF)

cycle arrest and reduction of thymocytes. These events will
eventually lead to decrease of the peripheral t cells and
appearance of CD4 + and CD8 + t cells (Preglej et al., 2020).
Another experiment with knockout HDAC1 and HDAC2 in
mice showed the HDAC1/2-Sin3A-NuRD complex is disrupted.
This may block double-negative (DN) to double-positive (DP)
transition, and failure of proliferation. Moreover, insufficiency of
HDAC1 or HDAC2 may lead to overacetylation of histones and
chromosomal instability, finally causing t cell lymphoma (Dovey
et al., 2013). Above all, this research indicates that HDAC1 and
HDAC2 are essential for t cell development.

HDAC3 has also been found to be indispensable in steps
of t cell progression, including commitment of CD4 and CD8,
positive selection, and peripheral t cell maturation (Wang P.
et al., 2020). HDAC3 deficiency in DP thymocytes terminates
CD4-lineage program and redirects the MHC class II-restricted
thymocytes toward the CD8-lineage program, due to the
acetylation of histone expressing CD8-lineage genes, such as
Runx3 and Patz1 (Philips et al., 2019). In a CD2-icre HDAC3
conditional knockout (HDAC3-cKO) mice, t cell development
is blocked at the positive selection step, resulting in fewer CD4
and CD8 T cells, and cannot be rescued by TCR-transgene.
The absence of HDAC3 renders RORγt unable to down-regulate
although positively selected and fails to upregulate Bcl-2, which
may lead to apoptosis (Philips et al., 2016). For t cell maturation,
HDAC3 forms complexes with NF-kappaB-activating-protein
(NKAP), which is necessary for recent thymic emigrants (RTE) to
gain functional competency and transfer into a long-lived naive
t cell pool. Lack of HDAC3 may cause CD50 downregulation
which leads to t cell immaturation. In peripheral T cells, HDAC3
deficiency creates a defect in TNF licensing after TCR/CD28
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TABLE 3 | HDAC related clinical trials started after 2017 for lymphoma treatment.

NCT number Condition Intervention Status Phase Start date

NCT03934567 FL Abexinostat Recruit II 20190502

NCT03770000 R/R T-cell Lymphoma Tenalisib + Romidepsin Recruit I/II 20181210

NCT03600441 FL Abexinostat Active II 20180726

NCT03873025 R/R DLBCL CXD101 + Pembrolizumab Not yet recruit I/II 20190313

NCT03820596 R/R Extranodal NKTCL Sintilimab + Chidamide Recruit I/II 20190129

NCT03547700 PTCL Romidepsin + Ixazomib Recruit I/II 20180606

NCT03630731 R/RExtranodal NKTCL Chidamide Recruit II 20180815

NCT04233294 R/R HL Chidamide + Camrelizumab with or w/o Decitabine Recruit II 20200118

NCT04038411 R/RNKTCL PD-1 Antibody, Chidamide, Lenalidomide Etoposide Recruit IV 20190630

NCT04040491 newly diagnosed PTCL PD-1 Antibody, Chidamide, Lenalidomide Etoposide Recruit IV 20190131

NCT04231448 Newly Diagnosed Double-Expressor DLBCL R-CHOP + Tucidinostat NotYetrecruit III 20200108

NCT03373019 R/R DLBCL Chidamide + R-GDP Recruit II 20171214

NCT04337606 R/R NHL Chidamide + Decitabine + Camrelizumab Recruit I/II 20200407

NCT03161223 PTCL Durvalumab Pralatrexate Romidepsin 5-Azacitidine Recruit I/II 20170519

NCT02943642 Mycosis Fungoides A-dmDT390-bisFv(UCHT1) vs. Vorinostat NotYetRecruit II 20161025

NCT03713320 CTCL, MF Cobomarsen vs. Vorinostat Active II 20181019

NCT03936153 R/R DLBCL abexinostat Recruit II 20190503

NCT03939182 DLBCL, MCL Abexinostat + Ibrutinib Recruit I/II 20190506

NCT04024696 NHL Abexinostat Recruit I/II 20190718

NCT03179930 R/R lymphoma Entinostat + Pembrolizumab Recruit II 20170607

NCT03150329 R/RDLBCL, FL, or HL Vorinostat + Pembrolizumab Recruit I 20170512

NCT03117751 acute lymphoblastic lymphoma CHOP
Pegaspargase
Erwinase R©

Cytarabine
Mercaptopurine
Dasatinib
Methotrexate
Blinatumomab
Ruxolitinib
Bortezomib
Dexamethasone
Doxorubicin
Etoposide
Clofarabine
Vorinostat
Idarubicin
Nelarabine
Thioguanine

Recruit II/III 20170418

Retrieved from: http://clinicaltrials.gov/.

stimulation (Hsu et al., 2015). Another distinct subset of t cells,
nature killer t (NKT) cells, are also HDAC3 dependent during
development. As was previously mentioned, NKAP activated
through formation of complexes with HDAC3, also participates
in invariant NKT (iNKT) cells lineage. Furthermore, HDAC3-
deficient iNKT cells show low expression of nutrient receptors
GLUT1, CD71 and CD98, and this results in incremental
autophagy (Thapa et al., 2016, 2017).

