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The presence of regulatory T cells (Tregs) in the tumor is associated with worse 
prognosis in patients with melanoma. Targeting Tregs can limit tumor growth and 
synergize with PD-1 checkpoint blockade therapy. However, therapeutic avenues 
for Treg targeting remain limited. Class-specific inhibition of histone deacetylase 
(HDAC) can reduce both frequency and the suppressive function of Tregs. LMK235 
is a class II specific HDAC inhibitor, shown to reduce Treg function in vitro. However, 
the efficacy of LMK235 in tumor models remains unexplored. We therefore 
evaluated the effect of LMK235 on Treg populations and its potential synergistic 
effects with anti-PD-1 on tumor growth control. Unexpectedly, in two syngeneic 
murine melanoma models (MeVa2.1.dOVA and B16.dOVA), LMK235 failed to alter 
Treg populations in the tumor and had limited therapeutic benefit in vivo.   
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Introduction

Immune checkpoint blockade (ICB) therapies have significantly prolonged the overall 
survival of patients with advanced stage cutaneous melanoma [1]. However, nearly 
55% of the patients do not respond to anti-PD-1 monotherapy [2], due to intrinsic or 
acquired resistance mechanisms [3]. The presence of regulatory T cells (Tregs) results 
in a suppressive tumor microenvironment (TME), which has been associated with a 
lack of response to ICB therapies in melanoma [4]. Tregs are a subset of suppressive 
immune cells, marked by the expression of the transcription factor Forkhead box P3 
(FoxP3) [5]. Under physiologic circumstances, they play an important role in maintaining 
peripheral tolerance to self-antigens [5]. However, their presence is detrimental in the 
context of anti-tumor immunity, since they suppress CD8+ T cell effector functions [4]. 
A shift to a high Tregs to a low CD8+ T cell frequency is associated with worse prognosis 
in melanoma [6], making Tregs an attractive therapeutic target to enhance the efficacy 
of immunotherapy [4]. In line with this notion, depleting Tregs in murine models results 
in increased effector responses and better tumor growth control [7,8]. Targeting Tregs 
can also increase the efficacy of PD-1 checkpoint blockade treatment in murine tumor 
models of melanoma [7,9,10]. However, limited therapeutic strategies are available in 
the clinic to specifically deplete Tregs in the tumor. Current strategies to target Tregs 
include Fc tail modified monoclonal antibodies against CD25 [7] and CTLA-4 [11], which 
induce target cell killing via antibody dependent cell cytotoxicity (ADCC). However, the 
expression of these markers is not exclusive to Tregs and is upregulated by effector CD4+ 
T cells and CD8+ T cells upon activation [12,13]. As a result, such strategies raise concerns 
regarding potential depletion of effector T cells. Therefore, testing other candidates that 
can specifically reduce Treg frequencies and function in the tumor is warranted.    

Accumulating data have shown that histone deacetylase (HDAC) inhibitors could be 
beneficial in controlling tumor growth owing to their immune-modulatory properties 
[14,15]. Certain HDAC inhibitors can modulate the expression of FoxP3, thus altering 
the functionality of Tregs [16]. HDACs are grouped into class I (HDAC 1 2, 3 and 8), class 
IIa (HDAC 4, 5, 7 and 9), class IIb (HDAC 6 and 10), class III (sirtuins) and class IV (HDAC 
11) [15]. While knockout (KO) of HDAC 6, HDAC 9, HDAC 10 and HDAC 11 is known to 
augment Treg suppressive functions, KO of HDAC 3 and HDAC 5 reduces Treg func-
tionality [17–22]. Therefore, specific targeting of HDAC 3 or HDAC 5 might reduce Treg 
suppressive functions. 

LMK235 is a class II (HDAC 4 and HDAC 5)-specific inhibitor that has been shown to 
reduce induction of Tregs [18]. However, the efficacy of targeting HDAC class II, using 
LMK235, in tumor models remains unexplored. We therefore evaluated the effect 
of LMK235 on Tregs and tested its efficacy on tumor growth control in two murine 
melanoma models, with the idea to create a rationale for combining LMK235 with 
immunotherapy in patients who do not benefit from immunotherapy alone. 
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Results

LMK235 modulates Treg induction in vitro without altering conventional T cells
Since inhibition of HDAC5 lowers expression of FoxP3 [18], we first set-out to confirm 
the effect of LMK235 on TGFβ-mediated induction of murine FoxP3+ Tregs. We observed 
a dose-dependent reduction in the frequency of Tregs in the presence of LMK235 
(fig 1A). We then evaluated whether LMK235 treatment impacts on activation and 
proliferation of murine CD4+ and CD8+ T cells. Whereas the higher dose of LMK235 
significantly reduced CD4+ T cell activation (fig 1B), there was no effect on the activa-
tion of CD8+ T cells (fig 1C), as measured by the expression of the activation marker 
CD69. In addition, LMK235 reduced proliferation of CD4+ T cells, upon stimulation 
in the presence of anti-CD3 and anti-CD28, whereas the proliferation of CD8+ T cells 
remained unaltered (fig 1D-F). 

