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LYMPHOID NEOPLASIA

Sirtuin and pan-class I/II deacetylase (DAC) inhibition is synergistic
in preclinical models and clinical studies of lymphoma

Jennifer E. Amengual,’ Sean Clark-Garvey,' Matko Kalac," Luigi Scotto," Enrica Marchi,? Ellen Neylon,! Paul Johannet,"
Ying Wei,® Jasmine Zain,' and Owen A. O’Connor’

Center for Lymphoid Malignancies, Columbia University, New York, NY; 2Depariment of Medicine, Lincoln Medical Center, New York, NY; and Mailman
School of Public Health, Columbia University, New York, NY

Understanding the molecular pathogenesis of lymphoma has led to paradigm-changing
treatment opportunities. One example involves tailoring specific agents based on the cell of

¢ Treatment of DLBCL with the | origin in aggressive lymphomas. Germinal center (GC)-derived diffuse large B-cell lym-
combination of sirtuin and phoma (DLBCL) is known to be driven by an addiction to Bcl6, whereas the activated B-cell
DAC inhibitors leads to (ABC) subtype is driven by nuclear factor kB. In the GC subtype, there is a critical inverse
synergistic cytotoxicity and relationship between Bclé and p53, the functional status of which is linked to each
acetylation of Bclé and p53. transcription factor’s degree of acetylation. Deacetylation of Bcl6 is required for its

« The overall response rate of transcriptional repressor effects allowing for the oncogene to drive lymphomagenesis.
. Conversely, acetylation of p53 is activating when class lll deacetylases (DACs), or

relapsed !ymph_oma patients sirtuins, are inhibited by niacinamide. Treatment of DLBCL cell lines with pan-DAC
tr.eat.ed W_lth vorinostat and inhibitors in combination with niacinamide produces synergistic cytotoxicity in GC over
niacinamide was 24%, and ABC subtypes. This correlated with acetylation of both Bcl6 and p53. This combination also
an additional 57% achieved produced remissions in a spontaneous aggressive B-cell lymphoma mouse model
stable disease. expressing Bcl6. In a phase 1 proof-of-principle clinical trial, 24% of patients with relapsed

or refractory lymphoma attained a response to vorinostat and niacinamide, and 57%
experienced disease stabilization. We report herein on the preclinical and clinical activity of this targeted strategy in aggressive

lymphomas. This trial was registered at www.clinicaltrials.gov as #NCT00691210. (Blood. 2013;122(12):2104-2113)

Introduction

Understanding the molecular pathogenesis of lymphoma has led
to paradigm-changing treatment opportunities. Classification of dif-
fuse large B-cell lymphoma (DLBCL) based on gene expression
profiling and cell of origin has created remarkable opportunities to
tailor treatment to the molecular phenotype.'> BCL6 is an oncogene
that functions as a transcriptional repressor.>* Dysregulation of
BCL6 in germinal center (GC)—derived DLBCL causes constitutive
activation of Bcl6, which downregulates essential tumor suppres-
sors, like p53, and DNA-damage-sensing proteins such as ATR.>
Posttranslational modifications (phosphorylation, acetylation, and
ubiquitination) influence the activity of many transcription factors
including Bcl6, p53, Hsp90, and nuclear factor kB (NF-kB).'*'* In
the GC, there is a critical inverse relationship between Bcl6 and p53,
the functional status of which is linked to each transcription factor’s
degree of acetylation. Deacetylation of Bcl6 is required for main-
taining its effects as a transcriptional repressor; acetylation of Bcl6
disrupts binding of the corepressor MTA3, allowing upregulation of
Blimpl1 facilitating GC-B-cell differentiation.'>'® Additionally, Bcl6
directly binds to the promoter region and represses pS3 expression in
GC B cells.”

Class III deacetylases (DAC) inhibitors, known as sirtuin inhib-
itors, enforce acetylation and activation of p53.'7 Those studied

preclinically include niacinamide, sirtinol, cambinol, tenovin-6,
APO-866, and EX527. The most robust experience to date exists for
niacinamide.'®?® Sirtuins are highly conserved enzymes involved in
cell survival and metabolism.>'** Sirtuin inhibition during genotoxic
stress leads to hyperacetylation and activation of p53.'7 All sirtuin
enzymes have a requirement for nicotinamide adenine dinucleotide
(NAD) for catalysis, in contrast to other DACs. Niacinamide, a
derivative of vitamin B3 (niacin), is an end product of the sirtuin-NAD
reaction that binds to and inhibits the sirtuin catalytic domain and is
a precursor of the NAD synthesis pathway. Niacinamide has not been
studied systematically in malignancies.

One therapeutic strategy that could favorably shift the relationship
between Bcl6 and p53 is to pharmacologically modify their acet-
ylation state through DAC inhibition. DAC inhibitors used in the
clinic are pan-class I/II inhibitors (vorinostat, romidepsin, and
panobinostat).>*>® Although vorinostat and romidepsin have
been approved by the US Food and Drug Administration for T-cell
lymphomas, these drugs are relatively inactive in B-cell lymphomas.>
Previous studies by Bereshchenko et al have shown that trichostatin A
(a pan-DAC inhibitor used exclusively in the laboratory) and
niacinamide can modulate Bcl6 in lymphoma cell lines. Herein we
establish proof-of-principle data in both preclinical and clinical
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settings that DAC inhibitors, when used in a rational way, can lead to
inactivation of the Bcl6 oncogene and activation of the pS3 tumor
suppressor protein in a favorable therapeutic direction.

