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Histone deacetylase inhibitors are promising agents for various T-
cell lymphomas, including cutaneous T-cell lymphoma, periph-
eral T-cell lymphoma, and adult T-cell lymphoma/leukemia.

CCR4 is an important therapeutic target molecule because moga-
mulizumab, an anti-CCR4 antibody, has shown promising efficacy
against various T-cell lymphomas. In this study, we examined the in vitro
synergistic effects of mogamulizumab and histone deacetylase
inhibitors against various T-cell lymphomas. First, we examined the
expression of CCR4 mRNA and surface CCR4 in various T-cell lym-
phoma cell lines and found that it was downregulated upon treatment
with vorinostat, a pan-histone deacetylase inhibitor. Next, we used iso-
form-specific histone deacetylase inhibitors and short-interfering RNA
to determine the histone deacetylase isoform involved in the regulation
of CCR4, and demonstrated that romidepsin, a class I selective histone
deacetylase inhibitor, reduced CCR4 most efficiently. Moreover, among
class I histone deacetylases, histone deacetylase 2 knockdown led to a
reduction of CCR4 in lymphoma cells, suggesting that CCR4 expression
is mainly regulated by histone deacetylase 2. When we examined the
CCR4 expression in skin samples from primary cutaneous T-cell lym-
phoma, obtained from the same patients before and after vorinostat
treatment, we found that CCR4 expression was greatly reduced after
treatment. Finally, when we conducted an antibody-dependent cell-
mediated cytotoxicity assay with mogamulizumab by using various
lymphoma cells, we found that the efficacy of mogamulizumab was sig-
nificantly reduced by pretreatment with vorinostat. Altogether, our
results suggest that the primary use of histone deacetylase inhibitors
before treatment with mogamulizumab might not be suitable to obtain
synergistic effects. Moreover, these results have potential implications
for optimal therapeutic sequences in various CCR4-positive T-cell lym-
phomas.

Histone deacetylase inhibitors downregulate
CCR4 expression and decrease mogamulizumab
efficacy in CCR4-positive mature T-cell
lymphomas
Akihiro Kitadate,1,3 Sho Ikeda,1 Fumito Abe,1 Naoto Takahashi,1 Norio Shimizu,2
Kosei Matsue3 and Hiroyuki Tagawa1

1Department of Hematology, Nephrology, and Rheumatology, Akita University Graduate
School of Medicine; 2Division of Virology and Immunology, Medical Research Institute,
Tokyo Medical and Dental University, Tokyo and 3Division of Hematology/Oncology,
Department of Medicine, Kameda Medical Center, Kamogawa, Japan

ABSTRACT

Introduction
Mature T-cell neoplasms comprise approximately 20 sub-classified categories of

non-Hodgkin lymphomas and are broadly divided into cutaneous T-cell lym-
phomas (CTCL) and peripheral T-cell lymphomas (PTCL).1-3 For instance, according
to the World Health Organization (WHO) classification, PTCL includes peripheral
T-cell lymphoma not otherwise specified (PTCL-NOS), angioimmunoblastic T-cell
lymphoma, anaplastic large cell lymphoma (ALCL), adult T-cell leukemia/lym-



phoma (ATLL), and others. CTCL mainly consist of myco-
sis fungoides and Sézary syndrome.1-3 In addition, the
main mature natural killer (NK)-cell neoplasms include
extranodal NK/T-cell lymphoma, nasal type and NK-cell
leukemia.1-3
Combination chemotherapy, including cyclophos-

phamide, hydroxydoxorubicin, vincristine, and pred-
nisone (CHOP) as well as CHOP-like regimens, has usual-
ly been the standard first-line treatment for patients with
PTCL and advanced CTCL.4 Except for anaplastic lym-
phoma kinase-positive ALCL, however, the efficacy of
these combination therapies is unsatisfactory, and most
patients have a poor prognosis.5 Improvement of the sur-
vival of patients with malignant lymphoma has recently
been expected on the basis of the appearance of various
molecular targeted therapeutic drugs. Novel molecular tar-
geted therapies have also been developed against T-cell
and NK-cell neoplasms. Two particularly noteworthy
therapies are mogamulizumab, an anti-CCR4 antibody,
and histone deacetylase (HDAC) inhibitors, including
vorinostat and romidepsin. These two promising thera-
pies are currently being applied separately for the treat-
ment of T-cell and NK-cell lymphomas.
Mogamulizumab is a humanized anti-CCR4 antibody

developed against ATLL that highly expresses CCR4, a
chemokine receptor. Mogamulizumab prompts potent
antibody-dependent cellular cytotoxicity (ADCC) activity
against malignant cells.6-8 CCR4 is expressed in ATLL and
in approximately 38% of PTCL.9 In addition, expression of
CCR4 is promoted in CTCL with the progression of the
disease.10 In recent years, mogamulizumab has been
shown to be clinically effective against CCR4-positive
CTCL and PTCL.11 Moreover, mogamulizumab has been
shown to be effective against T-cell and NK-cell lym-
phomas in preclinical studies.12 Mogamulizumab is, there-
fore, a promising agent for the treatment of CCR4-posi-
tive T-cell and NK-cell lymphomas.
Eighteen isoforms of HDAC are known.13,14 In particular,