We then examined whether the observed effect can be reproduced using human T cells. 
Owing to the slight effect of the higher dose of LMK235 on reduced CD4+ T cell activation 
in the murine setting (fig 1B), we lowered the dosing for human T cell analysis. In line 
with the murine setting, we observed a significant reduction of human Treg induction 
upon treatment with LMK235 (fig 1G). Moreover, at the tested doses of LMK235, we did 
not observe any loss of viability (fig 1H) or proliferation (fig 1I-J) of CD3+ T cells upon 
activation with anti-CD3 and anti-CD28, in the presence of LMK235. Since knockout 
of HDAC5 has been shown to reduce interferon-gamma (IFN-γ) production by CD8+ T 
cells [18], we assessed if HDAC5 inhibition via LMK235 also hinders cytokine produc-
tion. IFN-γ production by both CD4+ and CD8+ T cell subsets remained intact in the 
presence of LMK235 (fig 1K). In summary, our in vitro data indicated that LMK235 might 
be a promising compound to lower intra-tumoral Treg frequency, without impairing 
proliferation and effector functions of CD4+ or CD8+ T cells. 

Treatment with LMK235 does not alter Treg subsets or tumor growth control in vivo
PD-1 blockade on Tregs has been shown to augment their suppressive function, poten-
tially limiting the efficacy of PD-1 blockade-mediated tumor growth control [9]. In line 
with this notion, Treg targeting synergizes with PD-1 blockade [7,9,10]. We therefore 
hypothesized that LMK235 could be a likely candidate to target Tregs in vivo, alone or in 
combination with PD-1-blockade, thereby improving tumor growth control. We tested 
this using the MeVa2.1.dOVA melanoma model, which has been previously shown to 
be responsive to Treg depletion [23]. Moreover, PD-1 blockade alone has no effect 
in this model allowing us to evaluate a potential synergistic effect with LMK235 [23]. 

In contrast to our in vitro findings, treatment with LMK235 did not alter the frequency of 
Tregs in the spleen or in the tumor of MeVa2.1.dOVA tumor bearing mice, indicating a 
lack of effect systemically and in the tumor (fig. 2A, B). In line with our in vitro data, there 
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Fig 1: LMK235 modulates Treg induction in vitro without altering conventional T cells
(A) Percentage of induced Tregs upon stimulating purified CD4+ T cells obtained from spleen of C57BL/6 
mice in the presence of TGFβ and LMK235 (n=at least 3 independent experiments). (B-F) Kit purified CD8+ or 
CD4+ T cells from spleen of C57BL/6 mice were stimulated for 72h in the presence of LMK235. MFI of CD69 on 
(B) CD4+ and (C) CD8 T cells at the end of 72h stimulation. (D) Representative CellTraceTM Violet dilution and 
calculated division index indicating proliferation of (E) CD4+ and (F) CD8+ T cells (n=3 technical replicates). 
(G) Percentage of induced Tregs after 72h stimulation of purified CD4+ T cells obtained from healthy donor 
PBMCs in the presence of TGFβ along with indicated doses of LMK235 (n=3 independent experiments). 
(H-K) PBMCs from healthy donors were stimulated with anti-human CD3 and anti-human CD28 for 72h with 
different doses of LMK235. (H) Viability of CD3+ T cells, (I) Representative CellTraceTM Violet dilution and (J) 
calculated division index indicating the proliferation of CD3+ T cells in the PBMC pool (n=3 technical repli-
cates). (K) Representative flow cytometry plots indicating IFN-γ production at 72h (n=2 technical replicates). 
Statistical significance was estimated by comparing each group to untreated control using one-way ANOVA 
followed by Dunnett’s multiple comparisons test. Error bars represent S.D. ns not significant, * p-value<0.05, 
** p-value<0.01, *** p-value<0.001, **** p-value<0.0001.
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was no effect on the total CD8+ T cells or specifically, on the OVA (SIIINFEKL-peptide)-
reactive CD8+ T cell population in the tumor (fig. 2C, D). Treatment with LMK235 alone 
was not sufficient to control the growth of MeVa2.1.dOVA tumors (fig. 2E, F). While 
there was a trend towards an improved tumor growth control (fig. 2F) and prolonged 
survival (fig. 2G) upon combining LMK235 with anti-PD-1 in this model, these did not 
reach statistical significance.

