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m Although the treatment paradigm for chronic lymphocytic leukemia (CLL) is rapidly
changing, the disease remains incurable, except with allogeneic bone marrow trans-
‘ _HDACG expression plantation, and resistance, relapsed disease, and partial responses persist as significant
1 u'pregulated in CLL challenges. Recent studies have uncovered roles for epigenetic modification in the regulation
patlent salmpleis, el of mechanisms contributing to malignant progression of CLL B cells. However, the extent to
lines, and euTCL1 . . . . . . . .
which epigenetic modifiers can be targeted for therapeutic benefit in CLL patients remains
mouse models com- , . . . . .
. poorly explored. We report for the first time that expression of epigenetic modifier histone
pared with normal ; i . :
deacetylase 6 (HDACS) is upregulated in CLL patient samples, cell lines, and euTCL1

controls.
transgenic mouse models compared with HDAC6 in normal controls. Genetic silencing of
* Our results demon-

strate therapeutic
efficacy of selective
HDACS6 inhibition in

HDACS6 conferred survival benefit in enTCL1 mice. Administration of isoform-specific HDAC6
inhibitor ACY738 in the euTCL1 aging and adoptive transfer models deterred proliferation of
CLL B cells, delayed disease onset via disruption of B-cell receptor signaling, and sensitized
preclinical models, CLL B cells to apoptosis. Furthermore, coadministration of ACY738 and ibrutinib displayed
suggesting a rationale synergistic cell kill against CLL cell lines and improved overall survival compared with either
for treatment. single agent in vivo. These results demonstrate for the first time the therapeutic efficacy of
selective HDACG6 inhibition in preclinical CLL models and suggest a rationale for the clinical
development of HDAC6 inhibitors for CLL treatment, either alone or in combination with
Bruton tyrosine kinase inhibition.

Introduction

Chronic lymphocytic leukemia (CLL) is characterized by the accumulation of mature CD5™ B cells in the
peripheral blood, bone marrow, and secondary lymphoid tissues. The degree of somatic hypermutation
of the immunoglobulin heavy chain variable (IGHV) region genes classify CLL into 2 main subtypes:
mutated and unmutated.” The unmutated subtype typically signifies a worse clinical prognosis than the
mutated subtype, because it entails a more active proliferation of CLL B cells. Biological markers such as
cytogenetic abnormalities, CD38, and { chain—associated protein kinase (ZAP) 70 expression can offer
prognostic information for patients. At the molecular level, CLL B cells have been found to employ
multiple strategies to support malignant progression, including aberrant signaling.? Targeted therapies,
such as ibrutinib, idelalisib, and venetoclax, have been developed to counter the effects of aberrant
signaling in CLL B cells; however, patients may relapse, experience toxicities, develop resistant disease,
or respond only partially.? In these cases, rational combinations or novel therapeutic approaches are
desirable.
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Epigenetic reprogramming in CLL B cells has previously been
described in several studies.*® These studies documenting DNA
hypomethylation, dysregulated microRNAs, and histone modifica-
tions in CLL B cells have proven beneficial in identifying biomarkers
and have offered a fresh perspective on therapeutic strategies. Our
group has also reported findings establishing a role for epigenetic
modifiers in altering CLL biology.”® Interestingly, various groups
have reported elevated histone deacetylase (HDAC) expression in
CLL B cells compared with HDAC expression in normal B cells and
correlations of HDAC expression levels with prognostic factors.®'?
Several studies have also begun to explore the therapeutic potential
of HDAC inhibitors for CLL treatment.'®'* However, the roles of
individual HDACs in CLL biology have not been fully elucidated.

HDACs are divided into subfamilies according to their structural
homologies, which are classes |, lla, llb, IV, and class lll sirtuins. Although
histones were originally classified as substrates of HDACs, these
enzymes have also been found to directly regulate the activity of
numerous nonhistone proteins.'® Class 2b HDAC6 can complex with
nuclear proteins such as p300,16 HDAC11,"” Runx2,'® and LCoR'® to
regulate transcriptional repression. Conversely, HDAC6 can deacetylate
cytoplasmic proteins a-tubulin,?® cortactin,?'?2 HSP90«, 2% and
GRP78,2* regulating cell motility, migration, division, and proteosomal
degradation.?® Furthermore, HDACS has been explored in the context
of various cancers. It was found to be upregulated in oral squamous
cell carcinoma,?® ovarian carcinoma,?”?® and primary acute myeloid
leukemia®® relative to nonmalignant controls. Preclinical studies have
demonstrated that HDAC6 inhibitors display antitumor activity when
used either alone or in combination with other agents to treat
multiple myeloma,®*®! B-cell lymphoma,?*®2 breast cancer,>*** lung
cancer,35'36 and melanoma.?”38 At present, HDACB6-selective
inhibitors are in clinical trials to treat several solid tumor types,
multiple myeloma, and lymphoma (registered at www.clinicaltrials.
gov as #NCT03008018, #NCT02935790, #NCT20635061,
#NCT01323751, and #NCT02091063).%° Finally, HDAC6 has
been explored in the context of immune regulation.*®*' In the
current study, we asked whether there is a role for HDAC6 in CLL
B-cell pathobiology and explored the potential therapeutic value of
targeting HDACS in preclinical CLL models.

Methods

CLL patient samples

Peripheral blood mononuclear cells were obtained from patients
with CLL. All participants provided written institutional review
board—approved informed consent for their blood to be used for
research (#CR6_Pro00000316). Blood was collected at the
H. Lee Moffitt Cancer Center and Research Institute (Tampa, FL).

