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Abstract

The cyclin dependent kinase (CDK) inhibitor flavopiridol has demonstrated promising clinical
resultsin relapsed CLL patients leading to efforts to develop improved CDK inhibitors. Dinaciclib
(SCH727965) is a pan-CDK inhibitor, derived from a detailed screen in ovarian xenograft mouse
models for therapeutic index, whose toxicity in solid tumor phase | studies appears favorable.
Dinaciclib in CLL cells demonstrates concentration dependent apoptosis that is superior to
flavopiridol following aclinically relevant 2-hour exposure. Dinaciclib potently down-regul ates
expression of Mcl-1in CLL cells and antagonizes protection mediated by multiple soluble
proteins important in the microenvironment of CLL including TNF-a IL-4, BAFF, and CD40-
ligand. In contrast, contact with stromal cells or fibronectin abrogates the cytotoxicity of dinaciclib
that is antagonized by a pan inhibitor and p110 al phaisoform specific inhibitor of the
phosphatidylinositol 3-kinase pathway suggesting potential for combination strategies. These data
justify clinical development of dinaciclibin CLL.
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Introduction

CLL represents the most prevalent type of adult leukemia and is currently incurable with
available therapies. The introduction of fludarabine (F), fludarabine/cyclophosphamide
(FC), and either of these combined with rituximab (FR or FCR) has improved outcome for
younger patients with CLL. Treatment options available for patients in the setting of
relapsed disease following receipt of chemoimmunotherapy are less where most patients
have high risk genomic findingsincluding gV un-mutated disease, del(17p13.1), and
del(11g22.3) associated with poor treatment response (reviewed in(1)). Identifying therapies
with novel mechanisms of action for this patient group isimportant.

One class of drugs that has promise for the treatment of relapsed CLL isthe cyclin
dependent kinases (CDK inhibitors). Flavopiridol isthe first member of this group to be
extensively tested based upon pre-clinical work by several groups(2—4) which while having
anarrow therapeutic window, was shown to be aclinically active in high risk genomic
patients with a dose limiting side effect of hyper-acute tumor lysis syndrome (TLS)(5, 6). A
multicenter phase Il trial confirmed activity of flavopiridol including in patients with
del(17p13.1) but also toxicity associated with its narrow therapeutic index (American
Society of Hematology Annual meeting 2010). These results provide support for
development of CDK inhibitors that have an improved therapeutic index.

Dinaciclib (SCH 727965)(7) is a selective inhibitor of CDK 1, 2 and 9 (1C50 of < 5nM) that
was selected pre-clinically by an in vivo screen that identified it as having afavorable
therapeutic index of maximally tolerated dose to effective dose in an ovarian carcinoma
xenograft mouse model. Specifically, the therapeutic index of dinaciclib was 10 versus 2 for
BMS-387032 (now known as SNS-032) and <1 for flavopiridol (8). Dinaciclib has
completed phase | testing in solid tumors where the dose limiting side effect of neutropenia
and cytokine release syndrome was observed with arelatively favorable therapeutic index
(i.e. no diarrhea and less fatigue as compared to flavopiridol (American Society of Clinical
Oncology annua meeting 2009). Herein, we describe dinaciclib has dramatic pre-clinical
activity in CLL justifying its development as a potential clinical candidate agent in CLL.

Materials and Methods

Patients, Cell Separation, Culture Conditions, and Reagents

Blood was obtained from CLL patients(9) with written informed consent in accordance with
the Declaration of Helsinki and under a protocol approved by the Institutional Review Board
of The Ohio State University (Columbus, OH). CLL cell selection, interphase cytogenetics,
and 1VGH mutational analysis was done as previously reported(10). The HS-5 cell line was
obtained from ATCC (Manassas, VA) Dinaciclib was obtained from Merck & Co.
(Whitehouse Station, NJ). Fluorescein isothiocyanate-labeled annexin V and propidium
iodide (PI) were purchased from BD Pharmingen (San Diego, CA). LY 294002 was
purchased from BIOMOL (Plymouth Meeting, PA). IL-4 and BAFF were purchased from
R&D Systems (Minneapolis, MN). CD40L was purchased from PeproTech (Rocky Hill,
NJ). IC87114 was synthesized according to international patent and published structure(11).
TGX-221 was purchased from Calbiochem (Gibbstown, NJ). PIK-75 was purchased from
Selleck Chemicals (Houston, TX).