Fig 2: LMK235 does not alter Treg populations in vivo in MeVa2.1.dOVA model
(A-G) C57BL/6 mice were injected s.c in the right flank with MeVa2.1.dOVA tumors. Treatment with combina-
tions of LMK235 (i.p, 5mg/kg, daily), isotype control/anti-PD-1 antibodies (i.p, 100 µg, twice per week) began 
at average tumor size of 100 mm3. (A-D) Flow cytometry analysis of tumor and spleen obtained from satellite 
mice after 7 days of treatment depicting frequency of CD4+ FoxP3+ Tregs in the (A) spleen and (B) tumor; 
frequency of (C) CD8+ T cells and (D) SIINFEKL Tetramer+ CD8+ T cells in the tumor. (E) MeVa2.1.dOVA tumor 
volume across groups at end-point (day 21 after tumor injection). Each dot represents one mouse. Statistical 
significance across groups was estimated using one-way ANOVA followed by Sidak’s multiple comparisons 
test. (F) Tumor growth of individual mice across groups (dotted lines indicate treatment duration). (G) Survival 
of MeVa2.1.dOVA tumor bearing mice until end point tumor volume of 1500 mm3. Truncated events represent 
early termination due to tumor ulceration. Survival analysis was performed using Log-rank test. Error bars 
represent SD. ns not significant.

0 10 20 30 40 50 60 70
0

50

100

Days after tumor injection

Pr
ob

ab
ilit

y 
of

 S
ur

vi
va

l

vehicle + isotype
LMK235 + isotype 
vehicle + anti-PD1
LMK235 + anti-PD1

0 10 20 30 40 50 60 70
0

500

1000

1500

0 10 20 30 40 50 60 70
0

500

1000

1500

0 10 20 30 40 50 60 70
0

500

1000

1500

0 10 20 30 40 50 60 70
0

500

1000

1500

Days after tumor injection

Tu
m

or
 v

ol
um

e 
(m

m
3 ) 

vehicle LMK235

isotype control

anti-PD1

0

500

1000

1500

2000

Tu
m

or
 v

ol
um

e 
(m

m
3 )

0

5

10

15

C
D

4+  F
ox

P3
+

(fr
eq

 o
f C

D
45

+ )

ns

ns

ns

0.0

0.5

1.0

1.5

2.0

2.5
ns

ns

ns

C
D

4+  F
ox

P3
+

(fr
eq

 o
f C

D
45

+ )

0

5

10

15

20

C
D

8+

(fr
eq

 o
f C

D
45

+ )

ns
ns

ns

0

5

10

15

20

25

ns

ns

ns

SI
IN

FE
KL

 te
tra

m
er

+

(fr
eq

 o
f C

D
8+  T

 c
el

ls
)

isotype control
LMK235

vehicle 

anti-PD1
Spleen Tumor

isotype control
LMK235

vehicle 

anti-PD1

A B C D

E F

G

Figure 2



Effect of LMK235 on melanoma tumor growth

101

4

To rule out the possibility that the lack of efficacy of LMK235 was tumor model-specific, 
we evaluated its efficacy in another melanoma model; B16.dOVA. We first confirmed the 
responsiveness of this model to Treg depletion (fig. S1). As earlier described [7], a single 
injection of Treg-depleting anti-CD25 antibody resulted in a significant reduction in the 
frequency of Tregs in the spleen and in the tumor (fig. S1A, B). This subsequently resulted 
in a significant increase in the ratio of CD8+ T cells and Tregs in the tumor (fig. S1C). Treg 
depletion in this model significantly lowered tumor volume and prolonged the survival 
of mice (fig. S1D-F). Since we observed a higher magnitude of response of B16.dOVA to 
Treg depletion (fig. S1E), compared with that of MeVa2.1.dOVA model [23], we tested 
the efficacy of combining LMK235 with anti-PD-1 in B16.dOVA model as well. However, 
in line with our previous findings, we did not observe any LMK235-mediated effect on 
Treg population systemically or in the tumor in vivo (fig. 3A, B). There was also no effect 
on the frequency of total CD8+ T cells or on OVA-reactive CD8+ T cells in the tumor (fig. 

Fig 3: LMK235 does not alter Treg populations in vivo in B16.dOVA model
(A-G) C57BL/6 mice were s.c injected in the right and left flanks with B16.dOVA tumors. Treatment with 
combinations of LMK235 (i.p, 5 mg/kg, daily), isotype control/ anti-PD-1 antibodies (i.p, 100 µg, twice per 
week) began at average tumor size of 100 mm3. (A-D) Flow cytometry analysis of tumor and spleen obtained 
from satellite mice after 5 days of treatment depicting frequency of CD4+ FoxP3+ Tregs in the (A) spleen (each 
dot represents one mouse) and (B) tumor; frequency of (C) CD8+ T cells and (D) SIINFEKL Tetramer+ CD8+ T 
cells in the tumor. (E) Average tumor volume of dual flank across groups at end-point (day 17 after tumor 
injection). Each dot represents average of dual flank for one mouse, unless otherwise stated. Statistical 
significance across groups was estimated using one-way ANOVA followed by Sidak’s multiple comparisons 
test. (F) Tumor growth of individual mice (average of dual flank) across groups with dotted lines indicating 
treatment duration. (G) Survival of B16.dOVA tumor bearing mice across groups. Truncated events represent 
early termination due to tumor ulceration. Survival analysis was performed using Log-rank test. Error bars 
represent SEM. ns not significant.
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3C, D). LMK235, in combination with anti-PD-1 failed to control tumor growth in B16.
dOVA model and there was no effect on survival of tumor-bearing mice (fig. 3E-G).