Methods

Drug and reagents

The following drugs were obtained for laboratory experiments and from the
institutional research pharmacy for the clinical trial: panobinostat (Novartis),
vorinostat (Merck), belinostat (CuraGen), romidepsin (Glouchester), and
niacinamide (Sigma-Aldrich). Western blot and immunoprecipitation re-
agents were purchased from Bio-Rad and Invitrogen.

Cell lines

OCI-Lyl, OCI-Ly7, OCI-Ly10, RIVA, and HBL-1 were grown in Iscove
modified Dulbecco medium with 10% fetal bovine serum; Su-DHL2, Su-DHILA4,
and Su-DHL6 were grown in RPMI medium with 10% fetal bovine serum.

Cytotoxicity assays

Cytotoxicity was evaluated using Cell-titer-Glo (Promega) as reported
previously.*°

Flow cytometry

Apoptosis was measured using Yo-Pro-1 and propidium iodide (Vybrant
apoptosis assay kit 4; Invitrogen) as previously described.*

Western blotting and immunoprecipitation

Western blotting was performed as previously described.** Antibodies used
include the following: anti—acetyl-p53 (Lys 382) (Santa Cruz Biotechnol-
ogy), anti—acetyl-p53 (Lys373, Lys382) (Millipore), anti-p53 DO-1 (Abcam),
anti-Blimp1(N-20) (Santa Cruz Biotechnology), anti-p21 (Cell Signaling
Technology), anti—B-actin (Cell Signaling Technology), anti-Bcl6 (D-8) (Santa
Cruz Biotechnology), anti—caspase 3 (Cell Signaling Technology), and anti-
PARP (46D11) (Cell Signaling Technology).

For detection of acetylated-Bcl6, 4 X 107 OCI-Ly1, OCI-Ly7 cells were
treated with 1 of 4 pan-DAC inhibitors with or without niacinamide for
3 hours. Immunoprecipitation was performed as previously described'? with
Protein G-Agarose Beads (Santa Cruz Biotechnology). Antibodies used include
the following: antiacetylated lysine (Cell Signaling Technology), anti-Bcl6 (D-8)
(Santa Cruz Biotechnology), and anti-Bcl6 N3 (Santa Cruz Biotechnology).

Densitometry analysis was performed on scanned immunoblot images
using the ImageJ software (National Institutes of Health).

In vivo tumor model

Animals were housed in a barrier, pathogen-free mouse facility, maintained in
accordance with the principles of laboratory animal care under an Institutional
Animal Care and Use Committee—approved protocol. Generation of double
transgenic CD19-CherryLuciferase crossed with A-MYC C57BL mice were
bred as previously described.>* Mice were screened twice weekly for tumor
growth measured by in vivo bioluminescence imaging utilizing D-luciferin
(Caliper Life Sciences, Hopkinton, MA), conducted on a cryogentically cooled
In Vivo Imaging System (IVIS) system (Xenogen Corp., Alameda, CA). Image
acquisition and measurement of bioluminescence was analyzed using Living
Image software (Xenogen) as previously described.*® Mice were eligible for
assignment to 1 of 5 cohorts once they achieved a detectable prespecified bio-
luminescent signal of 20 X 10° photons per second per cm? per sr correlating with
100-mg tumor weight. Mice were divided into 5 cohorts of 5 to 6 mice as follows:
(1) control, normal saline daily days 1 through 5; (2) niacinamide (N), 60 mg/kg
daily days 1 through 5; (3) romidepsin (R), 1.0 mg/kg day 1 and normal
saline days 2 through 5; (4) N + R, N days 1 through 5 and R day 1; and
(5) N—R, N days 1 through 5 and R day 3. All drugs were diluted in normal
saline 0.9% and were administered via the intraperitoneal route for 3 weeks.
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Phase 1 study design

The Institutional Review Board approved the study, which was conducted
according to the provisions of the Declaration of Helsinki and the Inter-
national Conference on Harmonization Guidelines for Good Clinical
Practice. This was an open-label, phase 1, single-arm study registered with
ClinicalTrials.gov (identifier NCT00691210). All patients enrolled gave
written informed consent. All authors had access to primary data.