Class IIa HDACs are also involved in t cell development.
HDAC5 is implicated in t-regulatory (treg) cells homeostasis. In
an HDAC5−/− mice model, Treg cells show reduced suppressive
function, CD4 + t cells convert poorly into treg cells, and
increasing acetylation of Foxo1 causes treg cells to experience
difficulty in maintenance of the phenotype. CD8 + t cells
have found to be less able to produce IFN-γ in HDAC5−/−

mice (Xiao et al., 2016). HDAC7, a thymus-specific HDAC,
acts as a regulator of t cell apoptosis and endothelial cell
functions, is highly expressed in DP thymocytes, and inhibits
Nur77 that is involved in apoptosis and negative selection.
During TCR activation, HDAC7 is exported from the nucleus,
leading to Nur77 expression and mediating TCR-mediated
apoptosis (Dequiedt et al., 2003; Martin et al., 2008). HDAC6,
a class IIb member of the HDACs, controls the production of
immunosuppressive cytokine IL-10, and induction of antigen-
presenting cells (APCs) that activate antigen-specific naïve t
cells through formation of a complex with STAT3 (Cheng
et al., 2014). HDAC10, another class IIb HDAC, mediates the
inactivation of Foxp3. Foxp3 + treg cells are known to suppress
immune responses, and HDAC10 dysfunction may cause some
inflammatory disorders (Dahiya et al., 2020). HDAC11, which is
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the only member of class IV, negatively regulates the expression of
IL-10. Overexpression of IL-10 will induce inflammatory APCs,
priming naïve t cells and restoring the responsiveness of tolerant
CD4 + t cells. Its adjustment with HDAC6 determines t cell
activation (Villagra et al., 2009). HDAC11 acts as a positive
controller of Foxp3 + tregs, and lack of HDAC11 will increase
Foxp3 and TGF-β expression, which may lead to inflammation.
The dynamic interaction between HDAC10 and HDAC11 serves
to balance the immune response (Huang et al., 2017).

Evidence of HDACs in T Cell Lymphomas
Investigating the elaboration of HDACs in t cell lymphoma would
assist an understanding of their pathogenesis, prognosis and
role as a therapeutic target. Although the precise mechanism
underlying this behavior has not been elucidated, it can be
investigated through HDACIs.

Gene expression that mediates a balance between HAT and
HDAC histone modification is important because it is also marks
initiation and progression of cancer cells. HDACs intervene in
carcinogenesis through the deacetylation of histone and non-
histone proteins (Jenuwein and Allis, 2001). Recent research
has shown that HDACs are involved in the expression of
numerous oncogenes such as Bcl- xL-, BCL2-, c-Myc, TCRβ

and Notch3 (Palermo et al., 2012; Kunami et al., 2014; Loosveld
et al., 2014; Stengel et al., 2015). HDACs also participate in
cytokine regulation. In the study of cutaneous t-cell lymphoma
(CTCL) patients, 30% demonstrated the high affinity of the

IL-2 receptor, which can be perturbed by HDACIs (Shao et al.,
2002). Furthermore, HDAC1 and HDAC6 were also found to
be upregulated in CTCL. This causes excessive secretion of IL-
15, which mediates the inflammation that is crucial in CTCL,
suggesting this oncogenic loop can be controlled by modulation
of HDAC1 and HDAC6 (Mishra et al., 2016).

In t cell malignancies, HDACs act as negative controllers
of apoptosis, and upregulation of HDACs will silence the pro-
apoptotic gene and Bcl2 family expression. During the signaling
pathway, HDACs can acetylate the chaperone heat shock protein
90 (HSP90), which stabilizes the client proteins RASGRP1 and
c-RAF. These client proteins activate the mitogen-activated
pathway, leading to the down regulation of the Bcl2 family (Ding
et al., 2017). Upon treatment of peripheral t cell lymphoma with
HDACi, chidamide induces cell apoptosis by downregulating
Bcl2 and upregulating Caspase3 and Bax protein (Lu et al., 2016).
The expression of a tumor suppressor gene was also found to
be modulated by HDACs in CTCL cell lines. A combination of
an HDACI, romidepsin and a demethylating agent, azacitidine
leads to the induction of RHoB, the tumor suppressor gene,
and to cell apoptosis (Rozati et al., 2016). The downstream
apoptotic pathway regulated by HDACs may serve as a potent
therapeutic target for apoptosis induction in a treatment for t cell
malignancies (Figure 1).