In summary, testing in two different melanoma models, which both are responsive to 
Treg depletion, LMK235 failed to modulate the Treg population in vivo, and subsequently 
did not improve anti-PD-1- mediated tumor growth control. We therefore conclude 
that LMK235, alone or in combination with anti-PD-1, has limited therapeutic benefit 
in melanoma and does not warrant further testing in clinical trials.       

Discussion

The presence of Tregs is known to hinder anti-tumor immune responses across a 
wide range of tumor types, including melanoma [6]. Despite recent advances, clinical 
targeting of Tregs in melanoma patient tumors remains a hurdle [4,24]. Based on 
previous data, we hypothesized that specific targeting of HDAC5 could reduce Treg 
frequencies, improving anti-tumor immune responses. HDAC5 inhibition might also 
have additional benefits by directly impacting tumor cell proliferation and can modulate 
anti-tumor immune responses [25], thereby limiting tumor growth. 

The promising effect of LMK235 (known to inhibit HDAC4 and HDAC5) in vitro prompted 
us to investigate the effect of this compound on tumor growth in vivo. In line with 
the previous findings [18], we again observed reduced induction of Tregs in vitro 
upon treatment with LMK235, while the proliferation and functionality of CD8+ T cells 
remained unhindered. However, we could not translate our in vitro findings into the in 
vivo setting in two different syngeneic murine melanoma models. While the toxicity 
associated with pan-HDAC inhibition on immune cell populations [26] was not observed 
with LMK235, there was limited therapeutic benefit in melanoma mouse models. 

We observed a slight, but insignificant, reduction in tumor growth upon combining 
LMK235 with PD-1 blockade in MeVa2.1.dOVA model. It is therefore tempting to 
speculate that increasing the dosage or frequency of LMK235 administration might 
further improve tumor growth control and prolong survival of MeVa2.1.dOVA tumor 
bearing mice. Although we have not evaluated the target inhibition by LMK235 in 
our study, the tested dose of LMK235 has been previously shown to increase histone 
acetylation in vivo [27]. Furthermore, we observed reduced proliferation of effector T 
cells in vitro using high doses of LMK235 (data not shown). Such effect of high dose 
LMK235 on effector T cells would be detrimental for tumor growth control. Hence, we 
did not increase the dose of LMK235 in our in vivo setting. 

To our knowledge, the efficacy of HDAC5 targeting using LMK235 in vivo has not been 
previously evaluated. We have shown that the effect of LMK235 on reducing FoxP3 
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expression in vitro could not be recapitulated in tumor-bearing mice. In addition, we 
found no synergistic effects of LMK235 combined with anti-PD-1 in melanoma models. 
Future studies aiming to evaluate HDAC5 inhibition in melanoma tumor models should 
therefore consider alternative compounds. 

Materials and methods

Mice strains
C57BL/6JRj (C57BL/6) mice were purchased from Janvier and maintained at the Neth-
erlands Cancer Institute under standard housing conditions. Female mice at the age of 
8 weeks were used for experiments involving tumor growth. For in vitro experiments, 
spleen from either male or female mice between the age of 8-15 weeks were used. 
All animal experiments were performed in accordance with institutional and national 
guidelines and were approved by the experimental animal committee of the Nether-
lands Cancer Institute. 

Cell lines and culture conditions
MeVa2.1.dOVA tumor cell line [23] was cultured in DMEM/F-12 advanced media (Life 
Technologies) supplemented with 10% Heat Inactivated Fetal Bovine Serum (HI-FBS), 
penicillin/streptomycin (pen-strep) (Sigma-Aldrich), and L-glutamine (GibcoTM). B16.
dOVA cell line was cultured in DMEM media (Life Technologies) supplemented with 
10% HI-FBS, and pen-strep (Sigma-Aldrich). Cells were maintained under hygromycin 
(0.15 mg/mL, GibcoTM) selection pressure for ovalbumin (OVA) expression. 

PBMC isolation and culture
Peripheral blood monocytes (PBMCs) were obtained from healthy donor buffy coat by 
separation on a Ficoll (cat: 11743219, ThermoFisher Scientific) density gradient. Where 
relevant, either Dynabeads™ Untouched™ Human CD4 T Cells Kit (cat: 11346D) or human 
CD8 T cells kit (cat: 11348D, ThermoFisher Scientific) was used for T cell isolation as per 
manufacturer’s instructions. Cells were cultured in RPMI media substituted with 10% 
HI-FBS, pen-strep, 100 IU/mL human Interleukin-2 (IL-2) and 50 µM 2-mercaptoethanol.  