class I HDAC (HDAC1, HDAC2, and HDAC3) are consid-
ered to inhibit the transcription of tumor-suppressor genes
and additional related genes (e.g., p21, miR-16).14-17 The
inhibition of class I HDAC could, therefore, restore the
expression of tumor suppressor genes and exert an anti-
tumor effect.17,18 HDAC inhibitors can be classified into
two types, namely pan-HDAC inhibitors and isoform-
specific HDAC inhibitors. While pan-HDAC inhibitors
broadly inhibit multiple HDAC, isoform-specific HDAC
inhibitors target specific HDAC. The pan–HDAC
inhibitor, vorinostat/suberoylanilide hydroxamic acid
(SAHA), is a first-line therapy against advanced CTCL19

and HBI-8000, a new pan-HDAC inhibitor, has also been
suggested from preclinical studies to be active against
ATLL.20 The class I-specific HDAC inhibitor, romidepsin,
has shown promising efficacy against PTCL.21 In addition,
a novel pan-HDAC inhibitor, belinostat was recently
approved for use in relapsed or refractory PTCL in the
USA.22 As described above, we can expect the clinical
application of HDAC inhibitors in various T-cell lym-
phomas.
The synergistic effects of molecular targeted drugs could

be studied for future therapeutic strategies. The efficacy of
HDAC inhibition in combination with anti-PD-1 antibod-
ies,23 bortezomib,24 DNA methyltransferase inhibitors,25 a
Bruton tyrosine kinase inhibitor,26 and other treatments
has been suggested. These are expected to have a syner-

gistic effect through the combined use of molecular target-
ed drugs. However, there is a risk that molecular targeted
drugs with different modes of action may adversely affect
each other. Among these combinations, in this study, we
clarify the effect of the combined use of mogamulizumab
and HDAC inhibitors on various T-cell and NK-cell lym-
phomas. Based on our findings, we discuss what benefits
or adverse effects might be assumed for patients if these
molecular targeting agents are used in clinical practice.

Methods

Primary lymphoma and control samples
We collected samples from patients with ATLL (n=1), PTCL-

NOS (n=2), and advanced CTCL (n=6). Six samples were obtained
before and after treatment of SAHA/vorinostat. For quantitative
reverse transcriptase polymerase chain reaction (RT-PCR) analysis
of normal control cells, CD4 positive cells were collected from
healthy donors using a magnetic cell sorting system (Miltenyi
Biotec, Bergisch Gladbach, Germany) or cell sorter (Dako
Cytomation MoFlo, Tokyo, Japan). Samples were collected under
a protocol approved by the Institutional Review Boards of Akita
University.

Cell lines 
We used the following 15 cell lines for this study: My-La, HH,

MJ, and HUT78 (CTCL cell lines), MT-1, MT-2, MT-4, and TL-Su
(ATLL cell lines), SR786 and Karpass299 (K299) (ALCL cell lines)
and Kai3, SNK6, HANK1, SNK10 and KHYG1 (NK-cell lym-
phoma/leukemia cell lines). HH, HUT78, and MJ cell lines were
purchased from the American Type Tissue Collection. My-La was
from the European Collection of Cell Cultures. K299 and SR786
were purchased from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen. KHYG1, MT-1, MT-2, MT-4, TL-Su, and Kai3
were bought from the Japanese Collection of Research
Bioresources Cell Bank. HANK1 was a gift from Dr Yoshitoyo
Kagami (Toyota Kosei Hospital, Japan). Cells were cultured in
Arteimis-1 medium (with or without 2% inactivated human
serum), which is a chemically defined, serum-free medium pur-
chased from NihonTechno Service Co. Ltd. (Ibaraki, Japan). It con-
tains recombinant human insulin (5.0 μg/L), recombinant human
interleukin-2 (250 IU/mL), and human serum albumin (2 g/L). It
does not contain any other cytokines or growth factors. 

Real-time quantitative reverse transcriptase 
polymerase chain reaction analysis 
Real-time quantitative RT-PCR was performed with the

Taqman method (Life Technology) using the Light Cycler 480
probe master (Roche Diagnostics, Basel, Switzerland). The
Taqman probes for CCR4 (Hs00747615_s1) and GAPDH
(Hs02758991_g1) were purchased from Applied Biosystems
(Foster City, USA). mRNA levels were normalized to those of
GAPDH and the relative level of expression of specific mRNA was
presented by 2–ΔCt or 2–ΔΔCt. Quantitative stem-loop reverse tran-
scription was then performed using a First-Strand cDNA Synthesis
Kit (GE Healthcare, Buckinghamshire, UK).

