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Duvelisib treatment is associated with altered expression of
apoptotic regulators that helps in sensitization of chronic
lymphocytic leukemia cells to venetoclax (ABT-199)

Viralkumar M. Patel!, Kumudha Balakrishnan?, Mark Douglas3, Thomas Tibbitts3, Ethan Y.
Xud”, Jeffery L. Kutok3, Mary Ayers?!, Aloke Sarkarl, Renato Guerrieril, William G. Wierda?,
Susan O’Brien?, Nitin JainZ, Howard M. Stern3, and Varsha Gandhil-2

1Department of Experimental Therapeutics, UT MD Anderson Cancer Center, Houston, TX
2Department of Leukemia, UT MD Anderson Cancer Center, Houston, TX

SInfinity Pharmaceuticals Inc., Cambridge, MA

Abstract

Duvelisib, an oral dual inhibitor of PI3K-6 and PI3K-vy, is in phase IlI trials for the treatment of
chronic lymphocytic leukemia (CLL) and indolent non-Hodgkin’s lymphoma (iNHL). In CLL,
duvelisib monotherapy is associated with high iwCLL and nodal response rates, but complete
remissions are rare. To characterize the molecular effect of duvelisib, we obtained samples from
CLL patients on the duvelisib phase I trial. Gene-expression studies (RNA seq, Nanostring,
Affymetrix array, and real time RT-PCR) demonstrated increased expression of BCL2along with
several BH3-only pro-apoptotic genes. In concert with induction of transcript levels, reverse phase
protein arrays and immunoblots confirmed increase at the protein level. The BCL2 inhibitor
venetoclax induced greater apoptosis in ex-vivo cultured CLL cells obtained from patients on
duvelisib compared to pre-treatment CLL cells from the same patients. In vitro combination of
duvelisib and venetoclax resulted in enhanced apoptosis even in CLL cells cultured under
conditions that simulate the tumor microenvironment. These data provide a mechanistic rationale
for testing the combination of duvelisib and venetoclax in the clinic. Such combination regimen
(NCT02640833) is being evaluated for patients with B-cell malignancies including CLL.
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Introduction

Chronic lymphocytic leukemia (CLL) is an indolent B-cell neoplasm that primarily affects
older adults. In 2015, there were an estimated 14,620 new CLL cases and 4,650 deaths in the
United States (http://seer.cancer.gov/). CLL is characterized by clonal expansion of CD5+ B-
cells in the blood and lymphoid tissues.l- 2 Malignant lymphocytes accumulate partly due to
activation of B-cell receptor (BCR) signaling leading to increased proliferation and
inhibition of apoptosis.3 In addition to BCR signaling, CLL cells are supported also by the
tumor microenvironment, including extensive cytokine and chemokine signaling with T-
cells, myeloid cells, and stromal cells.*

BCR pathway signaling seems to be antigen-dependent and antigen binding causes receptor
aggregation and phosphorylation of ITAM’s in CD79A and CD79B, which then activates
downstream kinases such as SYK, Bruton’s tyrosine kinase (BTK) and PI3K. The two
PI3K isoforms PI3K-8 and PI3K-y are preferentially expressed in normal and malignant
cells of hematopoietic origin and play an important role in the pathogenesis of CLL, both in
malignant cells and in the tumor microenvironment.® Duvelisib is an oral, small molecule
dual inhibitor of PI3K-8 and PI13K-y.” Our prior pre-clinical investigations in primary CLL
lymphocytes demonstrated that duvelisib inhibited BCR signaling, diminished chemotaxis,
reduced pseudoemperipolesis, inhibited cytokine-induced CLL cell proliferation through
inhibiting the PI3K-AKT signaling pathway with minimal apoptosis.8 Furthermore, in vitro
studies have demonstrated that pharmacological inhibition of PI3K-y reduces the tumor
promoting capabilities of T-cells and myeloid cells in the CLL microenvironment.® In a
phase 1 trial in advanced hematologic malignancies (IP1-145-02; ClinicalTrials.gov:
NCTO01476657), duvelisib exhibited clinical activity in several indications including CLL10
which was similar to other BCR axis inhibitors such as ibrutinib1, acalabrutinib!2, and
idelalisib3 14 indicating importance of this pathway.