Where mentioned, CellTraceTM Violet (CTV) (cat: C34557, ThermoFisher Scientific) 
labelling was performed by incubating cells with CTV (1.25 µM diluted in 1X phosphate 
buffered saline) at 37 °C for 10 minutes, followed by washing with excess culture media. 
Cells were stimulated using plate-bound anti-human CD3 (1 µg/ml) (clone: OKT3, cat: 
15171506, ThermoFisher Scientific) and soluble anti-human CD28 (1 µg/ml) (clone: 
CD28.2, cat: 16028985, ThermoFisher Scientific) antibodies for 72h. During stimulation, 
cells were treated with LMK235 (SelleckChem) at the indicated doses. 
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Human Treg induction
For Treg induction, kit purified CD4 T cells were obtained as described in the earlier 
section. Cells were stimulated, using anti-human CD3 and anti-human CD28, as 
described in the earlier section in the presence of recombinant human TGFβ1 (5 ng/
ml) (cat: 100-21, Peprotech) for 72h. In addition, cells were treated with LMK235 at the 
indicated doses. 

Mouse T cell culture and Treg induction
Spleens were harvested from C57BL/6 mice and mashed on a 70 µm cell strainer to 
obtain single cell suspension. After red blood cell lysis using RBC lysis buffer (cat: 
420301, BioLegend), CD4+ T cells were isolated using DynabeadsTM UntouchedTM mouse 
CD4 cell kit (cat: 11415D, ThermoFisher Scientific) as per manufacturer’s instructions. 
Cells were cultured in RPMI media substituted with 10% HI-FBS, pen-strep, 100 IU/
mL recombinant mouse IL-2 and 50 µM 2-mercaptoethanol. Cells were stimulated for 
72h in the presence of plate-bound anti-mouse CD3 (0.5 µg/ml) (clone: 145-2C11, cat: 
16003186, eBioscienceTM) and soluble anti-mouse CD28 (1 µg/ml) (clone: 37.51, cat: 
16003185, eBioscienceTM) antibodies. During stimulation, recombinant mouse TGFβ1 
(3 ng/ml) (cat: 763102, BioLegend) was added to induce Tregs with/without indicated 
doses of LMK235. 

In vivo experiments
For MeVa2.1.dOVA cell line, 0.3x106 cells suspended in 50 μL of PBS and an equal volume 
of matrigel (cat: 354234, Corning®) were injected s.c into the shaven right flank of C57BL/6 
mice. For B16.dOVA tumor cell line, 0.5x106 cells suspended in 50 μL of PBS and an equal 
volume of matrigel were injected s.c into the shaven right flank or both right and left 
flanks of C57BL/6 mice as indicated. Tumor outgrowth was followed by two-dimensional 
caliper measurements of the greatest longitudinal diameter (length) and the greatest 
transverse diameter (width). Tumor volume was calculated by the modified ellipsoidal 
formula: Tumor volume = length × width x (width/2). Tumor volumes were compared 
across groups at the time point at which the first mouse was killed, thereby referred 
to as the end-point. Mice were terminated at the time at which the tumor volume was 
≥1500mm3 for single flank tumors or a cumulative tumor volume ≥2000 mm3 for dual 
flank tumors. In addition, if tumors developed ulceration, mice were terminated and 
therefore censored for survival analysis. Furthermore, satellite mice were terminated at 
the indicated time-point after start of treatment for flow cytometry analysis. 

Treatment began when the average tumor volume of all mice reached 100 mm3. LMK235 
(5 mg/kg dissolved in 10% DMSO in phosphate buffered saline, SelleckChem) was 
administered once daily intraperitoneally (i.p). Anti-PD-1 (clone: RMP1-14, BioXCell) 
or its relevant isotype control (clone: 2A3, BioXCell) was injected two times per week 
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i.p (200 µg per dose per mouse). Treatment lasted for 14 days. For depletion of regula-
tory T cells (Tregs), mice were injected once i.p with anti-mouse CD25 m2a (200 µg per 
mouse; Evitria) as described [7] on day 3 after tumor injection. 

For flow cytometry analysis, single cell suspension was obtained as follows: tumor tissues 
were extracted and single cell suspensions were obtained by mechanical disruption of 
the tissue by slicing, followed by 1h enzymatic digestion at 37 °C in medium containing 
2 mg/mL collagenase A (Roche) and 1 mg/mL DNAse (Sigma-Aldrich). The suspension 
was filtered through a 70 µm cell strainer to remove debris. Single cell suspension of 
splenocytes was obtained by mashing followed by RBC lysis as described in the earlier 
section.