Flow cytometric analyses
For flow cytometric analysis, cells were stained at 4°C with flu-

orescein isothiocyanate-conjugated anti-human CCR4 (R&D
Systems, Minneapolis, USA). The appropriate isotype controls
used were unlabeled mouse IgG1 antibody (R&D Systems). After
washing, cells were analyzed using a FACS Canto flow cytometer
(BD Biosciences, San Jose, CA, USA).
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Immunohistochemical analysis
Immunostaining for CD4 and CCR4 in paraffin-embedded

blocks of primary T-cell lymphoma samples was conducted
according to the protocols of the kits’ manufacturers. CONFIRM
anti-CD4 (SP35) was purchased from Roche Diagnostics. The
CCR4 staining kit was bought from Kyowa Medex (Tokyo,
Japan).

Chemicals
Vorinostat was purchased from R&D Systems. Romidepsin,

CI994, RGFP966, and ricolinostat were bought from Cosmo Bio
Co., Ltd. (Tokyo, Japan). PCI-34051 was purchased from Santa
Cruz Biotechnology (Santa Cruz, USA). 

Transient short interfering RNA transfection
For transient knockdown of HDAC1 (product n. L-003493-00),

HDAC2 (product n. L-003495-02), and HDAC3 (product n. L-
003496-00), we used Dharmacon ON-TARGET plus SMART pool
short interfering (si) RNA. For a non-targeting control, we used
Dharmacon ON-TARGET plus Non-targeting pool (product n. D-
001810-10). These were purchased from GE Health Care Japan
(Tokyo, Japan). siRNA transfection was performed using the
Amaxa cell optimization kit V (Amaxa, Koeln, Germany) accord-
ing to Amaxa guidelines.

Antibody-dependent cell-mediated cytotoxicity assay
Cell lines were used as target cells. Human peripheral blood

mononuclear cells from healthy donors were used as effector cells.
Target cells (2.5x103) and effector cells (1.25x105) were co-cultured
in 96-well plates with mogamulizumab or solvent alone (control)
for 4 h in Artemis-1 medium. After incubation, the supernatant of
each well was obtained, and percentage cell death was calculated
by measuring the lactate dehydrogenase concentration in the
supernatant using the CytoTox 96 Non-Radioactive Cytotoxicity
Assay (Promega, Madison, USA).  

Cell migration assay
In vitro cell migration was assayed using a CytoSelect 96-Well

Cell Migration Assay kit (5 μm, Fluorometric Format) (Cell
Biolabs, Inc. San Diego, CA, USA) according to the manufacturer's
protocol. Migration was stimulated by CCL22 (500 ng/mL) in the
lower chamber; no serum was added to the upper chamber. The
incubation period was 16 h and the cell lysis buffer was trans-
ferred to a 96-well plate. Relative fluorescence units were meas-
ured by a plate reader at 480 nm/520 nm. The migration index
was calculated as the number of cells migrating toward the con-
centration gradient of chemokines divided by the number of cells
migrating toward medium only.

Western blot analysis
HDAC1 (#5356), HDAC2 (#5113) and HDAC3 (#3949) were

purchased from Cell Signaling (Danvers, USA). Tubulin (MS-581-
P0) was acquired from NeoMarkers (Fremont, CA, USA).

Statistical analysis
A Student t-test was used to examine the statistical significance

of the findings.

Results

Vorinostat downregulates the expression of the CCR4
chemokine receptor in various T-cell lymphoma cell lines 
We first examined the expression of CCR4 in 15 T-cell

and NK-cell lymphoma cell lines and a sample of periph-

eral blood mononuclear cells to investigate the effect of
vorinostat, a pan-HDAC inhibitor, on CCR4 expression.
The expression of CCR4 was analyzed by quantitative
RT-PCR using the Taqman method. The chemokine
receptor was expressed in most (11 out of 15) cell lines,
including ATLL (MT-1, MT-2, MT-4, and TL-SU), CTCL
(My-La, HH, and MJ), and NK/T-cell lymphoma cell lines
(Kai3, SNK6, HANK1, and SNK10) (1.0- to 7.6-fold
change). However, as previously reported, anaplastic lym-
phoma kinase-positive ALCL cell lines (SR786 and K299)
had lower expression compared with CD4-positive T
cells.27 Next, we investigated the effect of vorinostat on
CCR4 expression in T-cell and NK-cell lymphoma cell
lines. Since the IC50 (24 h) of vorinostat in T-cell lym-
phomas is 5 μM, as previously reported,16 an exposure
experiment at this concentration was conducted. When
quantitative RT-PCR was performed with the vorinostat-
treated cells, the mRNA levels of CCR4 were markedly
reduced, except for those in the cell lines HUT78, KHYG1,
SR786, and K299, which did not express CCR4 (Figure
1A). This result was independent of the presence or
absence of a human T-cell leukemia virus type-1 infection. 
Next, we examined the changes in the expression of