The primary objective was to determine maximal tolerated dose (MTD)
and dose-limiting toxicity (DLT) of vorinostat and niacinamide in com-
bination. Secondary objectives included describing overall response rate
(ORR) (complete remission [CR] plus partial remission [PR]) and duration of
response. Response was determined using clinical parameters, computed
tomography or positron emission tomography/computed tomography, and
bone marrow biopsy, as outlined by the 2007 International Harmonization
Project criteria.**

Modified Fibonacci dose escalation design was employed using standard
3 + 3 design. Patients received a vorinostat fixed dose of 400 mg orally on days
1 to 14 of a 21-day cycle. Niacinamide was given orally on days 1 through 14
of a 21-day cycle and escalated as follows: 20 mg/kg, 40 mg/kg, 60 mg/kg,
80 mg/kg, and 100 mg/kg. Patients receiving at least 1 dose of the drug were
considered evaluable for toxicity (for study flow, see supplemental Figure 1;
see the Blood Web site). Patients who completed 1 cycle of therapy, defined as
receiving >60% of study drugs, were considered evaluable for determination
of DLT. All adverse events were evaluated according to the criteria outlined in
the National Cancer Institute Common Terminology Criteria for Adverse
Events version 3.0. DLTs were defined as follows: grade 4 neutropenia that
did not resolve to grade <2 within 7 days, any grade 4 thrombocytopenia; any
hematologic toxicity that required dose delay of >14 days, and any grade 5.
Nonhematologic DLTs were defined as any grade =3, with exception of the
following: grade 3 nausea, vomiting, diarrhea, or dehydration that occurred
with inadequate compliance of supportive care measures; grade 3 acidosis or
alkalosis that returned to grade <2 within 48 hours; isolated grade 3 elevation
of liver function tests or amylase without clinical symptoms that lasted <5 days;
grade 3 hypocalcemia, hypokalemia, hypomagnesemia, hyponatremia, or
hypophosphatemia that responded to intervention; and grade 3 hypercholes-
terolemia, hypertriglyceridemia, alopecia, constipation, and fatigue.

The MTD was defined as the dose level at which one-third or less of
patients experience a DLT. Standard supportive treatment was allowed as
clinically indicated including antiemetics, antidiarrheal, antipyretics, anti-
histamines, analgesics, antibiotics, and blood products.

Eligibility

Eligible patients were required to have relapsed/refractory biopsy proven
lymphoma, of any subtype. Inclusion criteria were as follows: evaluable disease,
age =18 years, ECOG performance status <2, and adequate organ and marrow
function. There was no upper limit to the number of prior therapies or stem cell
transplantation (SCT). Patients were excluded if they had chemotherapy or
radiotherapy within 2 weeks or monoclonal antibodies within 3 months (unless
there was evidence of disease progression). Administration of prednisone or the
equivalent must have been stabilized to a dose <10 mg/day X 7 days. Patients
were ineligible if they had central nervous system/leptomeningeal disease, had
other uncontrolled intercurrent illness, were pregnant or nursing, had HIV, or
have had an allergic reaction attributed to structurally related compounds.

Response assessment

Response was assessed in accordance with the International Harmonization
Project Group 2007 Revised Response Criteria.** Efficacy was evaluated
after 2 cycles of therapy; thereafter, tumor assessment was performed
clinically every 2 to 4 months until progression of disease (POD). All patients
were followed for survival and disease progression for 2 years following
discontinuation.

Statistical analysis

Preclinical studies. 1Cs (half the maximal inhibitory concentration) for each
cell line was calculated using the Calcusyn Version 2.0 software (Biosoft).*
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Figure 1. IC5 values: luminometric assays. (A) Growth inhibition ICso mean values in 8 DLBCL cell lines at 3 time points were explored for niacinamide. (B) Niacinamide
induces weak growth inhibition in a spectrum of DLBCL. In 4 DLBCL lines, niacinamide induced concentration, but not time-dependent, growth inhibition. Values represent
means expressed as percentages compared with the untreated control; error bars represent standard deviation.

Relative risk ratio (RRR) was used as a model for establishing synergy between
2 drugs. RRR is based on calculating the ratio between the actual value and the
expected value (EV). In the case of 2 cytotoxic compounds, EV is calculated by
the formula EV = (N, X Np)/100, where N4 represents the percentage of
viable cells treated with drug A and Nj represents the percentage of viable cells
treated with drug B. RRR <1 represents a synergistic effect, values equal to 1
indicate the mean additive effect, and values >1 represent an antagonistic
effect. Significance was determined using unpaired Student # test analysis.

For evaluation of the in vivo study, the log-linear mixed model was used
to assess the treatment differences in the tumor intensity,*® calculated as
follows: Log (intensity) = By + B, time + B, trt + B3 time X trt + g + ej;.

The model assumes that the logarithm of the tumor intensity is linear in
time and allows different intercepts and slopes for different treatment groups.
Random effect (g;) of individual mice was included to account for within-
mouse correlation and to help improve the statistical power to assess treatment
differences. Because of small sample size, all the hypotheses were tested using
the permutation test.”’

Results

Single-agent activity of pan-class DAC inhibitors
and niacinamide

Previous experiences in our laboratory have demonstrated that the
inhibitory concentration 50% (ICsg) of the pan-class DAC inhibitors

exhibited marked variability depending on the disease recapitulated,
duration of exposure, and individual DAC inhibitor.*® For example,
vorinostat exhibited ICsy values ranging from 687 to 2100 nM
across a panel of lymphoma cell lines, with little difference between
GC- and activated B-cell (ABC)-derived lines. In contrast, romidepsin
exhibited a range from 2 to 3.6 nM. In this experience, rank
ordering the potency of the DAC inhibitors in the most sensitive
cell line (OCI-Ly1) would follow romidepsin > > panobinostat >
belinostat > > vorinostat.