In vivo studies

An HDACSG6-deficient CLL murine model (referred to as euTCL1/
HDAC6KO) was generated by crossing HDAC6KO and Eu-TCL1
(C57BL/6 background) mice.*?*% All euTCL1 and euTCL1/
HDACB6KO mice were homozygous for T-cell leukemia 1 (TCL7)
gene, and all mice harboring HDAC6KO were homozygous for
the knockout as confirmed by genotyping. For the accelerated CLL
model, several aged leukemic euTCL1 mice (aged leukemic was
defined as >9 months of age and showing >70% CD5* B cells of
total viable lymphocytes by flow analysis) were euthanized, and
their splenocytes were pooled. Freshly obtained splenocytes were
then resuspended in phosphate-buffered saline and adoptively
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transferred via tail vein into 6- to 8-week-old C57BL/6 wild-type
(WT) mice at 25 X 10° splenocytes per mouse. In severe combined
immunodeficient (SCID) mice, leukemic splenocytes were injected
at 5 X 10° splenocytes per mouse (WT or SCID recipient animals
were purchased from Charles River). CLL induction was confirmed
at 3 weeks after adoptive transfer by high complete blood count
and a significantly greater CD19" B220* CD5™ B lymphocyte
population in peripheral blood than in peripheral blood from a
healthy age-matched WT cohort. Groups were randomized before
treatment. For survival analyses, mice were monitored until death or
euthanasia resulting from disease symptoms such as lethargy,
difficulty moving, lack of grooming, and enlarged spleen and/or
lymph nodes. Mice were kept in pathogen-free conditions and
handled in accordance with Guidelines for Animal Experiments
requirements.

Cell culture

Cells were cultured in RPMI 1640 supplemented with 10% fetal
bovine serum, 1% penicillin-streptomycin, 1% nonessential amino
acids, and MycoZap (Lonza). Cell lines were authenticated before
use in these assays. Cells were incubated in 5% carbon dioxide at
37°C for the duration of assays.

Flow cytometry

For murine CLL immunophenotyping, 100 L of peripheral blood
was obtained from submandibular bleeds, and fresh spleens were
homogenized and resuspended in an equal volume of flow
cytometry (fluorescence-activated cell sorter) buffer before analy-
sis. Cells were stained with indicated antibodies according to
manufacturers’ dilutions for 1 hour at room temperature.

To complete phosphoflow, cells were stimulated and then fixed/
permeabilized in 1% BD CytoFix for 15 minutes followed by 90%
ice-cold methanol for 1 hour. Cells were stained with the phospho-
specific antibody or isotype control for 1 hour before analysis in
fluorescence-activated cell sorter buffer in the presence of Fc
block.

For intracellular staining, cells were fixed/permeabilized using
transcription factor fixation/permeabilization buffer set (BD Biosci-
ences) in accordance with the manufacturer’s protocol. Cell cycling
was achieved by fixing cells in ice-cold 80% ethanol dropwise and
incubating them at —20°C overnight followed by Ki67 staining (BD
Biosciences). Acquisition was performed on an LSRIl Cytometer
(BD Biosciences), and data were analyzed with FlowJo software
v10.1 (Tree Star Inc.).

Statistical analyses

For normally distributed data, statistical significance of comparisons
between data sets was determined by unpaired 2-tailed Student
t test or 1-way analysis of variance followed by Tukey's multiple
comparisons test. For data that did not demonstrate normal
distribution, Mann-Whitney U unpaired test or 1-way analysis of
variance followed by Kruskal-Wallis test were used. Kaplan-Meier
survival curves were compared using the log-rank test. Overall
survival was defined as time from birth until death or euthanasia in
the aged euTCL1 model or time from leukemic adoptive transfer
until death or euthanasia in the accelerated model. For correlation
studies, linear regression was performed on data sets. P < .05 was
considered significant. All analyses were conducted using Graph-
Pad Prism software v7.

HDAC6 MODULATION IN CLL 3013


http://www.clinicaltrials.gov
http://www.clinicaltrials.gov

A B C
80 - 80 - R?=0.2 80 4 L
o o p=0.006
£ 60 - o 60 - oz 60 -
= = o) e
S 40 oo =, ) © © = 40
S 40 0490 &g 40 ° o o < 40
= = =
== %&2 a (o) I=
] Q%A—A Qp® IQO-M = 90 4
0 ST . 0 ® oo : 0 ; . :
Normal donors CLL patients 0 50 100 CD38- CD38+
(CD19+ CD5-)  (CD19+ CD5+) CD19+ CD5+%

Figure 1. Analysis of HDACG6 expression in CLL patient samples. (A) Intracellular HDACS protein expression in CD19" CD5™ B cells from normal donors (n = 13) and

CD19" CD5™ B cells from CLL patient peripheral blood samples (n = 38), as determined by flow cytometry. (B) Correlation analyses showing relationship between HDAC6

protein expression and CLL B-cell percentages in CLL patient samples. (C) HDACS protein expression in CD38" or CD38~ CLL patient samples. Error bars correspond to

standard deviations. *P < .05, **P < .005. MFIR, median fluorescence intensity ratio (value normalized to isotype control).

Additional details can be found in supplemental Methods.
Results

Analysis of HDACG6 expression in CLL patient samples

We examined the expression of HDACS in peripheral blood samples
from a cohort of 38 CLL donors and 13 healthy donors.
Supplemental Table 1 displays clinical features of all CLL patients.
PBMCs were gated on normal B cells (CD19" CD57) in healthy
donors and CLL B cells (CD19" CD5") in CLL donors (supple-
mental Figure 1). HDACS protein expression was determined by flow
cytometry and quantified by median fluorescence intensity. HDAC6
protein expression was found to be upregulated in CLL B cells
compared with normal healthy donor B cells (Figure 1A). Correlation
analyses demonstrated a weak positive association between HDAC6
protein expression and CD19" CD5" CLL B-cell percentages in
CLL patient samples (Figure 1B). In addition, HDAC6 protein
expression was higher among CD38™ patients than CD38 ™ patients
(Figure 1C). However, HDACS6 protein expression did not correlate
with sex, age at diagnosis, ZAP70 status, IGHV region—mutated/
unmutated status, or relapsed status.