Flow cytometry analysis
Single cell suspensions were obtained from tissues harvested from in vivo study as 
described in the earlier section. For in vitro studies, cells were harvested at the experi-
mental end-point and Fc blocking was performed using 20% HI-FBS in 1X PBS (for 
human samples) or anti-mouse CD16/CD32 (cat: 14-0161-85, eBioscienceTM; for mouse 
samples). This was followed by surface staining for extracellular antibodies. Dead cells 
were excluded using LIVE/DEADTM fixable dead cell stain kit (cat: L34968 or L34976, 
InvitrogenTM). For intracellular staining, cells were permeabilized using Intracellular 
Fixation & Permeabilization Buffer Set (cat: 00552100, eBioscienceTM) according to the 
manufacturer’s protocol. This was followed by intracellular staining. Antibody details are 
listed in table 1. Cells were finally suspended in FACS buffer (2% HI-FBS in 1X phosphate 

Table 1: List of antibodies used for flow cytometry analysis

Name Clone Conjugate (Catalogue number) Manufacturer

Anti-mouse CD4 GK1.5 Brilliant Violet 785TM (100453) BioLegend
Anti-mouse FoxP3 FJK-16s APC (17-5773-82)

PE (12-5773-82)
eBioscienceTM

Anti-mouse CD8 53-6.7 FITC (11-0081-85)
PerCP-eFluor710 (46-0081-82)

eBioscienceTM

Anti-mouse CD45.2 104 FITC (109806) 
PE-Cyanine7 (560696)

BioLegend
BD Biosciences

Anti-mouse SIINFEKL H2-Kb 

tetramer
- PE Kind gift from group 

of Ton Schumacher
Anti-human CD4 SK3 FITC (345768) BD Biosciences
Anti-human CD25 M-A251 PE (560989) BD Biosciences
Anti-human CD127 A019D5 Brilliant Violet 650TM (351325) BioLegend
Anti-human FoxP3 236A/E7 APC (174777-41) eBioscienceTM

Anti-human CD3 UCHT1 AF647 (557706) BD Biosciences
Anti-human CD8 SK1 PE (345773)

APC (555369)
BD Biosciences

Anti-human IFNγ B27 APC (554702) BD Biosciences
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buffered saline) and acquired using LSR FortessaTM (BD Biosciences) or Intellicyt iQue 
Screener PLUS (Sartoruis). Flow cytometry data analysis was performed using FlowJo 
(version 10.7.1, BD Life Sciences).

Statistical analysis
Statistical analyses were performed using Graphpad Prism (Graphpad Software 
Inc., v9). Two-tailed Student’s t test was used to compare means across two groups. 
Mean values across more than two groups were compared using one-way ANOVA 
followed by correcting for multiple comparisons using Sidak’s test or Dunnett’s 
test, as described in the respective figure legend. Survival analysis was done using 
Log-rank test. p-value<0.05 was considered statistically significant.

References
1.  Wolchok JD, Chiarion-Sileni V, Gonzalez R, Grob JJ, Rutkowski P, Lao CD, Cowey CL, Schadendorf 

D, Wagstaff J, Dummer R, Ferrucci PF, Smylie M, Butler MO, Hill A, Márquez-Rodas I, Haanen 
JBAG, Guidoboni M, Maio M, Schöffski P, Carlino MS, Lebbé C, McArthur G, Ascierto PA, Daniels 
GA, Long G V, Bas T, Ritchings C, Larkin J, Hodi FS. Long-Term Outcomes With Nivolumab Plus 
Ipilimumab or Nivolumab Alone Versus Ipilimumab in Patients With Advanced Melanoma. J Clin 
Oncol Off J Am Soc Clin Oncol. 2022 Jan;40(2):127–37. 

2.  Hodi FS, Chiarion -Sileni V, Lewis KD, Grob JJ, Rutkowski P, Lao CD, Cowey CL, Schadendorf 
D, Wagstaff J, Dummer R, Queirolo P, Smylie M, Butler MO, Hill AG, Marquez-Rodas I, Haanen 
JBAG, Durani P, Wang P, Wolchok JD, Larkin J. Long-term survival in advanced melanoma for 
patients treated with nivolumab plus ipilimumab in CheckMate 067. J Clin Oncol. 2022 Jun 
1;40(16_suppl):9522. 

3.  Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, Adaptive, and Acquired Resistance to 
Cancer Immunotherapy. Cell. 2017 Feb 9;168(4):707–23. 

4.  Jacobs JFM, Nierkens S, Figdor CG, de Vries IJM, Adema GJ. Regulatory T cells in melanoma: the 
final hurdle towards effective immunotherapy? Lancet Oncol. 2012;13(1):e32–42. 

5.  Schmidt A, Oberle N, Krammer PH. Molecular mechanisms of Treg-mediated T cell suppression. 
Vol. 3, Frontiers in Immunology. Frontiers Media SA; 2012. 

6.  Shang B, Liu Y, Jiang SJ, Liu Y. Prognostic value of tumor-infiltrating FoxP3+ regulatory T cells in 
cancers: A systematic review and meta-analysis. Sci Rep. 2015 Oct;5. 