Niacinamide exhibited weak single-agent activity in DLBCL cell
lines, demonstrating a concentration, but not time-dependent, effect
(Figure 1A-B). IC5 values ranged from 7.3 mM (OCI-Ly1) to 16 mM
(OCI-Ly10) across the panel of DLBCL lines.

Combinations of sirtuin and pan-class DAC inhibitors are
synergistic in GC-derived DLBCL cell lines

Using the calculated IC;g.,¢ values from the single-agent concen-
tration effect curves, the synergistic interactions between each of the
4 pan-DAC inhibitors and niacinamide were calculated. Eight cell
lines, 4 GC and 4 ABC subtypes, were treated with 1 of 4 pan-DAC
inhibitors at the IC;y or IC,o alone or in combination with nia-
cinamide at 5 or 10 mM (approximating the IC;y and IC,;), and
evaluated following 24, 48, and 72 hours of exposure. Figure 2A
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Figure 2. Synergy between niacinamide and 4 pan-class I/ll DAC inhibitors in luminetric assays. (A) “Heat map” representing synergy coefficients for 8 DLCBL cell lines
treated with niacinamide in combination with 1 of 4 pan-class I/ll DAC inhibitors: romidepsin, vorinostat, belinostat, or panobinostat. Cells were treated with niacinamide, 5 and
10 mM, in combination with both the IC4o and IC,, of each pan-DAC inhibitor (romidepsin, 1 nM, 1.5 nM; vorinostat, 400 nM, 500 nM; belinostat, 100 nM, 300 nM; and
panobinostat, 2 nM, 4 nM). Cytotoxicity was measured at 24, 48, and 72 hours. Synergistic RRR values <1 are represented by red boxes, additive RRR values = 1 are
represented as white boxes, and antagonistic RRR values >1 are represented as blue boxes. GC-derived DLBCL achieved greater synergistic cytotoxicity compared with
ABC-derived DLBCL cell lines. (B) Cell viability as compared with controls in 4 DBLCL cell lines treated with niacinamide in combination with 1 of 4 pan-class DAC inhibitors at
24 and 48 hours. Concentrations of drugs were as follows: niacinamide, 10 mM (N); romidepsin, 1.5 nM (R); vorinostat, 500 nM (V); belinostat, 100 nM (B); and panobinostat,
4 nM (P). Each bar represents the mean of 3 experiments expressed as percentages compared with the untreated control; error bars represent standard deviation. (C)
Assessment of apoptosis by Yo-Pro-1 and propidium iodide in DLBCL lines. Two GC- and 2 ABC-DLBCL cell lines were incubated with niacinamide (10 mM) alone, pan-class
DAC inhibitor alone, either vorinostat or romidepsin, or the combination of niacinamide plus pan-class DAC inhibitor for 48 hours. All cell lines were treated with 10 mM
niacinamide; OCI-Ly1, Su-DHL2, and HBL-1 were treated with 1.5 nM romidepsin; OCI-Ly7 was treated with 1.0 nM romidepsin; OCI-Ly1 and Su-DHL2 were treated with
400 nM vorinostat; OCI-Ly7 and HBL-1 with 500 nM vorinostat. Compared with the untreated control, niacinamide or pan-class DAC inhibitor alone resulted in minimal
apoptosis. Combination of niacinamide with romidepsin or vorinostat led to increased apoptosis in GC-derived DLBCL cell lines to a greater degree compared with ABC-
derived cell lines. (D) PARP and caspase 3 cleavage was demonstrated for cells treated with romidepsin alone and to a greater degree in combination with niacinamide at
24 hours. C, untreated control; N, niacinamide; NR, combination; R, romidepsin.
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Figure 3. Acetylation of Bcl6 and p53 in DLBCL lines after treatment with niacinamide and pan-class I/ll DAC inhibitor. (A) Western blot analysis of Bcl6 and p53 in
6 untreated DLBCL cell lines. Bcl6 is expressed to a greater degree in GC- over ABC-subtype DLBCL. (B) Acetylation of Bcl6 in 2 GC-derived DLBCL cell lines treated for
3 hours with niacinamide (N), 10 mM, and/or 1 of 4 pan-class DAC inhibitors: vorinostat (V), 3 uM; panobinostat (P), 15 nM; belinostat (B), 600 nM; or romidepsin (R), 6 nM for
OCI-Ly1 and 1.5 nM for OCI-Ly7. Whole cell lysates were analyzed by immunoprecipitation for Bcl6 and Western blot analysis for acetyl lysine. Densitometry analysis was
performed on scanned immunoblot images using the ImageJ software (National Institutes of Health). Relative levels of acetylated-Bcl6 were calculated and plotted. (C)
Western blot analysis of acetylated-p53, total p53, p21, and Blimp1 in 4 DLBCL cell lines treated with 10 mM niacinamide, 1.5 nM romidepsin, or the combination for 24 hours.