Genetic silencing of HDACG6 in the euTCL1
murine model

To study the role of HDAC6 in CLL B cells, we employed the
euTCL1 transgenic murine model. This mouse model is genetically
engineered to express the T-cell leukemia 1 (TCL 1) gene in B cells,
leading to development of a CLL-like phenotype at 6 to 9 months of
age.*® At 6 months of age, euTCL1 mice demonstrated higher
expression of HDACG6 protein in peripheral CD19" B cells
compared with age-matched WT mice (Figure 2A). Here, we
generated an HDAC6-deficient euTCL1 mouse model by crossing
euTCL1 mice with HDACBKO mice. In euTCL1/HDACBKO mice,
HDACS6 protein levels were significantly decreased and TCL1
protein expression in B cells remained unchanged compared with
euTCL1 mice (supplemental Figure 2). We also detected increased
acetylation of a-tubulin in HDACB-deficient mice,?° suggesting that
HDAC6 was functionally impaired (supplemental Figure 2). Age-
matched cohorts of euTCL1 and euTCL1/HDACBKO mice were
observed for survival alongside WT and HDAC6KO controls.
Interestingly, the euTCL1/HDAC6KO cohort demonstrated
increased overall survival (median survival, 375 days) compared
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with euTCL1 controls (median survival, 318.5 days; Figure 2B).
However, euTCL1/HDACBKO mice eventually succumbed to
leukemia.

To determine the effect of HDACS6 silencing on CLL burden, 9-
month-old mice were euthanized for the collection of spleens and
peripheral blood. We quantified tumor burden by gating on CD3™
CD19" B220°" CD5" B cells (supplemental Figure 3). The total
B-cell number (CD19" B220"°") was lower in the euTCL1/
HDACBKO group than the euTCL1 group, in both peripheral blood
and spleen compartments. In addition, the ratio of CD5" B cells
(defined as malignant) to CD5~ B cells (defined as normal) was
reduced in the euTCL1/HDACBKO group compared with the
euTCL1 group. The reduction in malignant/normal B-cell ratios was
evident in both peripheral blood and spleen (Figure 2C). Finally,
splenomegaly was reduced in euTCL1/HDACBKO mice compared
with euTCL1 controls (Figure 2D-E). Genetic silencing of HDAC6
therefore slowed down the accumulation of malignant B cells in
vivo, resulting in lower CLL tumor burden over time and improved
overall survival rates.

RNA sequencing of HDAC6-deficient murine
CLL B cells

Next, we investigated transcriptional changes related to disease
progression in HDACB6-deficient CLL B cells. RNA sequencing was
performed on B cells isolated from spleens of young (age 3 months)
and aged (age 9 months) cohorts of euTCL1, euTCL1/HDAC6KO,
HDACBKO, and WT mice. Gene expression patterns in young mice
differed from those in aged mice. Hierarchical clustering demon-
strated that gene expression was most dissimilar between euTCL1
and euTCL1/HDAC6KO in both young and aged groups, suggest-
ing that silencing of HDACS initiated widespread transcriptional
changes in the CLL setting (supplemental Figure 4). In euTCL1
mice, CLL progresses as the mice age. Therefore, gene expression
in aged euTCL1 may depend heavily on both the aging process and
disease progression. Consequently, young and aged WT and
HDACBKO mice were compared to identify and eliminate genes
that were differentially expressed because of the aging process.

Supplemental Figure 5 describes the analyses of the changed
genes uniquely regulated in euTCL1/HDACBKO mice compared
with euTCL1 mice as a consequence of slower disease progres-
sion. The Venn diagram in supplemental Figure 5 depicts the group
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Figure 2. Genetic silencing of HDAC6 in euTCL1 mice. (A) .y
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of 334 disease-related genes that were uniquely regulated in
euTCL1/HDACBKO mice compared with euTCL1 mice. Gene
ontology analysis was performed on these 334 genes. A majority of
the 50 pathways corresponded to immune-related signaling (supple-
mental Table 2). SYK was common among many of these pathways
and was 1 of the most significantly changed genes within the focus
group. It was confirmed by quantitative real-time polymerase chain
reaction that SYK was transcriptionally downregulated in euTCL1/
HDAC6KO and HDAC6KO mice compared with euTCL1 and WT
mice, respectively (Figure 2F). Furthermore, it was confirmed that
SYK protein was downregulated in euTCL1/HDAC6KO B cells
compared with euTCL1 B cells (supplemental Figure 5). Interestingly,
SYK is involved in transduction of BCR signaling, which is required
for the survival of CLL B cells.? Given the importance of SYK to BCR
signaling, this result suggested to us that transcriptional regulation of
SYK might potentially result in changes to downstream BCR
signaling in CLL B cells lacking HDACS®.

Antitumor efficacy of ACY738 in murine CLL

Considering the results described, we asked whether selective
HDACS6 inhibition could be harnessed for therapeutic benefit in CLL.
First, orally bioavailable selective HDACS6 inhibitor ACY738 was
incorporated into chow and fed to WT mice at levels equivalent to a
final concentration of 25 mg/kg per day. At this concentration,
ACY738 was detected in plasma (Figure 3A), and acetylation of
a-tubulin was increased in the ACY738-treated group compared
with a group fed chow (vehicle) alone (Figure 3B), confirming
reduction of HDAC6 enzymatic activity with ACY738 oral treatment.
ACY738-treated WT mice did not lose weight or show other signs of
drug-related toxicities (data not shown). Percentage of normal
CD19" B cells, percentage of CD3" T cells, CD4/CD8 ratio,
and lymphocyte activation in spleen were not significantly affected
after 1 month of continuous ACY738 treatment (Figure 3C).