7.  Arce Vargas F, Furness AJS, Solomon I, Joshi K, Mekkaoui L, Lesko MH, Miranda Rota E, Dahan 
R, Georgiou A, Sledzinska A, Ben Aissa A, Franz D, Werner Sunderland M, Wong YNS, Henry JY, 
O’Brien T, Nicol D, Challacombe B, Beers SA, Consortium MTracer, Consortium RTracer, Consor-
tium LTracer, Turajlic S, Gore M, Larkin J, Swanton C, Chester KA, Pule M, Ravetch J V, Marafioti T, 
Peggs KS, Quezada SA. Fc-Optimized Anti-CD25 Depletes Tumor-Infiltrating Regulatory T Cells 
and Synergizes with PD-1 Blockade to Eradicate Established Tumors. Immunity. 2017/04/11. 
2017 Apr 18;46(4):577–86. 

8.  Teng MWL, Ngiow SF, von Scheidt B, McLaughlin N, Sparwasser T, Smyth MJ. Conditional Regula-
tory T-Cell Depletion Releases Adaptive Immunity Preventing Carcinogenesis and Suppressing 
Established Tumor Growth. Cancer Res. 2010 Oct 15;70(20):7800 LP – 7809. 



Effect of LMK235 on melanoma tumor growth

107

4

9.  Kamada T, Togashi Y, Tay C, Ha D, Sasaki A, Nakamura Y, Sato E, Fukuoka S, Tada Y, Tanaka A, 
Morikawa H, Kawazoe A, Kinoshita T, Shitara K, Sakaguchi S, Nishikawa H. PD-1(+) regulatory T 
cells amplified by PD-1 blockade promote hyperprogression of cancer. Proc Natl Acad Sci U S 
A. 2019 May;116(20):9999–10008. 

10.  Di Pilato M, Kim EY, Cadilha BL, Prüßmann JN, Nasrallah MN, Seruggia D, Usmani SM, Misale S, 
Zappulli V, Carrizosa E, Mani V, Ligorio M, Warner RD, Medoff BD, Marangoni F, Villani AC, Mempel 
TR. Targeting the CBM complex causes Treg cells to prime tumours for immune checkpoint 
therapy. Nature. 2019;570(7759):112–6. 

11.  Arce Vargas F, Furness AJS, Litchfield K, Joshi K, Rosenthal R, Ghorani E, Solomon I, Lesko MH, 
Ruef N, Roddie C, Henry JY, Spain L, Ben Aissa A, Georgiou A, Wong YNS, Smith M, Strauss D, 
Hayes A, Nicol D, O’Brien T, Mårtensson L, Ljungars A, Teige I, Frendéus B, Pule M, Marafioti T, 
Gore M, Larkin J, Turajlic S, Swanton C, Peggs KS, Quezada SA. Fc Effector Function Contributes 
to the Activity of Human Anti-CTLA-4 Antibodies. Cancer Cell. 2018 Apr;33(4):649-663.e4. 

12.  Shatrova AN, Mityushova E V, Vassilieva IO, Aksenov ND, Zenin V V, Nikolsky NN, Marakhova 
II. Time-Dependent Regulation of IL-2R α-Chain (CD25) Expression by TCR Signal Strength 
and IL-2-Induced STAT5 Signaling in Activated Human Blood T Lymphocytes. PLoS One. 
2016;11(12):e0167215. 

13.  Jago CB, Yates J, Câmara NOS, Lechler RI, Lombardi G. Differential expression of CTLA-4 among 
T cell subsets. Clin Exp Immunol. 2004 Jun;136(3):463–71. 

14.  McCaw TR, Randall TD, Forero A, Buchsbaum DJ. Modulation of antitumor immunity with histone 
deacetylase inhibitors. Immunotherapy. 2017 Dec;9(16):1359–72. 

15.  Yeon M, Kim Y, Jung HS, Jeoung D. Histone Deacetylase Inhibitors to Overcome Resistance to 
Targeted and Immuno Therapy in Metastatic Melanoma. Vol. 8, Frontiers in Cell and Develop-
mental Biology. 2020. p. 486. 

16.  Shen L, Ciesielski M, Ramakrishnan S, Miles KM, Ellis L, Sotomayor P, Shrikant P, Fenstermaker R, 
Pili R. Class I histone deacetylase inhibitor entinostat suppresses regulatory T cells and enhances 
immunotherapies in renal and prostate cancer models. PLoS One. 2012;7(1):e30815. 

17.  Dahiya S, Beier UH, Wang L, Han R, Jiao J, Akimova T, Angelin A, Wallace DC, Hancock WW. 
HDAC10 deletion promotes Foxp3+ T-regulatory cell function. Sci Rep. 2020;10(1):424. 