OCI-Ly7 does not express p21 at measurable levels at baseline.

depicts a “heat map,” where synergy (RRR <1) is represented by the
red boxes, additivity (RRR = 1) by the white boxes, and antagonism
(RRR >1) by the blue boxes. This representation provides a global
view of the drug:drug interactions as a function of cell of origin,
DAC inhibitor, and duration of exposure simultaneously. These data
demonstrate that the combination of romidepsin and vorinostat
consistently produces the greatest synergy with niacinamide in the
GC-derived cell lines, compared with belinostat and panobinostat.
Nearly all the synergy coefficients calculated for the combination
studies of the pan-DAC inhibitors and niacinamide in the GC-
derived cell lines were synergistic, whereas the majority of the
coefficients of the ABC lines were in the additive to antagonistic
range. The histograms presented in Figure 2B depict the synergy
coefficients as a function of the drug:drug interaction and cell line.
The lowest, most potent, synergy coefficients were observed be-
tween romidepsin at 1.5 nM and niacinamide (RRR 0.42-0.52,
P = .018-.0006). In contrast, the majority of the synergy coefficients
seen in the ABC-derived lines approximated 1.0. Figure 2C-D

presents supporting evidence that combinations of pan-DAC in-
hibitor and niacinamide increase apoptosis to a greater extent in GC-
derived cell lines compared with ABC-derived lines. Collectively,
these in vitro data support the conclusion that the combination of
pan-DAC inhibitor and sirtuin inhibitor are selectively more cyto-
toxic in GC-derived DLBCL cell lines. They also support the notion
that not all the DAC inhibitors are equal in mediating this synergistic
interaction, with vorinostant and romidepsin being more effective in
combination with niacinamide.

Acetylation of both Bcl6 and p53 correlates with the cytotoxicity
of pan-DAC and sirtuin inhibition in GC-derived DLBCL
cell lines

Overexpression of Bcl6 is known to drive proliferation of GC-
derived cell lines and is present, to a lesser extent, in ABC-derived
cell lines. Bcl6 recruits the corepressor MTA3 to inhibit Blimpl1,
the master regulator of plasma cell differentiation, preventing
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Figure 4. Romidepsin in combination A C
n L B . . . Treatment Schedules N+R and N>R
with niacinamide is effective therapy in
a genetically engineered mouse model A-mvc mouse N4R Niacinamide N N N N N2
(GEMM) of spontaneous aggressive B-cell OCILy! SUDHL2 Med Sol 2 60 mg/kg
lymphoma expressing Bcl6. GEMM of a Lyt su ed spleen NR
C57BL with \-MYC overexpressed crossed Total Bcl6 _
with a mCherry fluorescent luminescent N+R Romidepsin N
CD19 was used to assess effectiveness 1.0 mg/kg
and tolerability of romidepsin in combination Total p53 o
R L L Romidepsin N2
with niacinamide in the context of a normal N>R 1.0 mg/kg
immune system and microenvironment. (A) B-Actin _
Whole-cell lysates prepared from the medi- Day 1 2 3 4 5 6 7
astinum and spleen of an untreated \-MYC
overexpressing mouse expresses similar B C NR D control  Niacinamide (N) Romidepsin (R N+ R N>R

quantities of Bcl6 and p53 as the GC-de-
rived DLBCL cell line, OCl-Ly1, as com-
pared with ABC-derived DLBCL cell line,
Su-DHL2. (B) GEMM \-MYC overexpressing
mouse treated with niacinamide (40 mg/kg)
and romidepsin (2.3 mg/kg) intraperitoneally
and euthanized 5 hours later. Lysates pre-
pared from the lymphoid tissue of the treated
mouse and a control mouse were evaluated
for acetylated-Bclé by immunoprecipitation,
and Blimp1, acetylated-p53, total p53, and
p21 by Western blot analysis. (C) Treatment
schedules for groups of animals receiving
both niacinamide and romidepsin. Schedules
varied only by the sequence of the 2 drugs,
with mice treated according to schedule
N + R receiving romidepsin on day 1, and
those treated according to schedule N—R
receiving romidepsin on day 3. (D) Bio- p21
luminescence signal intensity of CD19
luminescence in representative mice from
each cohort on day 1 prior to treatment, and
day 22, 1 week following completion of treat-
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Blimp1
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B-Actin

Day1
Prior to
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Bioluminescence (pixels/second)
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ment. (E) Mice were injected with 150 mg/kg E 1000

p-luciferin and anesthetized after 5 minutes E
with a mixture of 2% isofluorane/air. Bio- S * # Control
luminescence of each mouse was acquired 3 * x
by IVIS system (Xenogen) and analyzed with 2 100 2 W Niacinamide
Living Image software (Xenogen) as a func- 2 “ [] N
tion of time for each cohort. (F) Summary of .E — n F Y Romi
the toxicity and response to therapy at day 22 rt X *
from the start of treatment. (G) Estimated é 10 = = . .
rate of growth of each cohort of mice. The § 3 2 % Nia+Romi
change of log intensity in the N + R cohort £ §
is significantly slower than the control cohort § x Nia -> Romi
(P = .01). 2 1 - T
o
1 15 22
Time (Days)
F >10% Death- Death- Complete G Treatment Estimated Rate
Wt- Loss Toxicity Tumor Response Group of Growth
Control 0/5 0/5 1/5 0/5 Control +0.04
Niacinamide(N) 1/5 0/5 3/5 0/5 Niacinamide +0.022
Romidepsin (R) 0/6 1/6 3/6 0/6 Romidepsin -0.003
N+R 1/5 1/5 1/5 2/5 N+R -0.045
N>R 0/5 1/5 1/5 1/5 N>R -0.007