A key feature of BCR pathway inhibition in CLL patients is an early and dramatic reduction
in lymph node size with a parallel increase of CLL cells in circulation.10-13 BCR inhibitors
may also inhibit signalling directly downstream of integrins/chemokine receptors, and this
could contribute to lymphocytosis, independent of any effects on the BCR. BCR pathway
inhibition does not induce cell death directly but impairs BCR-associated integrin-mediated
adhesion and migration leading to CLL cell efflux from lymphoid tissues to peripheral
blood8. Nevertheless, the majority of patients treated with BCR pathway inhibitors as
monotherapy exhibit a relatively low frequency of complete responses, 11 13, 15-17
Furthermore, prolonged treatment may allow for selection of resistant clones. For example, a
proportion of patients on ibrutinib eventually developed resistance due to mutations at the
ibrutinib-binding site on BTK (C481) or downstream pathway mutations such as in
PLCvy2.18 Thus, opportunities may exist to improve outcomes by deepening response and
targeting potential resistance pathways via combination therapies.

The high percentage of malignant cells in the peripheral blood of CLL patients and the
treatment-induced lymphocytosis provide the opportunity to easily access tumor cells and
explore molecular changes that occur in CLL cells due to duvelisib therapy. The mechanism
of BCR inhibitor action appears to be primarily through inhibition of CLL cell proliferation
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and alteration of the tumor microenvironment. However, cell survival is also a central aspect
of CLL pathogenesis. The anti-apoptotic BCL2 protein is highly expressed in CLL and
inhibits the activity of pro-apoptotic BH3-only family members.19: 20 |n vitro studies have
demonstrated that inhibition of PI3K-8 with idelalisib results in apoptotic priming of CLL
cells.2! We hypothesized that despite minimal overt CLL cell apoptosis in patients treated
with duvelisib, there may nevertheless be effects on apoptotic priming.

To test this hypothesis, we examined the expression of BCL2-family apoptotic regulators in
CLL cells of patients enrolled in a phase | trial of duvelisib using various gene expression
(RNAseq, Nanostring, Microfluidic chip gRT-PCR, and real-time RT-PCR) and protein
expression (reverse phase protein array (RPPA), immunoblots) techniques. We discovered
that the anti-apoptotic protein BCL2 and several pro-apoptotic BH3-only family members
were upregulated on duvelisib therapy, suggesting a model in which upregulation of pro-
apoptotic BH3-only genes might be offset by induction of the anti-apoptotic gene BCL2. We
then demonstrated that previous duvelisib treatment enhanced the ability of the BCL2
inhibitor venetoclax (ABT-199) to induce apoptosis in CLL cells. These data provide a
mechanistic rationale for investigating the combination of duvelisib and venetoclax in
clinical trials.

Materials and Methods

Samples from CLL patients used in this study

Samples during duvelisib therapy—~Peripheral blood samples were obtained from
patients with CLL enrolled on the phase 1 clinical trial of duvelisib receiving dose ranging
from 8-75 mg BID (study IP1-145-02; ClinicalTrials.gov: NCT01476657). The study
enrollment completed in January 2014 and included 55 patients with relapsed/refractory
(R/R) CLL and 18 patients with treatment-naive disease. From these patients, 42 paired
(baseline and after 7 days of therapy C1D8) were used for RNA seq and nanostring assays
(Supplemental Table 1). For RT-PCR, microfluidic chip, RPPA and immunoblot assays,
baseline and C1D28 samples were obtained from 16 patients that were treated at MDACC
(Supplemental Table 2). These samples were also used for ex vivo incubations with
ibrutinib, idelalisib, duvelisib, and venetoclax. Generally, for patients treated with duvelisib
therapy, lymphocytosis was observed by week 1 and was maintained almost in all patients
until week 4. We selected these time points to determine early and late changes in mMRNA
and protein levels.

Other CLL samples—For in-vitro study, freshly isolated peripheral blood samples were
obtained from CLL patients who were not on duvelisib clinical trial (n=5).

All patients signed written informed consent forms in accordance with the Declaration of
Helsinki, and the protocols were approved by the institutional review boards of all clinical
sites, including MDACC.

Isolation of CLL cells

Lymphocytes were isolated from PBMCs and cultured in RPMI-1640 medium (HyClone
Laboratories, UT) as described before8 but with 10% human serum (Sigma-Aldrich, MO).
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CLL cells had a purity above 90% and were seeded at 1 x 108 cells per well in 24-well
plates. All experiments were performed with fresh samples, and a time-matched control
incubated with vehicle (DMSO) was used for each sample.