18.  Xiao H, Jiao J, Wang L, O’Brien S, Newick K, Wang LCS, Falkensammer E, Liu Y, Han R, Kapoor V, 
Hansen FK, Kurz T, Hancock WW, Beier UH. HDAC5 controls the functions of Foxp3(+) T-regulatory 
and CD8(+) T cells. Int J cancer. 2016/01/19. 2016 May 15;138(10):2477–86. 

19.  Huang J, Wang L, Dahiya S, Beier UH, Han R, Samanta A, Bergman J, Sotomayor EM, Seto E, 
Kozikowski AP, Hancock WW. Histone/protein deacetylase 11 targeting promotes Foxp3+ Treg 
function. Sci Rep. 2017;7(1):8626. 

20.  de Zoeten EF, Wang L, Butler K, Beier UH, Akimova T, Sai H, Bradner JE, Mazitschek R, Kozikowski 
AP, Matthias P, Hancock WW. Histone deacetylase 6 and heat shock protein 90 control the 
functions of Foxp3(+) T-regulatory cells. Mol Cell Biol. 2011/03/28. 2011 May;31(10):2066–78. 

21.  Wang L, Liu Y, Han R, Beier UH, Bhatti TR, Akimova T, Greene MI, Hiebert SW, Hancock WW. FOXP3+ 
regulatory T cell development and function require histone/protein deacetylase 3. J Clin Invest. 
2015/02/02. 2015 Mar 2;125(3):1111–23. 

22.  de Zoeten EF, Wang L, Sai H, Dillmann WH, Hancock WW. Inhibition of HDAC9 increases T 
regulatory cell function and prevents colitis in mice. Gastroenterology. 2009/10/29. 2010 
Feb;138(2):583–94. 

23.  Rao D, Lacroix R, Rooker A, Gomes T, Stunnenberg JA, Valenti M, Dimitriadis P, Lin CP, de Bruijn B, 
Krijgsman O, Ligtenberg MA, Peeper DS, Blank CU. MeVa2.1.dOVA and MeVa2.2.dOVA: two novel 
BRAFV600E-driven mouse melanoma cell lines to study tumor immune resistance. Melanoma 
Res. 2023;Feb 1(33(1)):12–26. 



Chapter 4

108

24.  Jacobs JFM, Punt CJA, Lesterhuis WJ, Sutmuller RPM, Brouwer HM lène H, Scharenborg NM, Klasen 
IS, Hilbrands LB, Figdor CG, de Vries IJM, Adema GJ. Dendritic Cell Vaccination in Combination 
with Anti-CD25 Monoclonal Antibody Treatment: A Phase I/II Study in Metastatic Melanoma 
Patients. Clin Cancer Res. 2010 Oct 15;16(20):5067 LP – 5078. 

25.  Yang J, Gong C, Ke Q, Fang Z, Chen X, Ye M, Xu X. Insights Into the Function and Clinical Applica-
tion of HDAC5 in Cancer Management. Front Oncol. 2021;11:661620. 

26.  Wong DJL, Rao A, Avramis E, Matsunaga DR, Komatsubara KM, Atefi MS, Escuin-Ordinas H, 
Chodon T, Koya RC, Ribas A, Comin-Anduix B. Exposure to a histone deacetylase inhibitor has 
detrimental effects on human lymphocyte viability and function. Cancer Immunol Res. 2014 
May;2(5):459–68. 

27.  Trazzi S, Fuchs C, Viggiano R, De Franceschi M, Valli E, Jedynak P, Hansen FK, Perini G, Rimondini 
R, Kurz T, Bartesaghi R, Ciani E. HDAC4: a key factor underlying brain developmental alterations 
in CDKL5 disorder. Hum Mol Genet. 2016 Sep 15;25(18):3887–907.



Effect of LMK235 on melanoma tumor growth

109

4

Supplementary figure

Fig S1. (Supplement to fig 3): B16.dOVA as a suitable model to evaluate efficacy of Treg targeting agents
(A-F) C57BL/6 mice were injected s.c with B16.dOVA tumor cells on the right flank. On day 3 after tumor 
injection, mice received vehicle control or Treg depleting anti-mouse CD25 m2a antibody (i.p, 100 µg). (A-C) 
Flow cytometry analysis indicating frequency of Tregs in (A) spleen and (B) tumor and (C) ratio of CD8+ T 
cells to Tregs in tumors at end-point. (D) Tumor growth across days in individual mice. Dotted line indicates 
treatment day. (E) Average tumor volume across groups on day 17 after tumor injection (last time point at 
which all mice across groups were alive). Each dot represents one mouse. Groups were compared using 
two-tailed unpaired Student’s t-test. Error bars represent SD. (F) Survival of B16.dOVA tumor bearing mice 
treated with control or anti-mouse CD25 m2a antibody. Statistical significance was estimated using Log-rank 
test. ** p-value<0.01, *** p-value<0.001, **** p-value<0.0001.  
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