centroblasts from exiting the GC. Acetylation of Bcl6 has been
shown previously to dissociate MTA3 leading to upregulation of
Blimp1.'® Western blots for 6 DLBCL cell lines probed for Bcl6
and p53 confirm that for these cell lines, Bcl6 is more abundant
in GC-derived cell lines (OCI-Ly-1, OCI-Ly-7, and Su-DHL-6),
whereas there is little to none in the ABC lines (OCI-Ly10, Su-
DHL-2, and HBL-1) (Figure 3A). Figure 3B shows acetylated-
Bclb6 as a function of treatment with different DAC inhibitors and
niacinamide. It demonstrates that combination of pan-DAC inhibitor

plus niacniamide increases acetylated-Bcl6. The combination of
romidepsin and niacinamide increases accumulation of acetylated-p53
and p21 across the cell lines examined (p21 is not present in OCI-
Ly7*! confirmed by PCR; data not shown). Blimp1 accumulates
in cell lines treated with the combination. These data support
the fact that the pan-DAC inhibitors and niacinamide lead to
accumulation of acetylated-Bcl6 and acetylated-p53, and that these
posttranslational modifications are associated with an increase in
their downstream genes including p21 and Blimpl.
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Table 1. Patient characteristics

Characteristic N (%)
Median age 43 (range 25-75)
Female 11 (44)
Race/ethnicity
White (non-Hispanic) 21
Hispanic 4
Histology
Hodgkin lymphoma (HL) 12
DLBCL 4
Follicular lymphoma 3
Other non-Hodgkin lymphoma (NHL)* 6
Prior treatment
Median # of prior systemic 4
therapeutic regimens (range 1-15)
Prior autologous SCT 16
Prior allogeneic SCT 4

*Other NHL histologies included the following: angioimmunoblastic T-cell lymphoma,
marginal zone lymphoma, primary mediastinal LBCL, chronic lymphocytic leukemia,
anaplastic large cell lymphoma, and mantle cell lymphoma.

Combined sirtuin and pan-DAC inhibition leads to decreased
tumor burden in an in vivo model of aggressive
spontaneous lymphoma

To test this drug combination in vivo, a spontaneous double-transgenic
mouse model of aggressive B-cell lymphoma developed in our labo-
ratory was used.>> This model crosses the \-MYC transgenic mouse
with the CD19-CherryLuciferase mouse, producing a mouse that
develops spontaneous and bioluminescent aggressive lymphoma in the
background of an immunocompetent host. The A-MYC heterozygous
transgenic mice begin to develop lymphadenopathy between 6 and 8
weeks of age and live 38 to 216 days, after which the mice die of
progressive disease. Similar to untreated DLBCL observed in patients,
these mice develop extensive systemic disease that grows at a
logarithimic rate, often difficult to reverse with pharmacologic in-
tervention. Lysates prepared from the mediastinum and spleen were
probed for Bcl6 and p53 expression confirming a similar expression
pattern to the GC-DLBCL cell line OCI-Ly1(Figure 4A). Figure 4B
presents tissue collected from a mouse after treatment with nia-
cinamide and romidepsin. These data confirm that this drug combi-
nation results in acetylated-Bcl6, acetylated-p53, and accumulation of
Blimp1 and p21, consistent with in vitro experiments. Two different
schedules of romidepsin administration were employed to explore
the merits of “priming” p53 with a preexposure to niacinamide
(Figure 4C). Representative images taken from mice treated with
romidepsin and niacinamide demonstrate that the mice treated with
the combination have a substantially lower tumor burden compared
with control and single-agent cohorts (Figure 4D). Analysis of the
relative tumor signal intensities of the entire cohort of animals
demonstrates that a combination of niacinamide plus romidepsin
yields the most favorable outcome (Figure 4E). The estimated rate of
log intensity increase for the control group was 0.04 per day, com-
pared with 0.022, —0.003, —0.045, and —0.007 for the niacinamide,
romidepsin, N + R, and N—R cohorts, respectively. Statistically,
however, the N + R cohort was the only one that was different
from other treatment cohorts (P < .01). The favorable therapeutic
effect of the combination is reflected by the fact that CRs were
noted only in the combination arms, including N + R (2 CR) and
N—-R (1 CR). Collectively, these data support the concept that
combinations of sirtuin and pan-DAC inhibitor exhibit therapeutic
activity in a model of Bcl6+ aggressive B-cell lymphoma compared
with untreated and single-agent cohorts. Furthermore, this clearly
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establishes the on-target effects of this combination, which produces
acetylated-Bcl6 and acetylated-p53, and downstream accumulation of
Blimpl and p21. Based on these data, a phase 1 study of this com-
bination was designed for patients with lymphoma.