CCR4 protein using flow cytometry. Similar to the change
in CCR4 mRNA, the CCR4 mean fluorescence intensity
decreased markedly in the 11 CCR4-expressing cell lines
after vorinostat treatment (Figure 1B,C). To investigate
whether vorinostat affects the function of CCR4, we car-
ried out in vitro CCL22-dependent chemotaxis assays. In
this experiment, cell lines were plated onto the upper
chamber of transwell plates, and the cell migration capa-
bility from the upper chamber to the lower chamber,
where CCL22 was bound, was examined (Figure 1D).
There was no fetal calf serum in either chamber. The
migration was quantified on the basis of relative fluores-
cence units, as previously described.28 Control cells migrat-
ed from the upper to the lower chamber, but the migra-
tion was significantly suppressed by vorinostat (Figure
1D). From the foregoing outcomes, we concluded that
vorinostat decreases mRNA expression and surface
expression of CCR4, and as a result, suppresses the func-
tion and migration of T-cell lymphoma cells.

CCR4 expression in cutaneous T-cell lymphoma and
adult T-cell leukemia/lymphoma cells is regulated 
by HDAC2
Given the results shown in Figure 1, we speculated that

the expression of CCR4 is regulated by HDAC. Among
the known 18 HDAC, class I HDAC (HDAC1, HDAC2,
and HDAC3) are involved in gene transcription within the
cell nucleus.29 In order to narrow down which HDAC
could control CCR4 expression, we used various isoform-
or class-selective HDAC inhibitors. In detail, we used the
following class-specific HDAC inhibitors: romidepsin as a
class I-selective HDAC inhibitor,30 CI-994 as an
HDAC1/HDAC2-selective inhibitor,31 and RGFP966 as an
HDAC3-selective inhibitor.32 We also studied HDAC6 and
HDAC8 inhibitors, which are expected to have therapeu-
tic effects on hematopoietic tumors:33,34 ricolinostat as an
HDAC6-specific inhibitor and PCI-34051 as an HDAC8-
specific inhibitor.35,36 When these CTCL cells were
exposed to these drugs at the IC50, romidepsin and CI-994
strongly suppressed CCR4 expression (Figure 2A). These
results suggest that class I HDAC might control CCR4
expression. 
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We further performed knockdown experiments using
siRNA against HDAC1, HDAC2, and HDAC3. We con-
firmed the suppression of expression of these proteins by
western blot analysis (Figure 2B). When we compared the
change in expression of CCR4 mRNA in HDAC-knock-
down cells, HDAC2 knockdown cells showed the most
significantly decreased expression of CCR4 mRNA (Figure
2C). Moreover, when we examined the surface expression
of CCR4 in HDAC-knockdown cells by flow cytometry,
HDAC2-knockdown cells showed the greatest decrease in
CCR4 mean fluorescence intensity (Figure 2D). This
knockdown experiment was also performed on ATLL cell
lines (MT-1 and MT-4), and confirmed a significant
decrease in CCR4 mean fluorescence intensity (Figure
2D). These results suggest that class I HDAC, especially
HDAC2, might be deeply involved in the regulation of
CCR4 expression.

Pretreatment with histone deacetylase inhibitors
significantly decreased mogamulizumab-induced 
antibody-dependent cell-mediated cytotoxicity
Mogamulizumab binds strongly to CCR4-positive cells