Next, groups of aging euTCL1 mice were treated with ACY738 or
were fed vehicle alone, beginning at 3 months of age until either
death or euthanasia because of disease symptoms. Similar to
HDACB-deficient euTCL1 mice, ACY738-treated euTCL1 mice
displayed significantly longer overall survival compared with mice
fed vehicle only (Figure 3D). Figure 3E displays the gross changes
in percentage of B and T cells observed in the periphery of these
mice. Specifically, tumor burden and malignant/normal B-cell ratios
were decreased in peripheral blood and spleen samples after 3
months of treatment (Figure 3F). To extend these results, this
experiment was replicated in the adoptive transfer euTCL1 model.
In this model, leukemic euTCL1 splenocytes were injected into 6- to
8-week-old WT mice to establish CLL disease within 3 weeks of

engraftment. Mice were then randomized to ACY738 or vehicle
groups. ACY 738 treatment significantly prolonged overall survival in
this model as well (Figure 3G). Finally, in mice euthanized at the end
of the experimental period (12 weeks after adoptive transfer), onset
of CLL was delayed, and splenomegaly was reduced in the
ACY 738 group (Figure 3E-F) compared with the vehicle-only group
(Figure 3H-J). Taken together, these data suggest that pharmaco-
logical inhibition of HDAC6 with ACY738 resulted in a therapeutic
benefit in our CLL models.

ACY738 treatment alters proliferative capacity and
sensitivity to apoptosis in euTCL1 B cells

To investigate the direct effects of pharmacological HDACS inhibition
on CLL B cells, euTCL1 splenocytes were injected into SCID mice,
which intrinsically lack B and T cells. Mice were randomized into 2
groups treated with ACY 738 or fed vehicle only. Rapid expansion of
adoptively transferred euTCL1 B cells was detected in peripheral
blood 7 days after transfer. However, oral ACY738 treatment
significantly attenuated the expansion of malignant B cells over time
(Figure 4A). This led us to hypothesize that ACY738 may directly
affect intrinsic survival signals of malignant B cells, creating a
cytostatic effect and therefore a more indolent, less aggressive
disease. To test this hypothesis, all animals were euthanized after 21
days of treatment, and B cells were isolated from splenocytes by
negative selection. First, the proliferative status of B cells was
measured by Ki67 staining, and as expected, it was significantly
reduced in the ACY 738 treatment group compared with the vehicle-
only group (Figure 4B). In addition, isolated B cells from these mice
were cultured ex vivo with lipopolysaccharide for 72 hours. B cells
from ACY738-treated mice were found to be more sensitive to
lipopolysaccharide-induced apoptosis than B cells in untreated mice,
as measured by annexin V and viability staining (Figure 4C-D).

The malignant phenotype of CLL B cells depends on constitutive
activation of molecular pathways that promote proliferation, re-
sistance to apoptosis, and survival signals. BCR signaling is 1 of the
most crucial pathways on which CLL B cells depend for intrinsic
survival signals. Within this pathway, BTK is constitutively acti-
vated in CLL and is a critical kinase for CLL development and
expansion.** To examine whether activation status of this pathway
was impaired, phosphorylation of BTK was measured after ex vivo
stimulation with anti-mouse immunoglobulin M in the isolated
B cells. Phosphorylation of BTK was found to be decreased in the
ACY738 group compared with the vehicle-only group (Figure 4E).
These results suggest that ACY738 treatment reduced BCR
signaling in the malignant B cells, possibly disrupting downstream
proliferation and antiapoptotic signals.

Figure 3. In vivo activity of selective HDAC6 inhibitor ACY738 in WT and CLL mice. Peripheral blood (PB) and spleens were collected from WT mice after 1 month of
being fed vehicle (n = 4) or treated with ACY738 orally at 25 mg/kg (n = 5). (A) Plasma was separated by centrifugation from whole blood, and presence of ACY738 was

detected by high-performance liquid chromatography. (B) Acetylation level of a-tubulin was quantified via flow cytometry in PB CD19" B cells from indicated mice (n = 4 per

group). (C) Characterization of immune subsets and activation status from splenocytes (n = 4 per group). (D) Overall survival for euTCL1 aging (n = 7 per group) mice fed

vehicle only or treated with ACY738. Data are representative of 3 independent experiments. (E) Characterization of immune subsets from splenocytes derived from aging

euTCL1 mice treated with vehicle or ACY738 orally (n = 7 per group). (F) CLL burden was quantified in aging euTCL1 mice fed vehicle only or treated with ACY738 for a

duration of 3 months (n = 6 per group). Data were compiled from 2 independent experiments. (G) Overall survival for adoptive transfer euTCL1 mice (n = 6 per group) fed

vehicle only or treated with ACY738. Data are representative of 3 independent experiments. (H) CLL burden was also quantified in adoptive transfer CLL mice (n = 8 per

group) fed vehicle only or treated with ACY738 for a 12-week duration, and results are representative of 5 independent experiments. (I) Compilation of adoptive transfer CLL

mice spleen weights after 12 weeks of indicated treatments (n = 6 per group). (J) Representative spleens from indicated groups. Error bars correspond to standard errors of

the mean. *P < .05, **P < .005, ***P < .0005, compared with vehicle-only controls. conc, concentration; MFI, median fluorescence intensity; ns, not significant.
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Figure 4. Effect of in vivo ACY738 treatment on euTCL1 B cells. (A)
euTCL1 B cells were injected into SCID mice, which were then fed vehicle only
or treated with oral ACY738 (n = 6 per group). Tumor burden was quantified
in peripheral blood at the time points indicated. Data are representative of 2
independent experiments. (B) Total B cells were isolated from spleens of
immunocompromised adoptive transfer CLL mice. Proliferative capacity was
measured by Ki67 staining and flow cytometric analysis (n = 5 per group). (C)
Isolated B cells were cultured with 1 pug/mL of lipopolysaccharide for 72 hours,
and the percentage of apoptotic B cells was quantified by annexin V staining