Gene expression analysis

For RNAseq experiments, samples were available from 42 CLL patients on the IP1-145-02
trial at baseline (pre-treatment) and C1D8. RNA was extracted using the Direct-zol Miniprep
kit (Zymo Research, #R2050). The samples were shipped to Expression Analysis Inc.
(Morrisville, NC) for further processing and sequencing. Based on data quality filters, 31-
paired samples were suitable for further analyses. Detailed procedure, data alignment,
processing, and analysis are described in the supplemental methods. For further validation,
the CLL whole blood RNA sample pairs (baseline and C1D8) were also sent to Labcorp Inc.
(Seattle. WA) for gene expression analysis of a custom-made gene panel using NanoString’s
nCounter GEx technology.??

To determine mRNA expression of the BCL2family at baseline and C2D1 in the MDACC
subset of CLL patients, a TagMan Human Apoptosis Array (microfluidic card; Applied
Biosystems) was used.23 To further verify, Real-time RT-PCR assay was done in the same 5
samples.

Protein analysis

To determine the protein expression of the BCL2 family, reverse phase protein arrays
(RPPA) were performed (n=16) at MDACC Core facility. The first RPPA batch (n=7
samples) tested 141 proteins including the BCL2 family members - BAD.pS112, BAX,
BCL-XL, BCL2, and BIM. The second batch (n=9 samples) tested 300 proteins including
the additional BCL2 family members BAD.pS155, BAK, BFL1, BID, MCL1, and PUMA.
For further validation, immunoblots were performed as described,24 (Supplemental Table 3).
Protein band guantification was done using a LI-COR Odyssey CLx Infrared Imaging
System.

Ex-vivo CLL cell culture

CLL cells isolated from blood of patients during duvelisib therapy were treated with various
pharmacological agents for 24 hours. Sources of these agents are listed in Supplemental
Table 3. Cell viability was measured through Annexin V/PI assay?4 followed by flow
cytometry.

In vitro combination experiments

For in-vitro study, freshly isolated peripheral blood samples were obtained from CLL
patients who were not on duvelisib clinical trial (n=5). CLL cells were seeded at 1 x 106
cells/well and treated with either DMSO, 10 pg/mL IgM or a cytokine cocktail containing
1ug/mL sCD40L, 10 ng/mL 1L-10, and IL-2 for 4 days®. Our previous study in CLL cells
has demonstrated activation of BCR pathway through these stimulation and inhibition of this
activation by duvelisib.8 Cells were either untreated or treated with duvelisib for 4 days.
Each culture was treated with or without 0.5-10 nM ABT-199 for 12-16 hours and apoptosis
was measured. Cell viability was measured through Annexin V/PI assay.24
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Statistical analysis

Correlations were derived using GraphPad Prism (GraphPad Software, Inc., San Diego, CA).
Statistical tests are indicated in the figure legends. P values were determined using an
unpaired or paired student’s t-test. Statistical analyses are based on linear values and for
which log 2 data was converted to fold change except for RNAseq and nanostring data
where log2 values were compared for statistical analyses. Since same assays were used for
statistical comparison, the variance is expected to be similar between the groups that are
being statistically compared.

Results

Duvelisib therapy resulted in peripheral blood lymphocytosis

Similar to ibrutinib! and idelalisib 13, duvelisib also induced lymphocytosis in CLL
patients10. In a subset of patients treated at MDACC both absolute lymphocyte count (Figure
1A; n=17) and white blood cell count (Figure 1B; n=17) increased in 14 of 17 individuals
after one cycle (28 days) of duvelisib therapy. In three patient samples (#733, #317, #228
Figure 1), one cycle of duvelisib therapy resulted in a decrease in peripheral blood count and
total CLL cells. However, for #733 and 317, there was an increase in the lymphocyte count
on week 1, followed by a decline. In contrast, for #228, there was a continuous decrease
(week 1 onward) (Supplemental Figure 1). The pattern of lymphocytosis was not related to
any prognostic or cytogenetic features (Supplemental Table 2).

CLL lymphocytes express differential levels of anti- and pro-apoptotic transcripts of BCL2
family members

The BCL2 family plays a major role in CLL pathogenesis and prolonged survival of CLL
cells 2526 This family is divided into anti-apoptotic, pro-apoptotic multi-domain, and pro-
apoptotic BH3-only domain subfamilies (Figure 2A). To determine and compare mMRNA
levels of each Bcl-2 family member, we examined the relative expression levels at baseline
by RNA seq analyses. Among the BCL 2 family anti-apoptotic members, BCLZ2, BCL-XL,
and MCL 1 had higher expression values compared to other anti-apoptotic members (Figure
2B). These three survival proteins mMRNA expression level ranged between 0.3 — 2.5
(BCL-2),0.02-6.6 (BCL-XL) and 0.4 — 1.9 (MCL-1). In contrast, multidomain pro-
apoptotic family members BAKZ and BAX were always less than 0.8 and between these two
BAX was slightly higher (Figure 2C). Among BH3-only proapoptotic family members,
NOXA had the highest baseline expression (median 0.19; range 0.05 to 0.80) followed by
BIM (median 0.07; range 0.02 to 0.19) and BCL-RAMBO (median 0.07; range 0.04 to 0.15)
(Figure 2D). However, all of the BH3 only members were expressed overall at low levels
(always less than 0.8) suggesting dominance of BCL-2family anti-apoptotic transcripts in
the CLL cellular milieu prior to duvelisib treatment.