and elicits powerful ADCC against tumor cells.37 We pre-
viously reported that pan-HDAC inhibitors (vorinostat
and panobinostat) decreased the expression of chemokine
receptor CCR6/CCR6 in CTCL.17 Together with these
reports, we hypothesized that HDAC inhibitors may
decrease the expression of CCR4, leading to the negative
effect of mogamulizumab on ADCC activity. We there-
fore examined whether the combination of HDAC
inhibitor and mogamulizumab might affect ADCC activi-
ty against T-cell lymphomas. We conducted a moga-
mulizumab-induced ADCC assay against cells pretreated
with vorinostat (for 24 h) (Figure 3A). Firstly, viability with
mogamulizumab was confirmed by an MTT assay and
there was no change in viability of cell lines (data not
shown). Compared to control cells treated with dimethyl-
sulfoxide, we found that cytotoxicity induced by moga-
mulizumab was significantly reduced in vorinostat-treat-
ed cells. In particular, in the cell lines in which expression
of CCR4 was weakly positive (MJ, TL-Su, and SNK10),
the ADCC activity of mogamulizumab almost disap-
peared (Figure 3B). These results indicate that when an
HDAC inhibitor and mogamulizumab are used in combi-
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Figure 1. The pan-histone deacetylase inhibitor, vorinostat reduces CCR4 expression in various T-cell and natural killer- cell lymphoma cell lines. Bars indicate the
mean ± standard error of the mean (SEM) of three independent experiments. Asterisks (*) indicate statistical significance: *0.01 ≤ P < 0.05, **0.001 ≤ P < 0.01,
***P < 0.001, n.s: not siginificant. (A) Quantitative RT-PCR analysis of CCR4 in vorinostat-treated T- and NK-cell lymphoma cell lines (5 μM for 24 h). The Student t-
test was used to examine statistical significance. x-axis: cell lines. y-axis: 2-ΔCt values for microRNA expression. (B) Flow cytometry analysis of CCR4 in indicated T- and
NK-cell lymphoma cells treated with vorinostat. Cells were stained with CCR4-FITC 24 h after vorinostat treatment (5 μM). Representative flow cytometry histograms
are shown. ΔMFI (mean fluorescence intensity) values were obtained after subtraction of the isotype control, MFI from CCR4 MFI. SAHA: suberoylanilide hydroxamic
acid. (C) ΔMFI of CCR4 in vorinostat-treated T- and NK-cell lymphoma cell lines (5 μM for 24 h). x-axis: cell lines. y-axis: ΔMFI of CCR4 in dimethylsulfoxide (DMSO)
or vorinostat-treated T- and NK-cell lymphoma cell lines. (D) Migration assay of lymphoma cells treated with 5 μM vorinostat for 24 h. A schematic illustration of the
migration assay is also shown. RFU: relative fluorescence units. 
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nation, the HDAC inhibitor downregulates CCR4 expres-
sion of lymphoma cells, resulting in a decrease of ADCC
induced by mogamulizumab.

CCR4 expression was greatly reduced after vorinostat
treatment in primary cutaneous T-cell lymphoma
To examine the effect of CCR4 downregulation by

HDAC inhibitors in clinical cases, we examined the CCR4
expression of CTCL skin samples, which were obtained
from the same patients before and after vorinostat treat-
ment. In patient #1, we confirmed strong concordance
between CCR4 positivity and CD4-positive T cells before
vorinostat treatment. However, we found that CCR4
expression was greatly reduced in the specimen at the time
of relapse after 2 years of vorinostat treatment (Figure 4A). 
In Figure 4B, we show the clinical course of patient #1.

This case showed weak positivity for CCR4 at relapse and
when mogamulizumab was administered, but the
response was not effective and the patient had progressive
disease. Similarly, CCR4 expression was evaluated by
immunohistochemical staining for six cases for which
samples before and after vorinostat treatment were avail-

able (Table 1). As a result, we found that CCR4 expression
decreased significantly in the specimens after vorinostat
treatment (Figure 4C). Furthermore, when we examined
CCR4 mRNA changes in the primary samples (patient #7:
ATLL, patient #8: CTCL, and patient #9: PTCL-NOS) treat-
ed with vorinostat, we also confirmed a marked downreg-
ulation of CCR4 (Figure 4D). Significant downregulation of
CCR4 was confirmed when the surface expression was
analyzed in an ATLL primary sample by flow cytometry
(Figure 4E). Moreover, when we conducted an ADCC
assay of mogamulizumab using this primary ATLL sample,
we found that the efficacy of mogamulizumab was signif-
icantly reduced by vorinostat pretreatment (Figure 4F).
These results strongly suggest that ADCC of lymphoma
cells could not be expected from pre-treatment with
HDAC inhibitors, even in the primary sample.

Discussion 

HDAC inhibitors interfere with histone tail modifica-
tions, thus altering chromatin structure and epigenetically
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Figure 2. Effect of isoform-specif-
ic histone deacetylase inhibitors
and histone deacetylase knock-
down on CCR4 expression. Bars
indicate the mean ± standard
error of the mean (SEM) of three
independent experiments.
Asterisks (*) indicate statistical
significance: *0.01 ≤ P < 0.05,
***P < 0.001. (A) Flow cytometry
analysis of CCR4 in CTCL cells
(My-La) treated with various
HDAC inhibitors. Cells were
stained with CCR4-FITC 24 h after
treatment (5 μM vorinostat, 10
nM romidepsin, 50 μM CI994, 20
μM RGFP966, 10 μM ricolinostat,
and 75 μM PCI-34051). Left
panel: representative flow cytom-
etry histograms are shown. Right
panel: ΔMFI of CCR4 in My-La
cells treated with HDAC
inhibitors. (B) Transient knock-
down of HDAC (HDAC1, HDAC2,
and HDAC3) in CTCL (My-La and
HH) cells. Western blot analysis
of HDAC1, HDAC2, and HDAC3 in
cells after transient transduction
of siHDAC or a scrambled control
(scr). Tubulin: protein positive
control. (C) Quantitative RT-PCR
analysis of CCR4 after transient
transfection of siHDAC and a scr
in CTCL cells. x-axis: cell lines; y-
axis: expression relative to con-
trol cells that were assigned a
value of 1.0. (D) ΔMFI of CCR4
after transient transfection of
siHDAC and scr in CTCL (My-La
and HH) and ATLL (MT-1 and MT-
4) cells. x-axis: cell lines; y-axis:
ΔMFI of CCR4. MFI: mean fluo-
rescence intensity.
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controlled pathways. Pan-HDAC inhibitors, such as
vorinostat, can restore the expression of its target mole-
cules. HDAC inhibition directly suppresses the transcrip-
tion of genes regulated by HDAC, while there are genes
whose expression increases with HDAC inhibition.
Mediator molecules, including various microRNA which
are a direct target of HDAC inhibitors, may cause
enhanced gene transcription by HDAC inhibitors. The
main role of HDAC inhibition in cancer treatment is the