Another self-devouring process similar to apoptosis is the
source of dysfunction in t cell malignancies. Besides deacetylation
of lysine residues in the histone, HDACs also have functions

FIGURE 1 | The action of HDAC inhibitors inducing apoptosis and autophagy.
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in regulation of cytosolic proteins which have a variety of
cellular functions, including autophagy. SAHA (vorinostat),
a pan-HDAC inhibitor, upregulates the expression of an
autophagic factor LC3, inhibiting mTOR, the mammalian target
of rapamycin and leading to activation of the autophagic protein
kinase ULK1 (Figure 1; Gammoh et al., 2006). HDACs are
inseparable by autophagy in cellular survival, and targeting
autophagy by inhibition of HDACs could offer an effective
treatment for t cell lymphomas.

The main function of HDACIs might be interference with
histone and chromatin modification, but acetylation of histone
and non-histone proteins may cause DNA damage, expression
of suppressing genes in oncogenesis, and either lowering of the
apoptotic threshold, or triggering autophagy response. These
physiological processes have proved to be indispensable for
HDACs in cancer pathogenesis and prognosis, and this makes
them a prospective target for t cell malignancies.

Application of HDACIs in T Cell
Lymphoma
Vorinostat (SAHA)
Vorinostat Figure 2, also been known as SAHA, is a hydroxamic
acid HDAC inhibitor. It shows inhibitory activity in both class
I and class II HDACIs with an IC50 less than 86 nM (Molecule
of the month, 2006). To date, usage of SAHA has mostly been
restricted to the treatment of CTCL. In cellular studies, SAHA
shows a surprising anti-proliferative effect on human mantle
lymphoma cells, CTCL cells, freshly isolated ATL cells and
circulating malignant CTCL cells from patients by upregulating
p21, decreasing the phosphorylation level of STAT6, increasing
NF-κB in cytoplasm, and arresting the cell cycle (Nishioka et al.,
2008; Zhang et al., 2005). In clinical trials, SAHA was tested in
patients with refractory and relapsed CTCL with an ORR of 24
or 30% and duration of the response for 4 months or more in
two phase II studies. SAHA was approved by FDA in 2006 as a
treatment for refractory or relapsed CTCL (Duvic and Vu, 2007;
Duvic et al., 2007; Olsen et al., 2007).

In combination therapy, vorinostat combined with azacitidine
has been tested. This resulted in 88% event-free and overall
survival rates in t cell lymphoma patients (Nieto et al., 2016).
In another clinical trial, vorinostat been used in a combination
with gemcitabine, busulfan, and melphalan, and demonstrated
high efficacy in refractory or poor-risk relapsed t cell lymphomas
(Nieto et al., 2015). Vorinostat was also found to increase the
effect of rituximab in a phase II study in newly diagnosed
or relapsed/refractory NHL patients (Chen et al., 2015). Using
a standard cyclophosphamide, hydroxydaunorpubicin, oncovin,
and prednisone (CHOP) treatment with newly diagnosed
peripheral t cell lymphoma patients in a phase I clinical trial,
vorinostat also obtained a good therapeutic effect (Oki et al.,
2013b). Combination of vorinostat with PI3K inhibitors or
HSP90 inhibitors resulted in cytotoxic antagonism in CTCL
cells, and investigation of this could be useful (Wozniak et al.,
2010; Hutt et al., 2014). The proteasome inhibitor, bortezomib
also causes a synergetic effect inducing apoptosis in CTCL
patients (Heider et al., 2009). However, combination therapies
do not always give positive results. For example, a study of

a combination of lenalidomide, vorinostat, and dexamethasone
used to treat patients with relapsed/refractory peripheral t cell
lymphoma (PTCL), resulted in median-progression free survival
and low overall survival (Hopfinger et al., 2014). Thus, vorinostat
is still significant in lymphoma therapy.

Romidepsin (FR901228)
Romidepsin Figure 2 is a natural depsipeptide isolated from
bacteria. It displays selective inhibition toward class I HDACs
but is weak in HDAC IIB (Ueda et al., 1994). The single
use of romidepsin, exhibits effectiveness in relapsed/refractory
CTCL patients and was approved by FDA in 2009 for the
treatment of CTCL (Imam et al., 2013; Reddy, 2016). Romidepsin
demonstrates outstanding clinical response in relapsed/refractory
PTCL patients and it was also approved in 2011 for PTCL
treatment (Barbarotta and Hurley, 2015; Iyer and Foss, 2015;
Irlé and Weintraub, 2016; Foss et al., 2017).