Duvelisib therapy is associated with gene expression changes in BCL2 family members

To test whether duvelisib treatment altered expression of BCL2 family members,
microfluidic chip gRT-PCR was performed on RNA isolated from peripheral blood cells of 5
R/R CLL patients at baseline and after 28 days of treatment. Six BCLZ2 family transcripts
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exhibited a statistically significant change from baseline (Figure 3A, Supplemental Table 4).
The anti-apoptotic gene BCLZ2 exhibited increased expression after duvelisib treatment
(mean fold £ SEM: 2.81+0.4; p=0.0020; n=5). In parallel, BAD, BIM, BCL-RAMBO, and
HRK displayed an increase in expression on duvelisib treatment while B/K exhibited
decreased expression. No statistically significant change was observed in mRNA levels of
multidomain pro-apoptotic proteins. The increase in BCL2transcript level was further
confirmed in five patient samples using a real-time RT-PCR assay (Supplemental Figure 2).

To validate these findings, BCLZfamily expression was examined in a larger sample set of
31 CLL patients enrolled on the clinical trial using two assays. First, RNAseq was
performed, and normalized FPKM (fragments per kilobase of exon per million fragments)
for BCLZfamily genes was examined for change from baseline after 8 days of treatment.
Similar to the microfluidic qRT-PCR, the 31 patient sample set exhibited increased
expression of BCL2, PUMA, BIM, HRK, and NOXA as well as decreased expression of
BIK with duvelisib treatment (Figure 3B, Supplemental Table 4). In contrast to the
microfluidic chip data, BFL-1, BCL-W, and BMF exhibited increased expression, while
BCL-XL decreased.

As an orthogonal approach to confirm the RNAseq findings, the NanoString approach
confirmed increased expression of BCL2, BIM, BMF, HRK, and NOXA as well as
decreased expression of B/K and BCL-XL (Figure 3C; Supplemental Table 4). In summary,
in at least 2 of the 3 independent gene expression methods used, there was an increase of
only one anti-apoptotic members (BCLZ2) and four pro-apoptotic BH3-only members (B/M,
NOXA, BMF, and HRK) after both 7 days and 28 days of duvelisib treatment. B/K and
BCL-XL were the only BCL2family members that exhibited a significant decrease in
expression.

Expression of BCL2 and several BH3-only proteins increased in CLL cells after duvelisib

therapy

To determine if the mMRNA expression changes were recapitulated at the protein level,
expression of BCL2 family proteins was measured before treatment and after 28 days of
duvelisib treatment using RPPA and immunoblots. Of the four anti-apoptotic proteins
analyzed using RPPA, only BCL2 protein was increased significantly (median change = 1.26
fold; n=16; p=0.001; unpaired student t test). To verify quantitation, we compared Bcl-2 fold
change in 15 patient samples after normalizing with either vinculin or with actin. Data
showed a strong linear relationship with r2 value of 0.939 (p = 0.0001). To demonstrate
further reliability of the quantitation, we performed two separate immunoblots from four
patient samples and calculated increase in Bcl-2 protein level after duvelisib therapy from
each gel. There was concordance in quantitation from 2 gels (r? = 0.999; p = <0.0001). The
other three anti-apoptotic proteins were either not changed (BCL-XL; median= 0.97;
p=0.540; n=16) or were slightly decreased (BFL-1; median=0.95; p=0.011; n=9 and MCL-1;
median=0.93; p=0.046; n=9) (Figure 4A,; Supplemental Table 4). Moreover, among pro-
apoptotic multidomain members of the family, transcript levels were generally unchanged,
expression of BAX protein was slightly decreased (median=0.89; p=0.002; n=16; Figure 4B)
possibly reflecting posttranslational modifications. BH3-only members measured using
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RPPA (BAD.p155, BAD.p112, BID, BIM, PUMA), both BIM (1.34-fold; p=0.00002, n=9)
and PUMA (1.24-fold; p=0.002; n=9) levels were significantly increased (Figure 4C;
Supplemental Table 4) and reflected the previous observations at the transcript level.