(n = 3 mice per group). (D) B cells were stimulated ex vivo with 10 wg/mL of
anti-mouse immunoglobulin M, and phosphorylated Bruton tyrosine kinase
(BTK; Y223) was analyzed by flow cytometry (vehicle-only group, n = 6 and
ACY738-treated group, n = 5). Error bars correspond to standard errors of the
mean. *P < .05, **P < .005.
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Figure 5. Effect of ACY738 treatment in human CLL cell lines. (A) HDACS6 protein expression quantified by flow cytometry in normal donor B cells (n = 5) and CLL cell
lines; data were compiled from 3 independent experiments. (B) Growth kinetics of OSU-CLL in culture with ACY738 at 1 uM or vehicle for indicated period. (C) Cell-cycle

analysis in OSU-CLL determined by Ki67/7AAD staining after 24 hours of indicated treatments. (D-E) Apoptosis was measured by annexin V/viable staining after treatment of

OSU-CLL with ACY738 for 24 hours. (F) Phosphorylation of indicated molecules was measured after stimulation with 10 pg/mL of anti-human immunoglobulin M in CLL cell
lines. (G) Expression of intracellular MCL1 and BCL-2 protein analyzed by flow cytometry, after incubating OSU-CLL with indicated concentrations of ACY738. All error bars
correspond to standard deviations. *P < .05, **P < .005, ***P < .0005. DMSO, dimethyl sulfoxide.

HDACSG inhibition also alters proliferation and apoptosis
in human CLL via downregulation of BCR signaling

To validate the relevance of these results in the human setting,
2 aggressive patient-derived CLL cell lines were treated with
ACY738 in vitro to selectively inhibit HDAC6 (supplemental
Figure 6A). Supplemental Figure 6B displays a heat map showing
the selectivity of ACY 738 for HDAC6 compared with other HDACs.
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The CLL cell lines OSU-CLL and Mec2 were found to express
HDACS protein at higher levels than normal healthy human donor
B-cell controls (Figure 5A). First, these cell lines were cultured
with ACY738 or DMSO control. Growth kinetics were significantly
delayed in ACY738-treated cells (Figure 5B; supplemental
Figure 6C), with reduced cell-cycle progression and arrest in G1
phase (Figure 5C; supplemental Figure 6D). Additionally, CLL cells
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Figure 6. Combinatorial efficacy of ACY738 and ibrutinib in CLL cells in vitro. (A) CellTiter-Blue assay was performed to detect cell kill synergy in CLL cell lines
treated with ACY738 and ibrutinib. (B) CellTiter-Blue assay was performed to detect cell kill in CLL patient peripheral B cells with unmutated or mutated IGVH status after 48

hours of indicated treatments (n = 8 patients per group). All error bars correspond to standard deviations. *P < .05, **P < .005.

experienced increased, dose-dependent apoptosis after treat-
ment with ACY 738 relative to DMSO (Figure 5D-E; supplemental
Figure 6E). To further examine the role of BCR signaling in altering
CLL proliferation after HDAC6 inhibition, we measured the
phosphorylation status of several BCR-signaling molecules after
ACY738 treatment. Phosphorylation of several BCR-signaling
molecules was dose dependently abrogated in CLL cell lines after

3020 MAHARAIJ et al

ACY738 treatment compared with phosphorylation in DMSO-
treated controls (Figure 5F; supplemental Figure 6F). Considering
these results, we looked at MCL1 and BCL-2, transcription factors
that mediate resistance to apoptosis in CLL cells.*® Both MCL1
and BCL-2 levels were reduced after 24 hours of culture with
ACY738 in a dose-dependent manner (Figure 5G; supplemental
Figure 6G).
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Synergistic activity of ACY738 and ibrutinib in vitro

On the basis of the antiproliferative and proapoptotic effects of
HDACS6 inhibition, we hypothesized that combining HDAC6 and
BTK (ibrutinib) inhibitors would be beneficial for CLL therapy.
Indeed, combining ACY 738 and ibrutinib demonstrated synergistic
cell kill in both OSU-CLL and Mec?2 cells in vitro (Figure 6A-B). To
determine whether this was relevant in primary cells, we cultured
CLL patient samples with ACY738, ibrutinib, or both. Single
treatments decreased viability dose dependently; however, the
combination further decreased viability compared with single
treatments. Decreased viability was more noticeable in the
unmutated patients, suggesting that patients with more proliferative
disease may particularly benefit from this combination (Figure 6C).

Combinatorial efficacy of ACY738 and ibrutinib in
murine CLL in vivo

To assess the in vivo relevance of this drug combination, groups of
adoptively transferred euTCL1 mice were treated with ACY738
alone, ibrutinib alone, or ACY738 in combination with ibrutinib or
fed vehicle only from disease engraftment until death or euthanasia.
Before these experiments, we confirmed that WT mice treated with
ibrutinib via drinking water had exhibited reduced phosphorylation
of BTK in isolated splenic B cells after only 3 days of ibrutinib
treatment (supplemental Figure 7). First, longer overall survival
was confirmed in both the ACY738-only and ibrutinib-only groups
as compared with the vehicle group. However, the combined
treatment further increased overall survival compared with either
single-agent treatment group (Figure 7A). Median survival of the
dual-treatment group was 194 days compared with 112.5 days for
the ACY738-only group and 138.5 days for the ibrutinib-only group.
When euthanized after 12 weeks, tumor burden and splenomegaly
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were observed to be lower in the dual-treatment group
(Figure 7B-C) than in either single-agent group (Figure 7D-E).
Mice receiving dual treatment did not overtly exhibit any symptoms
associated with drug-related toxicities, such as weight loss or
diarrhea (data not shown). These results suggest that dual inhibition
of HDAC6 and BTK showed combinatorial antitumor efficacy
against CLL in this murine model.