Niacinamide plus vorinostat produces meaningful clinical
patients’ activity in a proof-of-principle phase 1 clinical trial

Twenty-eight patients were screened, and 25 patients enrolled. The
patient characteristics are outlined in Table 1. The median age
was 43 (range 25-75), 44% were female, and 84% were white. This
was a group of heavily pretreated patients. The median number of
therapies was 4 (range 1-15), with 17 patients (68%) having had an
autologous SCT and 4 (16%) an allogeneic SCT. Seven patients
(28%) had GC-derived lymphoma, including 4 with DLBCL and
3 with follicular lymphoma. A range of 1 to 18 cycles was administered.
Of the 25 patients evaluable for toxicity, 21 patients were evaluable for
DLT, and 21 were evaluated for response assessment (see supplemental
Figure 1 for study flowchart).

DLT and MTD

The treatment was well tolerated. The most significant toxicity was
related directly to the number of niacinamide pills. The most
common toxicities included fatigue (84%), nausea (80%), diarrhea
(72%), and anorexia (56%) (Table 2). In total, there were 12 dif-
ferent grade 3 to 4 toxicities that occurred in 11 patients. There was 1
event in dose cohort 4 (vorinostat, 400 mg; niacinamide, 80 mg/kg)
that qualified as a DLT, namely, a grade 3 infection that was pre-
sumed pneumonia. Two DLTSs occurred at dose level 5 (vorinostat,
400 mg; niacinamide, 100 mg/kg): a grade 4 transaminitis not other-
wise explained and a grade 4 hypotension. These events led to the
identification of dose cohort 4 (which required 14 tablets of the

Table 2. Drug toxicities

Toxicity Grade 1 Grade 2 Grade 3 Grade 4 Total (%)
Fatigue 16 4 1 1(84)
Nausea 14 4 2 0 (80)
Diarrhea 16 1 1 8 (72)
Anorexia 11 2 1 4 (56)
Vomiting 10 1 2 3 (52)
Constipation 10 10 (40)
Flushing 7 7 (28)
Fever 6 6 (24)
Thrombocytopenia 2 1 3 6 (24)
Headache 5 5 (20)
Anemia 2 2 4 (16)
Cramping (abdominal) 4 4 (16)
Creatinine 1 3 4 (16)
Dizziness 4 4 (16)
Alanine aminotransferase 1 1 1 3 (12)
Aspartate aminotransferase 2 1 3(12)
Cough 3} 3 (12)
Edema 3 3(12)
Gas 3 3 (12)
Infection 3 3(12)
Metallic taste 3} 3 (12)
Neutropenia 2 1 3(12)
Pain (abdominal) 3 3 (12)
Pruritis 1 2 3(12)
Rash 2 1 3 (12)

Additional significant toxicities that occurred in <10% of patients: 2 patients had
grade 2 zoster, 1 patient had a grade 4 hypotension, and 1 patient had grade
3 syncope.

20z aunr 80 uo 3sanb Aq 4pd y012/6vE69€EL/¥0L2/ZL/ZT | /Pd-ajoie/poojqAeu suoleDlgndyse//:djy woly papeojumog



BLOOD, 19 SEPTEMBER 2013 * VOLUME 122, NUMBER 12

Table 3. Overall response rates

Disease (n = # of

evaluable patients)y CR (%) PR(%) ORR(%) SD(%) POD (%)
NHL (n = 11) 2 (18) 0 (0) 2 (18) 5 (46) 4 (36)
HL (n = 10) 0 (0) 3 (30) 3 (30) 7 (70) 0 (0)

Overall (n = 21) 2 (10) 3 (14) 5 (24) 12 (57) 4 (19)

CR is 100% reduction in disease, PR is >50% reduction in disease, and SD is
<50% disease reduction.
SD, stable disease.

vitamin and 2 tablets of vorinostat) as the MTD. There were 2 deaths
that occurred within the safety follow-up period (30 days following
the last dose of therapy); none of these events was related to the
study drugs. The first was in a patient with HL who had completed 5
cycles. The sixth cycle was held due to transaminitis. Liver biopsy
revealed a new diagnosis of T-cell lymphoma. The patient expired
32 days after his last dose of treatment due to liver failure secondary
to T-cell lymphoma. The second death occurred in a heavily pre-
treated and multiply relapsed chronic lymphocytic leukemia patient
who received 7 days of therapy and developed rapid POD with a
briskly doubling white blood cell count. Immediately after with-
drawing due to POD, the patient received dexamethasone, pento-
statin, and cytoxan. Following treatment, the patient presented to
a local emergency room with chest pain and suffered a myocardial
infarction expiring within 3 hours of presentation. These events
were reviewed by the data monitoring safety committee and were
deemed to be unrelated to study drugs. Aside from the difficulty
patients had ingesting a large number of niacinamide pills, the
treatment was very well tolerated.

Efficacy

The ORR was 24%, with 2 CRs and 3 PRs (Table 3). One CR and 2
PRs were obtained after only 2 cycles of treatment. In the first cohort,
a patient with GC-DLBCL who had 5 prior chemotherapy regimens,
including an allogeneic SCT, achieved a CR maintained for 18 weeks.
The second CR was obtained after 10 cycles, and maintained for
13 weeks in a patient with marginal zone lymphoma who had received
3 prior regimens. All PRs were achieved in patients with HL. who had
received 6 to 10 prior regimens and autologous SCT, with 1 patient
also having had an allogeneic SCT. PRs were maintained for 4 to 13
weeks. Twelve patients achieved SD (57%). Two of these patients
were very close to a PR, with 1 patient achieving 45% and another
30% reduction in tumor burden.