To extend and confirm these results, immunoblot analysis of BCL2, BCL-XI, MCI-1, BIM,
PUMA, and BAX proteins was performed using the same lysates in 16 patients (Figure 5A
(n=7) and 5B (n=8); one not shown). The immunoblots suggested that while Bcl-2, PUMA,
and Bim protein levels were increased after one cycle of duvelisib therapy, other proteins
remained at similar level or decreased. To confirm, immunaoblots were quantitated and
normalized with the actin loading control protein and graphed (Figure 5C). BCL2 expression
was increased significantly (median=1.7 fold change; p=0.0338) reflecting the observations
in RPPA (Figure 5C; r=0.57; p=0.029; n=14; correlation graph not shown). Similarly, pro-
apoptotic BH3-only members BIM (median=1.54-fold change; p=0.0003), and PUMA
(median=2.25 fold increase; p=0.021) were significantly increased. There was not a
significant change in BAX (median= 0.56; p=0.47). In summary, levels of anti-apoptotic
BCL2 protein as well as pro-apoptotic BH3 members BIM and PUMA were increased by
both RPPA and immunoblot after one cycle (28 days) of duvelisib treatment.

The BCL2 antagonist venetoclax increases apoptosis of CLL cells from duvelisib treated

patients

Although duvelisib treatment is associated with increased expression of several pro-
apoptotic factors in CLL cells, apoptosis might be inhibited by a concomitant up-regulation
of the anti-apoptotic protein, BCL2. In this setting, inhibition of BCL2 by venetoclax may
tip the balance toward tumor cell death (Figure 6A). Hence, we evaluated CLL cells from 14
duvelisib treated patients for ex vivo sensitivity to BCL2 inhibition after one cycle (28 days)
of duvelisib therapy (Figure 6B). Cells after duvelisib therapy were incubated in vitro with
DMSO (control), BCR-pathway inhibitors such as ibrutinib and idelalisib or Bcl-2
antagonists (navitoclax and venetoclax). Samples from duvelisib treated patients exhibited a
significant increase in the percent of apoptotic cells upon treatment with the selective BCL2
antagonist venetoclax (median 66%; p=<0.0001) compared to DMSO control. A smaller
increase was observed with the BCL2/BCL-XL inhibitor ABT-737 (median 29%; p=0.002;
paired student t-test). In contrast, ex-vivo treatment with additional BCR pathway inhibitors
did not have a significant effect on apoptosis (Figure 6B).

For five patients, viable CLL cells were available both at baseline and after one cycle (28
days) of duvelisib therapy. These patient-matched samples enabled a comparison of the /n
vitro effect of venetoclax alone (baseline, prior to duvelisib therapy) and combined with
duvelisib (on-treatment). Addition of venetoclax induced apoptosis in the baseline samples.
Interestingly, in all five patients, the induction of apoptosis was significantly greater in the
duvelisib-treatment samples compared with the pre-treatment samples (p=0.004; paired
student t test) (Figure 6C). We would like to point out that due to limitation of the available
cells, we have data only in 5 patient samples. These limited data, nonetheless, suggest that
duvelisib primes the CLL cells for apoptosis-induction with venetoclax.
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In vitro combination of venetoclax and duvelisib induced more cell death than either drug

alone

To examine further the impact of the combination of duvelisib with venetoclax, CLL cells
were obtained from patients who were not on any therapy. In these experiments, duvelisib
and venetoclax could each be tested during in vitro incubations alone and in combination.
We obtained five patients’ lymphocytes and treated with duvelisib /n vitro without or with
IgM or tumor supportive cytokines as illustrated (Figure 7A). These cells were incubated in
vitro with venetoclax and the percentage of apoptotic cells was measured (Figure 7B-D). /n
vitro treatment of CLL cells with duvelisib followed by venetoclax increased apoptosis
compared to venetoclax alone (n= 10 samples; 5 patient done in duplicate; p=0.001; Figure
7B). This observation was not impacted by the culture conditions (+/—- BCR pathway
activation via IgM, n= 10 samples; p=0.001 Figure 7C, or addition of a proliferation
inducing cytokine cocktail- n= 10 samples; p=0.011; Figure 7D). In most samples, the
amount of cell death was equal or greater than expected, suggesting the possibility of
synergy (Supplemental Table 5).