Discussion

In this study, we found that protein expression of HDAC6 was
elevated in B cells of CLL patients compared with normal B-cell
controls (Figure 1). Previously, Van Damme et al'' demonstrated
that HDAC6 mRNA was found to be higher in CLL patient B cells
compared with normal B-cell controls. In addition, HDAC6 mRNA
expression was found to correlate with treatment-free survival but
not with CD38, ZAP70, or IGVH status. In our study, HDAC6
protein expression was higher in CD38" patients compared with
CD38™ patients. CD38" CLL patients typically represent a
population of intermediate- to high-risk patients. It is interesting to
note that, in separate studies, both HDAC6 mRNA and protein were
found to be elevated in CLL B cells. Our data also showed elevation
of HDACS protein in CLL cell lines (Figure 5) and euTCL1 B cells
(Figure 2) compared with normal controls. The discrepancies
between these studies may be due to differences in methods.
Protein level was measured via flow cytometry in the current study,
whereas mRNA level was measured via quantitative real-time
polymerase chain reaction in the study by Van Damme et al.'’ In
addition, cohort size and average CLL B-cell percentage present in
the patient samples were different between the 2 studies.
Altogether, our current observations and the prior literature suggest
that HDACB6 expression may be a clinically relevant factor for CLL
patients and warrant further investigation to determine whether
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HDAC6 may be able to regulate processes supporting the
malignant progression of CLL B cells.

Our experiments showed that HDACS inhibition downregulated BCR
signaling in murine and human CLL B cells, leading to defects in
proliferation and sensitivity to apoptosis. This translated to delayed
disease progression, lower tumor burden, and increased overall
survival when HDAC®6 was genetically silenced or pharmacologically
inhibited in the euTCL1 model. Molecules such as BTK and AKT that
are constitutively activated downstream of the BCR are particularly
crucial to transduction of oncogenic signaling in CLL B cells.¢%°
HDACS6 has been shown to regulate oncogenic mitogen-activated
protein kinase and phosphatidylinositol 3-kinase (PI3K) signaling
pathways in multiple cell types via deacetylation of cytoplasmic
targets.®' In our experiments, we found no evidence of hyper-
acetylation of SYK, BTK, or AKT after HDACS® inhibition in CLL cell
lines (data not shown). However, RNA sequencing analyses
demonstrated transcriptional regulation of several genes that may
be involved in CLL progression. Of note, SYK was included in this list.
Given the importance of SYK to BCR signaling transduction, this
result indicated to us that HDAC6 might be acting in the nucleus to
regulate the expression of this kinase, thereby affecting downstream
BCR signaling. Although the exact mechanism is not yet clear, we
have additional studies that are fully exploring this possibility.

Single-agent therapy with BCR inhibitors has met with clinical
success; however, relapsed patients are emerging as a population
with unmet needs. Characterization of mutations in BCR-signaling
components, such as BTK (C481S) and/or PLC-2v, has shown a
role for these components in resistance to ibrutinib. Further
characterization also found genetic alterations of TRAIL-R, EP300,
MLL2, and EIF2A in ibrutinib-resistant patients. Mutations could
be detected for up to 15 months before manifestation of clinical
progression, and these patients were transitioned to alternative
targeted agents with moderate success.?>2 A study of clonal evolution
in 8 patients who were resistant to venetoclax (BCL-2 inhibitor)
reported mutations in BTG1 and BRAF deletions affecting CDKN2A
and amplification of CD274 (PD-L1).%® Other researchers have
predicted that resistance to venetoclax may occur via upregulation of
alternative antiapoptotic BCL family proteins. Resistance to idelalisib
mechanisms (PI3K3 inhibitors) have not yet been described in CLL
patients but have been identified in other cancers and are predicted
to occur, for example, via upregulation of class 1A PI3K.3*
Combination approaches using ibrutinib are being tested in pre-
viously treated high-risk patients and in treatment-naive patients
(#NCT02301156, #NCT02420912, and #NCT02756897). Results
reported after 6 months of a clinical trial testing ibrutinib plus
venetoclax in relapsed/refractory (R/R) CLL showed high overall
response rates, eradication of minimal residual disease, and manage-
able adverse events.’® Although results are promising, long-term
follow-up has not been reported, and it is not known whether some of
these patients may ultimately progress.
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Acknowledgments

The authors acknowledge Carlo Croce, who kindly provided the euTCL1
model, and the comparative medicine (vivarium) staff at the H. Lee Moffitt
Cancer Center and Research Institute for their extended technical support
of our project. The authors thank Sonya J. Smyk of Moffitt Cancer Center
for editorial support. She was not compensated beyond her regular salary.
This work was supported by by a Leukemia and Lymphoma
Society Translational Research Program grant and Acetylon Phar-
maceuticals and in part by the Flow Cytometry and Molecular
Genomics Core Facilities at the Moffitt Cancer Center and Research
Institute, a National Institutes of Health, National Cancer Institute—
designated comprehensive cancer center (P30-CA076292).

Authorship

Contribution: K.M. designed and conducted research, analyzed and
interpreted data, and wrote the manuscript; J.J.P. designed and
conducted research and analyzed data; A.A., S.D., R.F., and M.P.-S.
conducted research; S.N.Q. and S.S.J. served as project advisers;
AV. and EM.S,, as experts in the field, advised on the data gener-
ated; and E.S. and J.P.-l. conceived and designed the research and
revised the manuscript.

Conflict-of-interest disclosure: JP-l. and ES. received research
funding from Acetylon Pharmaceuticals, Inc., and subsequently from
Celgene. The remaining authors declare no competing financial interests.

ORCID profile: K.M., 0000-0002-2721-1188.

Correspondence: Javier Pinilla-Ibarz, Moffitt Cancer Center &
Research, 12902 Magnolia Dr, Tampa, FL 33612; e-mail: javier.
pinilla@moffitt.org; and Eva Sahakian, Moffitt Cancer Center & Re-
search Institute, 12902 Magnolia Dr, Tampa, FL 33612; e-mail: eva.
sahakian@moffitt.org.

1. Hallek M. Chronic lymphocytic leukemia: 2017 update on diagnosis, risk stratification, and treatment. Am J Hematol. 2017;92(9):946-965.

2. Muggen AF, Singh SP, Hendriks RW, Langerak AW. Targeting signaling pathways in chronic lymphocytic leukemia. Curr Cancer Drug Targets. 2016;

16(8):669-688.