restoration of tumor suppressor gene expression, which is
suppressed by HDAC. HDAC inhibitors can restore cod-
ing and non-coding genes, such as CDKN1A/p21 and
miR-16.13,16 p21 is a transcriptional target molecule of
tumor suppressor protein p53. miR-16 is a well-known
tumor-suppressive microRNA.16 Restoration of these mol-
ecules induces cell growth arrest, cellular senescence, and
apoptosis in lymphoma cells.13,16 In addition, we expect
that the restoration of tumor suppressive genes downreg-
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Figure 3. Pretreatment of vorinostat significantly
decreases mogamulizumab-induced antibody-depen-
dent cell-mediated cytotoxicity. Bars indicate the
mean ± standard error of the mean (SEM) of three
independent experiments. Asterisks (*) indicate sta-
tistical significance: **0.001 ≤ P < 0.01, ***P <
0.001, n.s: not siginificant. (A) A schematic illustration
of the ADCC assay is shown. Cells were treated with 5
μM vorinostat for 24 h or dimethylsulfoxide (DMSO) as
a control before mogamulizumab treatment.
Cytotoxicity was measured using the lactate dehydro-
genase assay in the presence of effector cells (periph-
eral blood mononuclear cells. PBMC) obtained from
healthy volunteers and mogamulizumab (10 mg/mL)
or the same volume of solvent (control). The ratio of
target:effector cells was fixed at 1:50. (B) The ADCC
assay against CTCL (upper panel: MyLa, HH, MJ, and
HUT78), ATLL (middle panel: MT-1, MT-2, MT-4, and TL-
Su), and NK/T-cell lymphoma (lower panel: SNK6,
Kai3, HANK1, and SNK10) cell lines. x-axis: cell lines;
y-axis: percent cell lysis.

A

B



ulates oncogenes and the translation of proteins. For
example, BMI1/Bmi-1, a proto-oncogene, is suppressed by
the restoration of miR-16.16,38 Thus, the role of HDAC
inhibitors in eradicating cancer cells involves restoring
tumor suppressive genes by downregulation of onco-
genes. 
However, considering the effects of HDAC inhibition

on chemokines, chemokine receptors, and cell surface
antigens, its respective tumor-suppressive and tumor-pro-
moting aspects must be analyzed. When considering the
anti-tumor effects, enhancement of the expression of
chemokine receptors or chemokines may be desired in
some cases, while their suppression may be desirable in
other cases. As an example of desirable enhanced expres-
sion, Zheng et al. recently showed that HDAC inhibition
can enhance T-cell infiltration and T-cell dependent tumor

regression by increasing the expression of CCL5, CXCL9,
and CXCL10, thereby augmenting the immune effect of
anti-PD-1.23 As an example of desirable reduced expres-
sion by HDAC inhibition, we recently reported that
HDAC inhibition decreased CCR6 expression via upregu-
lation of miR-150 and consequently inhibited multiple
metastases of CTCL cells.17 However, as we have shown
in this study, HDAC inhibitors also decrease the expres-
sion of CCR4. As a result, mogamulizumab-inducible
ADCC was remarkably decreased, and a synergistic effect
between mogamulizumab and HDAC inhibition could
not be confirmed. A similar synergistic effect was expect-
ed from combining HDAC inhibitors with antibodies for
cell surface antigens, but is not advisable. For example,
Hasanali et al. previously showed that vorinostat sup-
presses CD30 expression and attenuates the efficacy of
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Figure 4. CCR4 expression of clini-
cal lymphoma samples before and
after vorinostat treatment. Bars
indicate the mean ± standard error
of the mean (SEM) of three inde-
pendent experiments. Asterisks (*)
indicate statistical significance:
*0.01 ≤ P < 0.05, **0.001 ≤ P <
0.01, ***P < 0.001, n.s: not siginif-
icant. (A) CCR4 expression deter-
mined by immunohistochemical
staining before and after vorinostat
treatment. Representative results
from samples (skin and lymph
nodes) from patient with mycosis
fungoides (MF) are shown.
Specimens were stained with
hematoxylin and eosin (HE), CD4,
and CCR4 for a pathological diag-
nosis and confirmation: 200x mag-
nification. LN: lymph node. (B)
Clinical time course in patient (Pt)
#1 with MF before and after vorino-
stat treatment. (C) CCR4-positive
lymphocytes (% of total infiltrating
lymphocytes) in specimens from six
patients (Pt #1 - 6) before and after
vorinostat treatment. The Student
t-test was used to examine statisti-
cal significance. (D) Quantitative
RT-PCR analysis of CCR4 in sam-
ples of primary T-cell lymphomas
(ATLL, CTCL, and PTCL-NOS) (Pt #7 -
9) exposed to 5 μM vorinostat for
24 h. (E) ΔMFI of CCR4 in a sample
of primary ATLL (Pt #7) treated with
5 μM vorinostat for 24 h. (F) ADCC
assay against a sample of primary
ATLL. Cells were treated with 5 μM
vorinostat for 24 h or control cells
treated with dimethylsulfoxide
(DMSO) before mogamulizumab
treatment. Cytotoxicity was meas-
ured using the lactate dehydroge-
nase assay in peripheral blood
mononuclear cells obtained from
healthy volunteers and moga-
mulizumab (10 mg/mL) or the
same volume of solvent (control).
The ratio of target: effector cells
was fixed at 1:50.