Discussion

Prior studies using real-time RT-PCR or immunoblots have demonstrated that BCL2, BCL-
XL, and MCL-1 are expressed in CLL cells1® and play a critical role in tumor cell
survival?>: 27-30, A multitude of microarray studies demonstrated that the expression of
BCL 2is high in CLL compared to other leukemias (Supplemental Figure 3). However, these
data do not allow us to compare level of one gene from other due to the methodology that
relies on primers and probes which have differential affinity with each gene. In the current
study, quantitative comparison by RNAseq demonstrated that at baseline BCL2, BCL-XL,
and MCL 1 were the most highly expressed anti-apoptotic members (Figure 2). The median
values for these three members were 0.58, 0.38, and 0.76, respectively. Importantly, these
levels are 10 to 20-fold higher than that of the BH3-only or multi-domain pro-apoptotic
members. Sequestration of BH3-only pro-apoptotic proteins by antiapoptotic Bcl-2 family
members prevents CLL cell apoptosis3L. Hence, the expression of anti-apoptotic BCL2
proteins is likely an important factor in CLL cell survival in the peripheral blood, as
stoichiometry of pro and anti-survival proteins and their interactions decide the fate of any
cell.29: 32-34 Wijth that respect, immunoprecipitation and immunoblotting of anti- and pro-
apoptotic proteins, respectively would be helpful to determine how the stoichiometry is
changing in circulating CLL cells after duvelisib therapy.

Interestingly, expression of three of these genes was further elevated with duvelisib
treatment (BCLZ, NOXA, and BIM). At the protein level BCL2, BIM, and PUMA were
significantly elevated with duvelisib treatment. These observations are similar to that of our
prior study, in which an increase in BCL2 protein was observed during ibrutinib therapy.3°
Combined with the observation that duvelisib does not induce overt apoptosis of CLL cells,
we hypothesize that the increase in BCL2 counter-balances the increase in BH3-only family
members.

As shown in Figure 1, duvelisib treatment is associated with lymphocytosis. The
lymphocytosis is in parallel to a decrease in lymph nodes and concomitant increase in serum
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cytokines and chemokines.3¢ These changes are in coincident with the observed increase in
BCL2 and BH3-only expression. There are three possible mechanisms for increased
expression of BCL2mRNA and protein levels. First, it has been reported that BCL2
transcript and protein expression is higher in CLL cells residing in lymph node niches
compared to the peripheral blood.3: 37 Because duvelisib causes CLL cells to exit the lymph
node and enter circulation, it is possible that the change in expression is due to a shift in the
CLL cell population. However, augmented expression of BH3-only proteins has not been
reported in CLL cells residing in lymph node niches.3 In addition, the duvelisib-induced
increase in BCL2 protein expression did not correlate with fold change in absolute
lymphocyte count (Pearson r = 0.22; p = 0.44; Supplemental Figure 4). Second, it is possible
that CLL cells with lower levels of BCL2 are more vulnerable to duvelisib and were
eliminated, leaving a population of cells with higher BCL2 expression. Once again, this
postulate does not explain modulation of BH3-only proteins with duvelisib treatment. In
addition, the bulk of evidence suggests that BCR pathway inhibitor monotherapy primarily
impacts cell proliferation and the tumor microenvironment, but not apoptosis.3® 39 Third,
inhibition of PI3K-8/-y with duvelisib may modulate molecular signaling leading to induced
BCL2 and BH3-only expression in CLL cells. It is known that the PISBK/AKT axis is a major
regulator of survival, proliferation, and migration of CLL cells.40 Duvelisib-induced
inhibition of phosphorylation of AKT at Ser473 has been shown in CLL cells.® Furthermore,
AKT-induced up-regulation of BCL2 expression through cAMP-response element-binding
protein has been reported.*1 A possibility also exists that the reason for the increase in pro-
apoptotic proteins is simply due to simultaneous increase in the level of anti-apoptotic
proteins. This is feasible, however, we see a parallel induction of mMRNA also.

Several studies have implicated BIM as being particularly important in the regulation of
CLL cell survival.*2-44 First, BH3-profiling suggests that the BIM/BCL2 dimer is the target
of BCL2 inhibition, with ABT-737 causing displacement of BIM from BCL2 allowing BIM
to interact with BAX and promote cell death.2® Second, BIM was phosphorylated in CLL
cells treated with IgM or co-incubated with HK cells that simulate the
microenvironment.#% 46 Phosphorylation of BIM was associated with a worse

prognosis.*”: 48 More recently, a mechanistic role of BIM was observed in a study of
ibrutinib and venetoclax combinations in CLL and mantle cell lymphoma.*® In the current
study, BCL2 and BIM were the only BCL2 family members tested that demonstrated a
significant increase in at least two gene expression methods and by both RPPA and
immunoblot at the protein level. Furthermore, we observed a strong correlation between the
increase in BCL2 and the increase in BIM protein expression with duvelisib treatment
(p=0.00045; r = 0.773; n=16; Supplemental Figure 5), which may be consistent with the
description of the BCL2/BIM dimer as being of particular importance in regulation of CLL
cell survival.