3. Bose P, Gandhi V. Recent therapeutic advances in chronic lymphocytic leukemia. F7000 Res. 2017;6:1924.

3022 MAHARAIJ et al

13 NOVEMBER 2018 - VOLUME 2, NUMBER 21 & blood advances


http://orcid.org/ 0000-0002-2721-1188
mailto:javier.pinilla@moffitt.org
mailto:javier.pinilla@moffitt.org
mailto:eva.sahakian@moffitt.org
mailto:eva.sahakian@moffitt.org

10.

11.

12.
13.

14,
15.
16.
17.

18.

19.

20.
21.
22.

23.
24.

25.
26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

Martin-Subero JI, Lopez-Otin C, Campo E. Genetic and epigenetic basis of chronic lymphocytic leukemia. Curr Opin Hematol. 2013;20(4):362-368.
Raval A, Byrd JC, Plass C. Epigenetics in chronic lymphocytic leukemia. Semin Oncol. 2006;33(2):157-166.

Cahill N, Bergh AC, Kanduri M, et al. 4560K-array analysis of chronic lymphocytic leukemia cells reveals global DNA methylation to be relatively stable over
time and similar in resting and proliferative compartments. Leukemia. 2013;27(1):150-158.

Dubovsky JA, Wang D, Powers JJ, et al. Restoring the functional immunogenicity of chronic lymphocytic leukemia using epigenetic modifiers. Leuk Res.
2011;35(3):394-404.

Dubovsky JA, Powers JJ, Gao Y, Mariusso LF, Sotomayor EM, Pinilla-lbarz JA. Epigenetic repolarization of T lymphocytes from chronic lymphocytic
leukemia patients using 5-aza-2'-deoxycytidine. Leuk Res. 2011;35(9):1193-1199.

Yang H, Maddipoti S, Quesada A, et al. Analysis of class | and Il histone deacetylase gene expression in human leukemia. Leuk Lymphoma. 2015;56(12):
3426-3433.

Sampath D, Liu C, Vasan K| et al. Histone deacetylases mediate the silencing of miR-15a, miR-16, and miR-29b in chronic lymphocytic leukemia. Blood.
2012;119(5):1162-1172.

Van Damme M, Crompot E, Meuleman N, et al. HDAC isoenzyme expression is deregulated in chronic lymphocytic leukemia B-cells and has a complex
prognostic significance. Epigenetics. 2012;7(12):1403-1412.

Wang JC, Kafeel MI, Avezbakiyev B, et al. Histone deacetylase in chronic lymphocytic leukemia. Oncology. 2011;81(5-6):325-329.

Scialdone A, Hasni MS, Damm JK, Lennartsson A, Gullberg U, Drott K. The HDAC inhibitor valproate induces a bivalent status of the CD20 promoter in
CLL patients suggesting distinct epigenetic regulation of CD20 expression in CLL in vivo. Oncotarget. 2017;8(23):37409-37422.

Bottoni A, Rizzotto L, Lai TH, et al. Targeting BTK through microRNA in chronic lymphocytic leukemia. Blood. 2016;128(26):3101-3112.
Glozak MA, Sengupta N, Zhang X, Seto E. Acetylation and deacetylation of non-histone proteins. Gene. 2005;363:15-23.
Girdwood D, Bumpass D, Vaughan OA, et al. P300 transcriptional repression is mediated by SUMO modification. Mol Cell. 2003;11(4):1043-1054.

Gao L, Cueto MA, Asselbergs F, Atadja P. Cloning and functional characterization of HDAC11, a novel member of the human histone deacetylase family.
J Biol Chem. 2002;277(28):25748-25755.

Westendorf JJ, Zaidi SK, Cascino JE, et al. Runx2 (Cbfa1, AML-3) interacts with histone deacetylase 6 and represses the p21(CIP1/WAF1) promoter.
Mol Cell Biol. 2002;22(22):7982-7992.

Palijan A, Fernandes |, Bastien Y, et al. Function of histone deacetylase 6 as a cofactor of nuclear receptor coregulator LCoR. J Biol Chem. 2009;
284(44):30264-30274.

Hubbert C, Guardiola A, Shao R, et al. HDACS is a microtubule-associated deacetylase. Nature. 2002;417(6887):455-458.
Zhang X, Yuan Z, Zhang Y, et al. HDAC6 modulates cell motility by altering the acetylation level of cortactin. Mo/ Cell. 2007;27(2):197-213.

Messaoudi K, Ali A, Ishaq R, et al. Critical role of the HDACB-cortactin axis in human megakaryocyte maturation leading to a proplatelet-formation defect.
Nat Commun. 2017;8(1):1786.

Kramer OH, Mahboobi S, Sellmer A. Drugging the HDAC6-HSP9O0 interplay in malignant cells. Trends Pharmacol Sci. 2014;35(10):501-509.

Amengual JE, Johannet P, Lombardo M, et al. Dual targeting of protein degradation pathways with the selective HDACS inhibitor ACY-1215 and
bortezomib is synergistic in lymphoma. Clin Cancer Res. 2015;21(20):4663-4675.

Li Y, Shin D, Kwon SH. Histone deacetylase 6 plays a role as a distinct regulator of diverse cellular processes. FEBS J. 2013;280(3):775-793.
Sakuma T, Uzawa K, Onda T, et al. Aberrant expression of histone deacetylase 6 in oral squamous cell carcinoma. Int J Oncol. 2006;29(1):117-124.

Bazzaro M, Lin Z, Santillan A, et al. Ubiquitin proteasome system stress underlies synergistic killing of ovarian cancer cells by bortezomib and a novel
HDACS inhibitor. Clin Cancer Res. 2008;14(22):7340-7347.

Bitler BG, Wu S, Park PH, et al. ARID1A-mutated ovarian cancers depend on HDACS6 activity. Nat Cell Biol. 2017;19(8):962-973.

Bradbury CA, Khanim FL, Hayden R, et al. Histone deacetylases in acute myeloid leukaemia show a distinctive pattern of expression that changes
selectively in response to deacetylase inhibitors. Leukemia. 2005;19(10):1751-1759.