A

B C

D E F



the anti-CD30, brentuximab vedotin, in ALCL.39 Thus,
when expecting a synergistic effect from HDAC inhibi-
tion and other molecular targeted drugs, the influence of
the target molecule of HDAC inhibitors must be exam-
ined sufficiently. 
Accumulated knowledge of the targets of HDAC inhibi-

tion could lead us to establish effective strategies for the
administration order of molecular targeting agents. For
example, CCR4 expression of a vorinostat-treated clinical
sample from patient #1 recovered slightly 2 weeks after
completion of treatment. This might be because of the
recovery of epigenetically repressed CCR4 expression.
Although the diminished expression of CCR4 by vorinos-
tat was epigenetic, it appeared to be reversible.40 To test
this notion, we monitored CCR4 expression of CTCL cell
lines at specified time points (24, 48, and 72 h) after
vorinostat treatment (5 μM, 24 h). Following the removal

of vorinostat, CCR4 expression returned to pretreatment
levels after 72 h (data not shown). However, it is unknown
how long CCR4 expression would take to recover after
long-term vorinostat exposure in vivo. The restoration of
CCR4 expression to its original level after vorinostat treat-
ment completion may require some time. For patient #1,
we could not exclude the possibility that the ADCC of
effector cells was attenuated by five cycles of CHOP ther-
apy. In addition, mogamulizumab has been shown to
decrease CCR4-positive regulatory T cells and increase
CD8-positive T cells and NK-cell numbers.41 The effect on
such tumor microenvironments is also an important factor
and the positivity of CCR4 alone may not, therefore,
determine the response to mogamulizumab. Nevertheless,
at least, it may be beneficial for patients to use moga-
mulizumab followed by vorinostat as a treatment strategy
for CCR4-positive T-cell lymphomas. 

Table 1. Information about the patients with T-cell lymphoma.
Case        Age     Sex    Primary diagnosis        Biopsy           Stage        CCR4+        Treatment          Duration    Post-vorinostat        Clinical         Immunophenotype          Other
                                                                                            at biopsy     T cells      and therapy     of vorinostat     treatment         response to
                                                                                                            in lesions                              (months)        interval at    mogamulizumab                
                                                                                                                  (%)                                                           re-biopsy                                             

Pt #1            58          M       Mycosis fungoides             Skin                    IV                  95               nbUVB→                     -                            -                                             CD3(+)CD4(+)CD5(+)
                                                                              Skin (after vorinostat)   IV                   5             vorinostat→                 24           Under treatment             PD             CD7(-)CD8(-)CD30(-)
                                                                               LN (after vorinostat)    IV                  15                CHOP→                                                                                                   ALK(-)PD1(-)EBER(-)               
                                                                                                                                                              mogamulizumab               -                     2 weeks

Pt #2            62          M       Mycosis fungoides             Skin                  III A                60               nbUVB→                     -                            -                                              CD3(+)CD4(+)CD5(-)
                                                                                                                                                                 vorinostat→                                                                                -               CD7(-)CD8(-)CD30(-)
                                                                                               Skin                 III A                20                   CHOP                       12                     1 week                                         ALK(-)PD1(-)EBER(-)               
                                                                                  (after vorinostat)                                                                                                                                                      

Pt #3            41          M       Mycosis fungoides             Skin                    IV                   5                nbUVB→                     -                            -                                              CD3(+)CD4(+)CD5(-)
                                                                                                                                                                 vorinostat→                                                                                -               CD7(-)CD8(-)CD30(-)
                                                                                               Skin                   IV                   5        CHOP gemcitabine           20                    2 weeks                                        ALK(-)PD1(-)EBER(-)
                                                                                  (after vorinostat)