Viability, Western Blot, and PCR Assays

MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide) assays were
performed as previoudly reported. Apoptosis was determined by staining with annexin V-
FITC and PI. Experiments examining survival signals used Img/mL CD40L, 800U/mL
IL-4, 50ng/mL BAFF, 20ng/mL TNFa or co-culturing on fibronectin or HS-5 cell line
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coated plates. Immunoblot was performed for MCL-1 as previously described by our
group(2). Quantitative RT-PCR was performed using manufacturer’ s instructions (Applied
Biosystems, Foster City, CA).

Statistical Analysis

To stabilize the variance, the raw Ct value of real time PCR data was normalized to internal
control, and the standardized data were analyzed using linear mixed effects models. Holm's
procedure was used to correct for multiple comparisons when appropriate(12). Type | error
isstrongly controlled at a.=0.05 for single comparisons and after adjustment for multiple
comparisons or endpoints.

Results and Discussion

The phase | clinical trials performed with dinaciclib have administered this agent using a 2-
hour infusion (American Society of Clinical Oncology annual meeting 2008 and 2009). We
therefore sought to determine if a 2-hour exposure of dinaciclib, readily achievable in the
clinic, would promote apoptosisin CLL cells. Figure 1A demonstrates that dinaciclib
mediates potent apoptosisin CLL cellswith an |Csg of 352.3 nM (95% CI of 351.06,
353.48; p<0.0001). Given the importance of identifying therapeutics that work independent
of del(17p13.1) and IgVy un-mutated status, we next sought to determine if there was
variable sensitivity to dinaciclib based upon these features. Figures 1B and 1C demonstrate
that dinaciclib mediates similar apoptosis irrespective of gV mutational status or del17p.

A variety of cytokines produced by microenvironment cellsincluding CD40L, BAFF, and
IL-4 promote survival of CLL cells /n vitro. We demonstrate that co-treatment of CD40L
(Figure 2A), BAFF (Figure 2B), and IL-4 (Figure 2C) all protect CLL cellsfrom
spontaneous apoptosis although this effect is abrogated by dinaciclib treatment. These
results collectively suggest that soluble survival signals provided by the microenvironment
are antagonized by dinaciclib. Direct contact with stromal cells exert a profound effect on
preventing spontaneous and drug induced apoptosis. Concurrent treatment of CLL cellson
stromal cellswith dinaciclib demonstrated loss of adhesion of stromal cells and their
protective effect (data not shown). This prompted dinaciclib pre-treatment of CLL cells
followed by incubation on HS-5 stromal cells. Figure 2D demonstrates that a 2-hour
exposure of dinaciclib on HS-5 stromal cells almost completely abrogates the cytotoxicity
mediated by this agent (p<0.0001). Similar findings were observed with fibronectin fixed
plates (Figure 2E) (p=0.0465). Previous studies have shown that stromal protection is
mediated by the phosphatidylinositol 3-kinase (PI3-kinase) p110-alphaisoform(13)
mediated pathway that are supported by studiesin Figure 2F where the pan-Pl 3-kinase
inhibitor LY 294002 and the p110-al phaisoform specific inhibitor PIK-75 can in fact
abrogate the protective effect of stromal attachment toward dinaciclib. In contrast, the p110-
delta specific inhibitor and the p110-beta specific inhibitors of Pl3-kinase cannot
(Supplemental Figure 1).