Santo L, Hideshima T, Kung AL, et al. Preclinical activity, pharmacodynamic, and pharmacokinetic properties of a selective HDACS inhibitor, ACY-1215,
in combination with bortezomib in multiple myeloma. Blood. 2012;119(11):2579-2589.

Hideshima T, Qi J, Paranal RM, et al. Discovery of selective small-molecule HDACS inhibitor for overcoming proteasome inhibitor resistance in multiple
myeloma. Proc Natl Acad Sci USA. 2016;113(46):13162-13167.

Cosenza M, Civallero M, Marcheselli L, Sacchi S, Pozzi S. Ricolinostat, a selective HDACS inhibitor, shows anti-lymphoma cell activity alone and in
combination with bendamustine. Apoptosis. 2017;22(6):827-840.

Hideshima T, Mazitschek R, Qi J, et al. HDACS6 inhibitor WT161 downregulates growth factor receptors in breast cancer. Oncotarget. 2017;8(46):
80109-80123.

Yu S, Cai X, Wu C, et al. Targeting HSP90-HDACS regulating network implicates precision treatment of breast cancer. Int J Biol Sci. 2017;13(4):
505-517.

Wang Z, Hu P, Tang F, Xie C. HDAC6-mediated EGFR stabilization and activation restrict cell response to sorafenib in non-small cell lung cancer cells.
Med Oncol. 2016;33(5):50.

Wang Z, Tang F, Hu P, et al. HDAC6 promotes cell proliferation and confers resistance to gefitinib in lung adenocarcinoma. Oncol Rep. 2016;36(1):
589-597.

€ blood advances 13 NOVEMBER 2018 - VOLUME 2, NUMBER 21 HDAC6 MODULATION IN CLL 3023



37.
38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.
53.

54.
55.

Lienlaf M, Perez Villarroel P, Knox T, et al. Essential role of HDACS in the regulation of PD-L1 in melanoma. Mol Oncol. 2016;10(5):735-750.

Woan KV, Lienlaf M, Perez-Villaroel P, et al. Targeting histone deacetylase 6 mediates a dual anti-melanoma effect: Enhanced antitumor immunity and
impaired cell proliferation. Mol Oncol. 2015;9(7):1447-1457.

Larkin J, Chiarion-Sileni V, Gonzalez R, et al. Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N Engl J Med. 2015;373(1):
23-34.

Yan B, Liu Y, Bai H, et al. HDAC6 regulates IL-17 expression in T lymphocytes: implications for HDAC6-targeted therapies. Theranostics. 2017;7(4):
1002-1009.

Cheng F, Lienlaf M, Wang HW, et al. A novel role for histone deacetylase 6 in the regulation of the tolerogenic STAT3/IL-10 pathway in APCs. J Immunol.
2014;193(6):2850-2862.

Zhang Y, Kwon S, Yamaguchi T, et al. Mice lacking histone deacetylase 6 have hyperacetylated tubulin but are viable and develop normally. Mo/ Cell Biol.
2008;28(5):1688-1701.

Bichi R, Shinton SA, Martin ES, et al. Human chronic lymphocytic leukemia modeled in mouse by targeted TCL1 expression. Proc Natl/ Acad Sci USA.
2002;99(10):6955-6960.

Woyach JA, Bojnik E, Ruppert AS, et al. Bruton's tyrosine kinase (BTK) function is important to the development and expansion of chronic lymphocytic
leukemia (CLL). Blood. 2014;123(8):1207-1213.

Zhuang J, Hawkins SF, Glenn MA, et al. Akt is activated in chronic lymphocytic leukemia cells and delivers a pro-survival signal: the therapeutic potential of
Akt inhibition. Haematologica. 2010;95(1):110-118.

Lee YS, Lim KH, Guo X, et al. The cytoplasmic deacetylase HDACS is required for efficient oncogenic tumorigenesis. Cancer Res. 2008;68(18):
7561-7569.

Yang MH, Laurent G, Bause AS, et al. HDAC6 and SIRT2 regulate the acetylation state and oncogenic activity of mutant K-RAS. Mol Cancer Res. 2013;
11(9):1072-1077.

Wang Q, Tan R, Zhu X, et al. Oncogenic K-ras confers SAHA resistance by up-regulating HDAC6 and c-myc expression. Oncotarget. 2016;7(9):
10064-10072.

Meng Z, Jia LF, Gan YH. PTEN activation through K163 acetylation by inhibiting HDAC6 contributes to tumour inhibition. Oncogene. 2016;35(18):
2333-2344.

laconelli J, Lalonde J, Watmuff B, et al. Lysine deacetylation by HDACS6 regulates the kinase activity of AKT in human neural progenitor cells. ACS Chem
Biol. 2017;12(8):2139-2148.

Burger JA, Chiorazzi N. B cell receptor signaling in chronic lymphocytic leukemia. Trends Immunol. 2013;34(12):592-601.
Ahn [E, Underbayev C, Albitar A, et al. Clonal evolution leading to ibrutinib resistance in chronic lymphocytic leukemia. Blood. 2017;129(11):1469-1479.

Herling CD, Abedpour N, Weiss J, et al. Clonal dynamics towards the development of venetoclax resistance in chronic lymphocytic leukemia. Nat
Commun. 2018;9(1):727.

Woyach JA, Johnson AJ. Targeted therapies in CLL: mechanisms of resistance and strategies for management. Blood. 2015;126(4):471-477.

Hillmen P, Munir T, Rawstron A, et al. Initial results of ibrutinib plus venetoclax in relapsed, refractory CLL (Bloodwise TAP CLARITY Study): high rates of
overall response, complete remission and MRD eradication after 6 months of combination therapy [abstract]. Blood. 2017;130(suppl 1). Abstract 428.

3024 MAHARAIJ et al 13 NOVEMBER 2018 - VOLUME 2, NUMBER 21 & blood advances