Discussion

Our rapidly increasing understanding of the molecular basis for
lymphomagenesis has created new opportunities to treat these
diseases. Work by several groups using gene expression profiling has
begun to organize many subtypes of lymphoma into discrete mo-
lecular phenotypes.'? Work by Shipp et al has identified distinct
subsets of DLBCL, including one that is comparatively more addicted
to B-cell receptor (BCR) signaling, which appears more sensitive to
BCR inhibition via SYK inhibitors.’** Staudt et al have demon-
strated that DLBCL can be subcategorized into 3 molecular subtypes:
GC derived, ABC derived, and type 3, or primary mediastinal large
B-cell lymphoma. DLBCLs derived from the ABC phenotype are
driven by BCR signaling and NF-kB, whereas GC-derived lympho-
mas appear more dependent on Bcl6. This classification carries
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prognostic ramifications, with the ABC-derived DLBCL carrying
a worse prognosis. Staudt’s group has demonstrated that the com-
bination of BTK inhibition and lenalidomide synergistically interacts
to inhibit NF-kB, providing a molecular rationale for designing clinical
trials for ABC-derived DLBCL.*!"** One recent clinical experience
suggests that development of a chemotherapy regimen targeting
NF-kB may be more sensitive in ABC- over GC-derived DLBCL.
Dunleavy et al have demonstrated that the addition of bortezomib
to DA-EPOCH can overcome the negative impact of ABC-DLBCL,
by inhibiting NF-kB.** Similarly, attempts have been made at
targeting Bcl6 in GC-derived DLBCL. Melnick et al have developed
a Bcl6 peptide inhibitor, which is currently in early stages of clinical
development.® Although promising, these strategies are yet to be
validated in a clinical setting.

The strategy evaluated here proposes employing a single class of
epigenetic drugs to modulate the posttranslational state of 2 tran-
scription factors (Bcl6:p53) that directly interface in a pathological
fashion known to drive GC-derived DLBCL. Bereshchenko et al
demonstrated that the transcriptional repressor effects of Bcl6 can be
abrogated by trichostatin A and niacinamide. Fujita et al confirmed
this and demonstrated that acetylated-Bcl6 led to upregulation of
Blimp1 and subsequent differentiation. Despite this rationale, clin-
ical trials evaluating DAC inhibitors alone in DLBCL have not been
successful. Crump et al studied vorinostat at 300 mg twice daily for
3 days out of 7 in 18 patients with relapsed DLBCL.>® The ORR was
5% (1 CR + 1 SD). As a single agent, vorinostat is relatively inert in
DLBCL. Likewise, there is no expectation that niacinamide would be
cytotoxic in DLBCL.

The data presented here support the concept that an epigenetic-
based approach can modulate Bcl6 in a therapeutic fashion, resulting
in apoptosis of GC-derived DLBCL. Treatment of a large panel
of DLBCL cell lines demonstrated a weak single-agent effect
of niacinamide (ICsy 7-17 mM). Addition of a pan-DAC inhibitor
(romidepsin, vorinostat, belinostat, or panobinostat) led to synergistic
cytotoxicity predominantly restricted to GC-derived DLBCL. This
combination led to acetylation of Bcl6 and p53 and modulation of the
downstream targets p21 and Blimp1. Utilization of a bioluminescent
spontaneous aggressive B-cell lymphoma murine model allowed
evaluation of romidepsin and niacinamide in the background of an
intact microenvironment and immune system. Mice treated with the
combination exhibited greater reduction of tumor volume, increased
acetylation of Bcl6 and p53, and increased p21 and Blimpl. The
ability to assay for acetylated-Bcl6 and acetylated-pS3, as well as
the downstream effects of the posttranslational modification, opens
the possibility of using this as a biomarker for response.

Based on the preclinical experiments discussed previously, a phase
1 clinical trial of vorinostat in combination with niaciniamide in
patients with relapsed or refractory lymphoma was conducted, dem-
onstrating an ORR of 24%. This was an unselected and extraordinarily
heavily pretreated group of patients, most having received an autol-
ogous SCT, allogeneic SCT, or both. Additionally, 12 of 21 patients
(57%) experienced stabilization of their aggressive disease.

Ongoing efforts are focused on optimizing biochemical effects
of these drugs and determining if isoform-selective DAC inhibitors
may more efficiently modulate Bcl6 and p53. Data suggest that
vorinostat and niacinamide are among the weaker of the available
agents. Hypothetically, inhibiting Bcl6 and activating p53 could sen-
sitize cells to DNA-damaging drugs, like etoposide. If confirmed in
ongoing experiments, it is conceivable that such approaches could be
used to sensitize GC-derived DLBCL to conventional chemotherapy,
as has been demonstrated with the addition of bortezomib to
DA-EPOCH. These strategies, as validated with other emerging drugs
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such as ibrutinib** and lenolidomide,*® will likely lead to tailoring che-
motherapy regimens to the individual patient’s molecular phenotype.
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