Pt #4            68           F               PTCL-NOS                      LN                     IV                  55                CHOP→                      -                            -                                              CD3(+)CD4(+)CD8(-)
                                                                                                                                                            GDP→vorinostat                                                                         PD         CD20(+)CD30(-)CD79a(-)
                                                                                                LN                     IV                  10            gemcitabine                  3                      1 week
                                                                                  (after vorinostat)                                          mogamulizumab               

Pt #5            82           F        Mycosis fungoides             Skin                    IV                  30                                                      -                            -                                              CD3(+)CD4(+)CD5(-)
                                                                                                                                                                   Vorinostat                                                                                  -               CD7(-)CD8(-)CD30(-)
                                                                                               Skin                   IV                   5                                                       6            Under treatment                               ALK(-)PD1(-)EBER(-)               

                                                                                  (after vorinostat)

Pt #6            67          M       Mycosis fungoides             Skin                    IV                  45            Interferon-γ,                 -                            -                               -             CD3(+)CD4(+)CD5(+)
                                                                                                                                                            PUVA→radiation,                                                                                           CD8(-)CD30(-)ALK(-)
                                                                                               Skin                    IV                  10      nbUVB→vorinostat           5            Under treatment               -

Pt #7            65           F               Adult T-cell         Pleural effusion         IV                  95        Dose-intensified              -                            -                             PR           CD3(+)CD4(+)CD5(+)  Monoclonal
                                                      lymphoma                                                                                   chemotherapy→                                                                                          CD8(-)CD25(+)CD30(-)   integration
                                                                                                                                                              mogamulizumab                                                                                                  ALK(-)Foxp3(+)           of HTLV-1 
                                                                                                                                                                                                                                                                                                                                      proviral DNA 
                                                                                                                                                                                                                                                                                                                                               was 
                                                                                                                                                                                                                                                                                                                                         confirmed

Pt #8            78          M       Mycosis fungoides              LN                     IV                  60  nbUVB→PUVA→CHOP       -                            -                               -             CD3(+)CD4(+)CD5(+)
                                                                                                                                                                                                                                                                                         CD8(-)CD30(-)ALK(-)               

Pt #9            67          M              PTCL-NOS          LN (at relapse)         IV                  40         CHOP→GDP→               -                            -                               -             CD3(+)CD4(+)CD5(+)
                                                                                                                                                           camptothecin 11→                                                                                       CD8(-)CD30(+)EBER(-)
                                                                                                                                                         brentuximab vedotin           

LN: lymph node; nbUVB: narrow-band ultraviolet beta wave therapy; CHOP: cyclophosphamide, doxorubicin, vincristine, and prednisone therapy; PD: progressive disease; GDP: gemcitabine, dex-
amethasone, and cisplatin therapy; PR: partial response. M: male; F: female; CCR4-positive cell numbers as a percentage of total infiltrating lymphocytes.
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In this study, we showed that HDAC2 mainly regulates
CCR4 expression. Avoiding unnecessary inhibition of tar-
get genes by HDAC inhibitors may be important for the
reduction of side effects. The development and clinical
application of isoform-specific HDAC inhibitors are pro-
gressing.42 Romidepsin, a class I-specific HDAC inhibitor
has been shown to be clinically effective against PTCL.21
Currently, however, HDAC inhibitors that can be used
against malignant lymphomas, including vorinostat,
romdepsin, and belinostat, all suppress HDAC2.
Consequently, the suppression of CCR4 by class-specific
or pan-HDAC inhibitors is currently inevitable. In con-
trast, the HDAC6-selective inhibitor, ricolinostat, has
potential for therapeutic application against multiple
myeloma.43 It has also been shown that PCI-34051, an
HDAC8-specific inhibitor, induces apoptosis specifically
in T-cell lymphomas.36 Because these HDAC inhibitors did
not suppress CCR4 expression in our study, their clinical
efficacy in lymphomas should be examined for future clin-
ical trials. In addition, because HDAC inhibitors directly
restore target gene expression, they might decrease CCR4
expression by some undetermined mediating molecules

such as microRNA. Alternatively, the decrease may be
mediated by undetermined transcription factor(s) that reg-
ulate CCR4 expression, although we did not determine
these factors. Further research is required to elucidate the
specific mediator. 
In summary, our results suggest that the use of HDAC

inhibitors before mogamulizumab against CTCL and
PTCL might reduce the benefits of mogamulizumab in
patients. Conversely, mogamulizumab followed by an
HDAC inhibitor may be effective. In developing a thera-
peutic strategy, the effect of HDAC inhibitors on com-
bined molecular targeted drugs directly affects the benefits
that patients gain.
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