In vitro combination investigations of duvelisib and venetoclax were performed to mimic
CLL cells that reside in pseudofollicles which are present in lymph nodes. These cells
should have active BCR pathway signature and higher proliferation index. For this purpose,
we used two systems to stimulate BCR pathway; first was soluble IgM stimulation. For
activation of BCR signaling in CLL cells conventionally several groups® 50-55 including our
group 8 3556 have used soluble anti-lgM. Alternatively, immobilized antilgM has been used
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to initiate BCR stimulation in CLL cells31. Second system was 1L-2, IL-10 and CD40L
cocktail. There are several rationales for this combination; first, CD40L (1 ug/ml) results in
activation of BCR pathway.>’ Second, combination of IL-2, IL-10, and CD40L is an
established in vitro model for CLL cells in pseudofollicles.?8 Third, our previous publication
demonstrated that this cocktail results in AKT phosphorylation in CLL cells.8 Fourth, this
cocktail increases Ki67 indicating activation of proliferation; an activity observed in CLL
cells in lymph node or bone marrow niches.8 Finally, duvelisib inhibited this TME-induced
malignant B-cell proliferative response.® Under these BCR-activation and pseudofollicle-
mimicking model conditions, the cell death by each drug (duvelisib or venetoclax) and
combination resulted in similar response as in the suspension culture suggesting that the
combination is able to overcome survival signals.

Using immunoblot assays3® or BH3 profiling technique, the induction of BCL2 protein
leading to dependence of CLL cell survival in ibrutinib-treated CLL cells was also recently
reported®®. Finally, data obtained after idelalisib therapy of CLL patients suggested similar
phenomenon (Gandhi, unpublished data). Collectively, these results suggest that CLL cells
obtained after lymphocytosis with BCR pathway inhibitors have a molecular signature of
increased BCL2.

The upregulation of BCL2 in concert with pro-apoptotic BH3-only proteins raised the
possibility that duvelisib treatment might not cause significant apoptosis on its own but
might enhance sensitivity to BCL2 inhibition. The BH3 mimetic, navitoclax targets both
BCL2 and BCL-XL20. 60 while venetoclax neutralizes only BCL2.61 62 \enetoclax is a
more potent and selective inhibitor,51 showing promising clinical activity for patients with
relapsed/refractory CLL.52 Consistent with our hypothesis, cell death induced by venetoclax
in ex vivo cultures was found to be greater when CLL cells had been previously exposed to
duvelisib. These data are consistent with prior observations that /n7 vitro inhibition of PI3K-§
with idelalisib?l, or Bruton’s tyrosine kinase with ibrutinib® results in apoptotic priming of
CLL cells.

The plethora of new, targeted agents for the treatment of CLL opens up many opportunities
for improving the depth and durability of response via combination therapy.53 In aggregate,
the data presented here are consistent with the model that PI3K-8/vy inhibition with duvelisib
primes CLL cells for apoptosis by upregulating pro-apoptotic BH3-only proteins, but that
cell survival is maintained by a concomitant upregulation of BCL2. The addition of
venetoclax inhibits BCL2 and tips the balance toward more robust apoptosis. A decrease in
MCLI mRNA and protein after duvelisib therapy, albeit minor, may further sensitize CLL
cells to venetoclax as Mcl-1 has been shown to promote maintenance and survival of these
malignant lymphocytes.®* This is important because survival signals induced by
microenvironment such as soluble 1lgM8, insoluble IgM31, or CD-40L57 results in an
increase in Mcl-1 protein levels in CLL lymphocytes. Venetoclax is effective in relapsed/
refractory CLL disease5? including patients with 17p deletion status.® These data provide a
mechanistic rationale for evaluating the combination of duvelisib with venetoclax in the
clinic.
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Figurel.
Effect of oral duvelisib therapy on peripheral blood absolute lymphocyte count (ALC) and