In combination therapies, romidepsin has been combined
with conventional drugs for hematological malignances, such
as methotrexate, vincristine, imatinib, cytarabine, carboplatin,
doxorubicin, 4-hydroperoxy-cyclophosphamide, etoposide, 6-
mercaptopurine, and SN-38. All of these showed an additive
result, indicating that combination therapy with romidepsin
is promising. Combining CHOP with romidepsin in newly
diagnosed PTCL patients exhibited a surprising therapeutic effect
with an overall survival of 71% at the median follow-up of
30 months (Dupuis et al., 2015). Unlike vorinostat, romidepsin
shows synergistic effects with lenalidomide in relapsed/refractory
lymphomas (Cosenza et al., 2016). Aurora kinase inhibitors
are a promising agents for treatment of TCL, and combined
with romidepsin their therapeutic effect is highly synergized
(Zullo et al., 2014). Clinical trials of this combination are
in progress. Combinations of romidepsin with other drugs,
including pralatrexate, gemcitabine, and ICE (Wozniak et al.,
2010; Sung et al., 2014; Foss et al., 2017) are being studied.
Romidepsin seems to be useful in combination therapies,
although more investigation is necessary.

Belinostat (PXD101)
Belinostat Figure 2 is pan-HDAC inhibitor with a sulfonamide-
hydroxamic acid structure. It exhibited nanomolar inhibition
against HDACI, II, and IV (Chowdhury et al., 2011). The
clinical data from relapsed/refractory PTCL patients shows that
belinostat, with high efficacy and low toxicity is an ideal drug for
cancer treatment (Campbell and Thomas, 2017). With promising
results, belinostat was approved for sale in 2014 for the treatment
of relapsed or refractory PTCL (Poole, 2014). Because of its safety,
belinostat is a first-line drug for relapsed or refractory PTCL or
various drug combination therapies.

For the combination therapies, belinostat has been used with
CHOP. In spite of its use as a first-line treatment for relapsed
or refractory PTCL, its combination with CHOP delivered a
poor prognosis with relapse within 5 years (Johnston et al.,
2015). Other usage in combination with bortezomib, volasertib,
zidovudine, or carfilzomib, has already been published. Most of
these show a potential therapeutic effect, and this provides more
alternative options for treatment of lymphoma patients.
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FIGURE 2 | Structure of HDAC inhibitors.

Panobinostat (LBH-589)
Panobinostat Figure 2 is a cinnamic hydroxamic acid HDAC
inhibitor which inhibits HDACI, II and IV and is 10-fold more
potent than SAHA (Atadja, 2009). In clinical trials, panobinostat
was demonstrated to be effective in patients with advanced CTCL
(Duvic et al., 2013). In a clinical trial, panobinostat was acceptably
tolerable and led to a modest overall response. However, it failed
in the phase II trial due to its low response and short time

to progression in refractory CTCL patients (Ellis et al., 2008;
McCann and Story, 2013). Panobinostat is now undergoing a
clinical trial with PTCL (Tan et al., 2015).

Panobinostat also guided some combination therapies.
A combination of panobinostat and bortezomib in PTCL
highly synergized the ubiquitination ability in preclinical studies
(Samimi et al., 2013). In further clinical studies, a combination of
bortezomib displayed promising efficacy, improving the outcome
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following a single dosage. This Phase III clinical trial for PTCL
treatment (Tan et al., 2015) has been completed. In other
clinical studies, conspicuously, administration of everolimus and
panobinostat to TCL patients decreased serum cytokine levels
(Oki et al., 2013a). The severe adverse effects of panbinostat
makes its development difficult, but it still offers a new approach
for lymphoma therapies. These results in combination with other
agents may a sign of a new era of PTCL therapies.

Quisinostat
Quisinostat Figure 2 is a broad spectrum HDAC inhibitor, which
has strong inhibition activity in HDACs, except for HDAC6, 7,
and 9. Its clinical trial for CTCL treatment has been completed
in 2016 (NCT01486277). However, the result was failed to be
superior comparing to other HDACIs, such as vorinostat or
romidepsin while treating with CTCL patients. Furthermore,
after dosing quisinostat 5 of 26 patients have grade 3 drug
related adverse effect, including, hypertension, lethargy, chills,
pyrexia, pruritus and hyperkalemia, even though the safety
and tolerability profile is similar to other pan-HDACIs, the
overall outcome limited its development (Child et al., 2016).
Recently, quisinostat has been combined with bortezomib and
dexamethasone for multiple myeloma (NCT01464112), but no
any clinical trials in lymphomas.

Perspective
Recently, HDACIs has been approved for TCL treatment, and
most of them belongs to pan-inhibitor, such as vorinostat
and belinostat. Indeed, these pan-HDAC inhibitors brought
effectiveness in PTCL patients, but not in CTCL patients.
Interestingly, romidepsin, a class I HDACs selective inhibitor,
showed promising result in CTCL patients. Above all, inhibition
of other HDAC subtypes would decrease the efficacy in
CTCL, which inspired us targeting class I HDACs might
increase the application of HDACI in TCL therapies. Moreover,
romidepsin also showed broader availability comparing to other
pan-HDACIs in combination with other target therapies or
chemotherapies. Thus, further pre-clinical studies are necessary
to understand the precise mechanism.