Herein, we have described that the pan-CDK inhibitor dinaciclib has potent pre-clinical in
vitro activity against CLL cellsindependent of high-risk genomic features. We also have
demonstrated that dinaciclib down-regulates MRNA and protein expression of the important
anti-apoptotic protein MCL-1 independent of caspases, which has been shown to be
essential for CLL cell survival (Supplemental Figure 2A—-B)(14). While MCL-1 modulation
may serve as a pharmacodynamic marker of CDK inhibition as we have shown with
flavopiridol previoudly, it was not demonstrated to correlate with response suggesting
alternative mechanisms are relevant(15). In this regard we demonstrate that dinaciclib
similar to flavopiridol abrogates the protective anti-apoptotic effect of several
microenvironment cytokines including CD40L, BAFF and IL-4. However, treatment of CLL
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cellswith dinaciclib followed by incubation on stromal cell or fibronectin co-culture
protects from dinaciclib-mediated cytotoxicity. Of great interest, treatment of CLL cells with
a p110-al pha specific PI3-kinase inhibitor but not p110-beta or delta inhibitors abrogates
this effect. Collectively this points to rational combination strategies of dinaciclib with pan-
PI3 kinase inhibitorsin CLL to enhance the cytotoxic potentia of this agent.

Based upon these promising pre-clinical data and also a favorable therapeutic index
observed in pre-clinical and solid tumor studies, a phase | disease specific study of
dinaciclib has been initiated in relapsed and refractory CLL. A preliminary report of this
study has noted favorable tolerability and clinical activity in high risk genomic patients as
dose escalation in the trial continued (American Society of Hematology annual meeting
2010). Collectively, these pre-clinical data support continued development of dinaciclib asa
single agent and also in combination strategies for the treatment of CLL.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Dinaciclib induces apoptosisin CLL patient cells
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A) CD19+ cellsfrom CLL patients were incubated with or without dinaciclib (100nM-1uM)
for 2 hours. Viability was measured at 24 hours by annexin V/propidium iodide staining and
flow cytometry. B) CD19+ cellsfrom CLL patients with unmutated or mutated 1gV were
incubated with or without 1uM dinaciclib for 2 hours. Viability was measured at 24 hours
by annexin V/propidium iodide staining and flow cytometry. C) CD19+ cellsfrom CLL
patients with or without the del 17p chromosomal deletion were incubated with or without
0.5uM or 1uM dinaciclib, 10uM F-ara-A, or 5Gy gammairradiation. Viability was
measured at 24 hours by annexin V/propidium iodide staining and flow cytometry.
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Figure 2. Dinaciclib Abrogates Protection of CD40-ligand, BAFF, and IL-4 but not Stromal Cells
or Fibronectin

A) CD19+ cellsfrom CLL patients were incubated with or without 1uM dinaciclib and with
or without human recombinant 500 ng/mL CD40L for 24 hours. Viability was measured at
24 hours by annexin V/propidium iodide staining and flow cytometry. B) 50 ng/mL BAFF
(24 hours). C) 800 U/mL IL-4 (24 hours). D) CD19+ cellsfrom CLL patients were pre-
treated with or without 1M dinaciclib in suspension for 2 hours and then incubated in
suspension or on an HS-5 cell layer for 24 hours. Viability was measured at 24 hours by
annexin V/propidium iodide staining and flow cytometry. E) CD19+ cells from CLL
patients were incubated for 2 hours with or without 1uM dinaciclib in suspension or on a
fibronectin-coated plate. Viability was measured at 24 hours by annexin V/propidium iodide
staining and flow cytometry. F) CD19+ cells from CLL patients were pre-treated with or
without 1uM dinaciclib in suspension for 2 hours and then incubated in suspension or on an
HS-5 cell layer for 24 hours with or without 25uM LY 294002 or 35nM PIK-75. Viability
was measured at 24 hours by annexin V/propidium iodide staining and flow cytometry.
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