white blood cell (WBC count). Patients with CLL received oral duvelisib therapy. Peripheral
blood samples were obtained prior to therapy (baseline) and 28 days after start of therapy.
Absolute lymphocyte count and WBC were measured. (A) Changes in ALC and (B) WBC
counts from 17 CLL patients on oral duvelisib therapy were plotted prior to treatment
(C1D1; cycle 1 day 1) and on day 28 (C2D1; cycle 2 day 1).
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Base-line expression levels of anti-apoptotic and pro-apoptotic Bcl-2 family transcripts in
primary CLL lymphocytes. (A) Schema of BCL2 sub-families reflecting anti-and pro-
apoptotic molecules. (B) Anti-apoptotic Bcl-2 family members (C) Pro-apoptotic multi-
domain and (D) Pro-apoptotic BH3 only protein transcripts in peripheral blood CLL cells.
CLL cells were obtained prior to any therapy and transcript levels were measured in isolated
RNA through RNAseq method as described under Methods and Supplementary Material.
The transcripts that are not shown were not in the available assay.
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Figure 3.

Effect of oral duvelisib therapy on expression of transcripts of BCLZ2family in CLL
lymphocytes after 7 days (C1D8; cycle 1 day 8) and 28 days (C2D1; cycle 2 day 1) of oral
duvelisib intake. (A) Real-Time Quantitative Reverse Transcription PCR (gRT-PCR) using
microfluidic chip analysis showing fold change in BCL2 family mRNA expressions before
and after 28 days of duvelisib therapy from 5 patient samples. (B) RNAseq analysis and (C)
Nanostring quantitation showing log2 fold change in BCL2 family mMRNA expressions in
CLL B cells isolated from patients (n=31) before and after 7 days of duvelisib therapy. CLL
cells were obtained before and after duvelisib therapy and transcript levels were measured in
isolated RNA through different methods as described under Methods and Supplementary
Material. Detailed information regarding median value and p values is provided in the
Supplemental Table 4. The transcripts that are not shown were not available in the assay.
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Effect of oral duvelisib therapy on expression of BCL2 family proteins in CLL lymphocytes
after 28 days (C2D1; cycle 2 day 1) of oral duvelisib intake. (A—C) Reverse phase protein
array (RPPA) analysis showing log, difference in BCL2 family proteins expressions in CLL
B cells isolated from patients before and after 28 days of duvelisib therapy (n=16). CLL

cells were obtained pre and post duvelisib therapy and protein was extracted. Protein

extracts were analyzed through reverse-phase protein array as described in the Methods
section. Proteins that are not included were not available in the assay. Detailed information

regarding median value and p values is provided in the Supplemental Table 4.
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Figure5.

Effect of oral duvelisib therapy on expression of BCL-2 family proteins in CLL lymphocytes
before therapy (C1D1) and after 28 days (C2D1) of oral duvelisib intake. (A and B)
Immunoblots of expression level of BCL2, Bim, Puma, and Bax proteins in CLL cells from
patients before and after 28 days of oral duvelisib intake (n=15). Actin was used as
normalization protein. These proteins were selected based on their changes as determined by
the RPPA assay, available antibodies, and availability of amount of CLL samples. (C)
Quantitation of these blots for all the patient samples analyzed (n=16). Statistical analyses
were conducted to obtain p values that are included in the text.
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Figure6.

Ex-vivo pharmacological intervention in duvelisib treated CLL cells with venetoclax
(ABT-199). (A) Schematic model representing mechanistic rationale for combining
duvelisib and venetoclax. (B) % cell death of lymphocytes obtained from patients (n=14)
after 28 days of oral duvelisib intake when incubated with different pharmacological agents
(ibrutinib, ABT-737, venetoclax and idelalisib) in RPMI + 10% HS media for 24 hour. (C)
% cell death of leukocytes obtained from patients (n=5) before and after 28 days of oral
duvelisib intake when incubated with venetoclax (10 nM) in RPMI + 10% HS media for 24
hour. Each pre-treatment and on-treatment sample was normalized to endogenous cell death.
Statistical analyses were conducted to obtain p values that are included in the text.
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Figure7.

Effect of in vitro combination of duvelisib and venetoclax on CLL cell death. In-vitro
incubations of CLL cells obtained from previously untreated CLL patients with duvelisib (4
days) and venetoclax (12-16 hours) either alone or in sequential combinations in suspension
culture, IgM-stimulated cells, and in media containing cytokine cocktail. (A) Schema to
represent processing and culture conditions for in vitro incubation of CLL cells. (B-D) Cell
death measurement of CLL cells after incubation with vehicle (DMSO), duvelisib alone,
venetoclax alone, and combination of venetoclax and duvelisib in three different culture
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conditions; (B) suspension culture, (C) soluble IgM-stimulation, (D) cytokine cocktail-
stimulation. Statistical analyses were conducted to obtain p values that are included in the
text.
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