HDAC AND B CELL LYMPHOMA

Role of HDACs in B Cell Development
In B cell differentiation, HDAC1 and HDAC2 promote the
development in the pre-B cell stage that progresses the cell cycle
from G1 to S. Knockout of HDAC1 and HDAC2 leads to cell
cycle arrest and expression of p21 and p57, which may cause
apoptosis (Yamaguchi et al., 2010). At the terminal stage of B cell
development, Blimp-1 restrains c-myc through the aggregation
of HDAC1 and HDAC2 (Yu et al., 2000). In HDAC3 knockdown
mice, the progenitor B cells cause impaired B cell maturation,
and defects in VDJ (varies, diversity, joining) recombination
(Stengel et al., 2017). HDACs participate in complex formation
in different stages of B cell development. HDACs have been
considered to be a component of the STAT5a-LSD1 complex,
which demonstrates the possible activation of STAT5a in the early

stages of B cell development (Nanou et al., 2017). In mature B
cells, Bach2 recruits the HDAC3-NCoR1/NCoR2-Rif1 complex
to repress Pdm1 transcription thus blocking the differentiation
between B cells and plasma cells (Tanaka et al., 2016).

BCL6, a sequence-specific repressor of transcription, requires
formation of complexes with specific HDACs. HDAC3, HDAC4,
and HDAC9 have been found to be a corepressor of BCL6
(Lemercier et al., 2002; Pasqualucci et al., 2011; Gil et al., 2016).
In the HDAC7 conditional deletion mice experiment, HDAC7
was deemed to control the pro-B cell to pre-B cell transition.
In pro-B cells, the transcription factor ME2FC is complexed
with HDAC7, which silences the lineage-inappropriate genes,
ensuring the correct B cell differentiation (Barneda-Zahonero
et al., 2015; Azagra et al., 2016). HDAC6 was also shown to be
a controller of PD-L1 in B cells, regulating the immunogenicity
(Powers et al., 2014). Selective HDAC6 inhibitors are considered
to be a new target for immunotherapy, but the precise mechanism
is needed for further investigation.

Evidence of HDACs in B Cell Lymphoma
In the pathogenesis of lymphoma, HDAC-BCL6 complexes
are often aberrant in the transcription step. For instance, the
germinal centers (GC) of B cells in CREBBP-regulated/active
enhancers are negatively regulated through H3K27 deacetylation
by the BCL6-SMRT-HDAC3 complex. In folicullar lymphoma
(FL) and diffuse large B cell lymphoma (DLBCL), however,
CREBBP mutations lead to unopposed deacetylation by BCL6-
SMRT-HDAC3 at an enhancer of B cell signal transduction
and expression of immune response genes, which results in
lymphomagenesis (Pasqualucci et al., 2011; Jiang et al., 2017). In
B-NHL cells, the abnormal expression of HDAC9-BCL6 complex
may cause B-lymphoproliferative disorders. Overexpression of
HDAC9 contributes to alter pathways involved in growth and
survival, as well as modulation of BCL6 activity and p53
tumor suppressor function (Gil et al., 2016). HDAC4 plays
a key role in suppressing oncogenes. Dysfunction of HDAC4
disrupts the complex with BCL6 and this may lead to induce
uncontrolled proliferation, clonogenic potential, and decreased
apoptosis (Lemercier et al., 2002; Sandhu et al., 2012). Targeting
these HDACs might therefore have promising effect in B cell
lymphoma therapies.

Application of HDACIs in B Cell
Lymphoma
Vorinostat (SAHA)
Vorinostat, the first approved HDAC inhibitor, has been used
in a phase II clinical trial for relapsed DLBCL therapies. But
the overall response rate (ORR) was only 5.6%, which indicates
that in single usage, vorinostat is limited (Crump et al., 2008).
However, other clinical trials conducted using vorinostat as
an FL treatment showed 8-times better ORRs of 47 and 49%
(Kirschbaum et al., 2011; Ogura et al., 2014).

In the combination therapies vorinostat, combined with
rituximab or R-CHOP in NHL patients, also showed enhanced
effects, especially in DLBCL patients with an 81% ORR (Chen
et al., 2015; Straus et al., 2015; Persky et al., 2018). A combination
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of R-ICE and vorinostat for relapsed or refractory NHL patients
also had 70% ORR (Budde et al., 2013). Pre-clinical experiments
showed that SAHA and topoisomerase inhibitors surprisingly
defeated lymphoma cells, and this might be a new aspect for NHL
therapies (Seo, 2015).

Belinostat (PXD101)
Similar to vorinostat, belinostat behaves poorly in
monotherapies. A Phase II clinical trial showed that
administration of belinostat to relapsed or refractory aggressive
B-NHL patients resulted in only 10.5% ORR (Puvvada et al.,
2016). This result terminated the research on monotherapies
of belinostat in B cell lymphoma patients. Several combination
therapies, however, are still in clinical trials, for example a trial
in combination with carfilzomib, a proteasome inhibitor, is still
ongoing (NCT02142530).

Chidamide
Chidamide Figure 2 is a selective HDAC class I inhibitor, and is
now approved only in China (Ning et al., 2012). Its therapeutic
effect in relapsed or refractory B-NHL is still being evaluated in
clinical trials (NCT03245905 and NCT03410004).

Combination of chidamide with other chemotherapies
have also been investigated in clinical trials. Such
combinations include R-GDP (NCT03373019), vinorelbine,
liposomal doxorubicin, dexamethasone and thalidomide
(VDDT) (NCT02733380), dexamethasone and ICE (DICE)
(NCT03105596), and R-CHOP (NCT03201471) in relapsed or
refractory B-NHL. A clinical trial of R-CHOP combined with
chidamide (NCT02753647) in untreated elderly DLBCL patients
is progressing (Wang L. et al., 2020).

Mocetinostat
Mocetinostat Figure 2 is a selective HDAC I and IV inhibitor,
which has been approved by FDA for use in cases of relapsed
or refractory CTCL (Boumber et al., 2011). The effect of
mocetinostat in a Phase II clinical trial showed low ORR in
both DLBCL (18.9%) and FL (11.5%) (Batlevi et al., 2017). These
results are similar to those from other HDAC inhibitors, whether
selective or not, and show low ORR in B cell lymphoma patients.
Therefore, HDACIs may significantly increase the therapeutic
effects in combination with other chemotherapies. However,
mocetinostat only been used with azacitidine (NCT00543582) in
a clinical trial, and further research is necessary.

CXD101
CXD101 Figure 2 is a selective class I HDACs inhibitor, which
is now undergoing phase I clinical trial to assess its tolerability,
safety, pharmacokinetics and pharmacodynamics in advanced
malignancies (NCT01977638). It has been hypothesized that
selectively inhibiting class I HDACs could reduce the toxicity,
which is brought by off target inhibition on class II HDACs.
Preliminary result shows that, PXD101 has lower toxicity
and higher tolerability than other non-selective inhibitor
(Eyre et al., 2019).

Besides, CXD101 also test with the combination of
pembrolizumab for R/R DLBCL treatment (NCT03873025), but
no any other result has been reported.

Ricolinostat (ACY-1215)
Ricolinostat Figure 2 is the only HDAC6 selective inhibitor,
which entered clinical trial for NHL therapies (NCT02091063).
However, there is no any further development in single agent
therapies for NHL.

Surprisingly, ricolinostat has synergizing effect combining
with other drug or regimen. Such as ibrutinib (Amengual et al.,
2017), carfilzomib (Dasmahapatra et al., 2014), bendamustine
(Cosenza et al., 2017), and crizotinib (Liu et al., 2018) in DLBCL
or MCL models. These combination therapies showed great
potency toward DLBCL and MCL, but its efficacy in human is
still under investigation.

Fimepinostat (CUDC-907)
Fimepinostat Figure 2, targeting HDAC and PI3K, is the
first dual-target inhibitor that has been approved for R/R
DLBCL treatment in clinical trials. Its phase I study shows
fimepinostat has better tolerability, and lower toxicity than other
FDA approved single target HDAC or PI3K inhibitor (Younes
et al., 2016). Now the efficacy is evaluating in phase II clinical
trial (NCT02909777).

Perspective
Single agents of HDACIs has low response in all types of
BCL. However, the significantly synergizing effect with other
drugs makes it worth to be developed, especially selective
HDAC inhibitors. Class I HDAC inhibitor improved the
tolerability and reduced the toxicity and HDAC6 inhibitor also
showed promising effect in combination with other drugs even
overcome the drug resistance. These results may encourage us
to fully understand the mechanism and develop more specific
selective HDACIs.

Furthermore, fimepinostat, the first-in-class dual target
inhibitor for DLBCL therapies, successfully decrease the toxicity
comparing to dose single target agent. This may also give us an
inspiration to develop other dual-target inhibitor.

HODGKIN LYMPHOMAS

Introduction
One of the most curable cancer types, Hodgkin lymphoma (HL)
is a type of B cell lymphoma, which has specific and unique
characteristics. Hodgkin lymphoma was first been identified by
Hodgkin in 1832 (Hodgkin, 1832). Subsequently, this lymphoma
was named after him in 1865 by Wilks (Wilks, 1856). According
to World Health organization (WHO), HL can be classified into
two main types, classical Hodgkin lymphoma (cHL) and nodular
lymphocyte-predominant Hodgkin lymphoma (NLPHL). cHL
accounts for 95% of all HL patients and the remainder
are NLPHL. In this review we will mainly focus on cHL
(Stathis and Younes, 2015).

In cHL patients, mononuclear Hodgkin cells and
multinucleated Reed-Stemberg (HRS) cells arise from
monoclonal B lymphocytes in the germinal center of lymphoid
tissue and effect the rearrangement of IgG genes (Diehl, 2007).
According to statistics, around 40% of cHL patients are infected

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 September 2020 | Volume 8 | Article 576391

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-576391 September 1, 2020 Time: 19:29 # 9

Chen et al. HDAC Inhibitors in Lymphomas

by Epstein-Barr virus (EBV) and 100% of patients are infected
with the human immunodeficiency virus (HIV). The apoptosis
of these abnormal cells was inhibited in a manner which
correlates with the expression of NF-κB, Notch 1 and some other
transcription factors (Re et al., 2005). Research shows that, CD30
surface receptors, a member of tumor necrosis factor (TNF)
receptor superfamily, will be characteristically expressed in HRS
cells. The expression of TNF receptors mediates various signaling
pathways, including the activation of NF-κB (Dürkop et al., 1992;
Duckett et al., 1997).

To date, around 80% of cHL patients can be cured
after receiving radiation therapy and chemotherapy. Recently,
early and advanced stages in cHL patients were treated with
doxorubicin, bleomycin, vinblastine, and dacarbazine (ABVD) in
a first line and combined with bleomycin, etoposide, adriamycin,
cyclophosphamide, vincristine, procarbazine, and prednisone
(BEACOPP) in a second line chemotherapy regimen. Although
BEACOPP showed better overall survival rate than ABVD,
its high acute toxicity makes ABVD more acceptable (Carde
et al., 2016). Targeting CD30 on the other hand, is another
strategy for cHL. In a combination with brentuximab vedotin
and ABVD, it showed a promising therapeutic effect, but
resulted in high pulmonary toxicity. By omitting bleomycin
the toxicity was dramatically reduced, and this type of B-AVD
therapy has become popular (Younes et al., 2013). For relapsed
and refractory cHL patients, platinum- or gemcitabine-based
therapies were used in a first line followed by autologous
stem-cell transplantation, which can cure 60% of R/R cHL
patients (Clavio et al., 2005). Nowadays, cHL is almost a curable
disease, but delayed treatment-related toxicity may lead to second
malignancies and cardiovascular disease (Armitage, 2010), and
this has inspired a search for new therapeutic strategies.

Evidence of HDAC in Classical Hodgkin
Lymphoma
As was mentioned previously, expression of abnormal HDACs
has been found in both t cell and B cell lymphomas, which made
it a promising therapeutic target. Because cHL is a type of B cell
lymphoma, HDACs also are overexpressed in cHL. Research from
Tzankov et al. shows that HDAC1, 2, and 3 are highly expressed
in HRS cells. Interestingly, after treatment with HDACIs, the
inhibition of HDAC1 inhibition in HRS cells leads to a poorer
prognostic effect, for reasons that are still under investigation.
Notwithstanding this, HDAC is still deemed a potent therapeutic
target for cHL (Adams et al., 2010).

Application of HDACIs in Classical
Hodgkin Lymphomas
Recently, several HDACIs Figure 2 have been tested against
R/R cHL in clinical trials, including panobinostat (Younes et al.,
2012), vorinostat (NCT00132028), givinostat (NCT00496431),
resminostat (NCT01037478), mocetinostat (NCT00358982),
abexinostat (NCT00724984, NCT01149668), ricolinostat
(NCT02091063), entinostat (NCT00866333), and tinostamustine
(NCT02576496). These HDACIs were used as single treatment
which brought patients positive results. Comparison, however,

with other target therapies, such as PD-1 antibodies or some
immunomodulatory antibodies, showed that HDACIs give
relatively low overall response rates and comparable progression-
free survivals (Adams et al., 2010). Above all, HDACIs might
not be suitable for cHL treatment. On the other hand, HDACIs
have been reported to have the ability to alter cytokines,
which may enhance the immune response (Oki et al., 2014).
Downregulation of PD1 on t cell and upregulation of OX40
ligand in HRS cells can exhibit antitumor immunity through
HDAC11 inhibition (Buglio et al., 2011). This makes HDAC
a favorable enhancer in numerous combination therapies and
a number of clinical trials are now in progress. For instance,
panobinostat has been used with everolimus (NCT00918333),
lenalidomide (NCT01460940), cytarabine (NCT01321346),
and ICE (NCT01169636). Other HDACIs are also being tested
in combination therapies, such as combination of vorinostat
with lenalidomide (NCT01116154), alisertib (NCT01567709),
R-CHOP (NCT00667615), or a combination of mocetinostat
with azacitidine (NCT00543582) and brentuximab vedotin
(NCT02429375). Although some preliminary results showed
high efficacy, further evaluation is necessary.

Perspective
Similar to the role of HDACIs in BCL therapies, HDACIs are
more like an enhancer in cHL therapies. It is certainly single
dosage of HDACIs provided some positive result. However, other
target therapies exhibited more potent in cHL therapies. In spite
of that, HDACIs displayed dramatically increase of efficacy, when
combined with other cHL therapies. Though, the clinical studies
haven’t been completed yet, still give us some inspiration of
HDACIs‘ character in cHL therapies.

TUMOR IMMUNITY REDUCTION

Tumor immunity escape is an important issue in cancer therapy.
As cancer cells are known to be abnormal proliferating cells, they
have a unique microenvironment with which they can evade the
immune system. The programmed death ligand-1/programmed
death-1 (PD-L1/PD-1) pathway, is at the root of the cancer cells’
tolerance to the immune system. PD-1 overexpression in the
tumor microenvironment causes an immunosuppressive effect
(He et al., 2015; Jiang et al., 2019). Research on melanoma
tumor cells has found that the tumor immunity is utilized
by the host immune system, instead of by the tumor itself,
which means that one can reduce the tumor immunity by
modulating the immune system. B7 is a protein family that
is found on antigen presenting cells (APC), and can bind to
t cells. B7-H1, one of the B7 family members also known as
PD-L1, has been found to be abundant in cancer cells. PD-
L1 can be induced by cytokines such as IFN-γ or IL-8, and
these cytokines are produced by CD8 + t cells, and the tumor
microenvironment can be considered as a pro-inflammatory
condition. Thus, targeting CD8 + t cell could be a solution to
reduction of tumor immunity (Dong and Chen, 2003; Harlin
et al., 2009; Spranger et al., 2013).
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Application of HDACIs to Tumor
Immunity Reduction
As mentioned previously, HDACs play a crucial role in t cell
regulation. In CD8 + t cells, the expression of PD1/PD-L1 has
been shown through an inhibition assay by ACY241, a selective
HDAC6 inhibitor to be positively controlled by HDAC6. Notably,
HDACs other than HDAC6 are important in the CD8 + t
cell immune response pathway (Yu et al., 2002; Adcock, 2007).
Therefore, several HDACIs have been examined for their ability
to reduce the tumor immunity (Bae et al., 2018).

Vorinostat and panobinostat have been used with immune
cell stimulating antibodies in renal and colon carcinomas,
and showed a surprising effect in inhibition of tumor growth
(Christiansen et al., 2011). The selective HDAC inhibitor,
entinostat, combined with IL-2 is also effective in a renal cell
carcinoma mice model (Kato et al., 2007). Besides conventional
HDAC inhibitors, some new compounds were synthesized
for this kind of HDAC mediated immunotherapy (Vo et al.,
2009). A novel HDAC and HSP90 dual inhibitor also causes
downregulation of PD-L1 expression (Mehndiratta et al., 2020).
These results are still in pre-clinical stages, but they provide a new
aspect in immunotherapies.

CONCLUSION

Lymphomas are a group of hematopoietic malignancies with
complex pathogenesis and which easily relapse. Thus, new
therapeutic targets are necessary. As HDAC being an important
character in epigenetic modulation, HDACIs have been approved
for the treatment of several cancers. These HDACIs also
show high potency in treatment of lymphomas. In T cell
lymphoma, single usage of HDACIs shows promising results
and combination of HDACIs with conventional chemotherapies
showed a synergistic effect comparable to that from a single
dosage. However, in B cell lymphoma and Hodgkin lymphoma,
single usage of HDACIs, shows low overall response rates,
which means it may be unsuitable for both B cell lymphoma
and Hodgkin lymphoma. Fortunately, when combined with

chemotherapies or other targeting therapies, the therapeutic
effect was surprisingly enhanced. In some of the cases, the
overall response rate was increased to more than 80%. This
result inspired us to focus on the character of HDACIs in
combination therapies. We concluded that in studies of the role
of HDACs in T cells and tumor immunity expression, HDACIs
might act as an enhancer, which can reduce the tumor immunity,
thereby increasing the drugs’ therapeutic effects. According to
the information gained from B cell lymphoma and Hodgkin
lymphoma treatments, we predict that HDACIs can not only
arrest the cell cycle and trigger apoptosis, but modulate the t cell
function in order to reduce tumor immunity. Indeed, there is
some research in this area but still the precise mechanism should
be clarified. Noticeably, HDACIs can both reduce the production
of cytokines and lower the expression of PD-1. The modulation
of HDACs by these two actions is already known, but their
influence on the therapeutic effects remains unknown and further
investigation is needed. HDACIs are still potent and prospectively
useful either in immunotherapies or target therapies. We hope
that HDACIs may lead us to cures for cancer in the future.
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