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ABSTRACT

The clinical use of first-generation phosphoinositide 3-kinase
(PIBK)é inhibitors in B-cell malignancies is hampered by
hepatotoxicity, requiring dose reduction, treatment interrup-
tion, and/or discontinuation of therapy. In addition, poten-
tial molecular mechanisms by which resistance to this class
of drugs occurs have not been investigated. Parsaclisib
(INCB050465) is a potent and selective next-generation PI3KS
inhibitor that differs in structure from first-generation PI3Ké&
inhibitors and has shown encouraging anti-B-cell tumor
activity and reduced hepatotoxicity in phase 1/2 clinical
studies. Here, we present preclinical data demonstrating
parsaclisib as a potent inhibitor of PI3K§ with over 1000-fold
selectivity against other class 1 PI3K isozymes. Parsaclisib
directly blocks PI3K signaling—mediated cell proliferation in
B-cell lines in vitro and in vivo and indirectly controls tumor
growth by lessening immunosuppression through regulatory
T-cellinhibition in a syngeneic lymphoma model. Diffuse large
B-cell lymphoma cell lines overexpressing MYC were in-
sensitive to proliferation blockade via PI3K$§ signaling in-
hibition by parsaclisib, but their proliferative activities were

reduced by suppression of MYC gene transcription. Molecular
structure analysis of the first- and next-generation PI3Ké
inhibitors combined with clinical observation suggests that
hepatotoxicity seen with the first-generation inhibitors could
result from a structure-related off-target effect. Parsaclisib is
currently being evaluated in multiple phase 2 clinical trials as
a therapy against various hematologic malignancies of B-cell
origin  (NCT03126019, NCT02998476, NCT03235544,
NCT03144674, and NCT02018861).

SIGNIFICANCE STATEMENT

The preclinical properties described here provide the mechanism
of action and support clinical investigations of parsaclisib as
a therapy for B-cell malignancies. MYC overexpression was
identified as a resistance mechanism to parsaclisib in DLBCL
cells, which may be useful in guiding further translational studies
for the selection of patients with DLBCL who might benefit from
PI3K3 inhibitor treatment in future trials. Hepatotoxicity associ-
ated with first-generation PI3K3 inhibitors may be an off-target
effect of that class of compounds.

Introduction

The phosphoinositide 3-kinases (PI3Ks) regulate diverse bi-
ologic functions by generating lipid second messengers. PI3KS is
the main isozyme responsible for the activation of the PISK
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pathway in B-cell biology, functioning as a downstream mediator
of the B-cell receptor (BCR), Toll-like receptors, and cytokine
receptors (Puri and Gold, 2012). Because of the linkage of these
signaling pathways to cancer biology, multiple drug discovery
efforts to identify PISKS inhibitors for treating B-cell malignancies
have been initiated (Greenwell et al., 2017). Inhibitors that are
selective for PISKS versus other class I PISK isoforms possess the
advantage of avoiding toxicities that result from, for example,
disruption of insulin signaling (PI3Ka) and spermatogenesis
(PIBKB) (Hers, 2007; Ciraolo et al., 2010). Idelalisib, a first-
generation PI3K5-selective inhibitor, is approved for the treat-
ment of chronic and relapsed chronic lymphocytic leukemia (CLL),

ABBREVIATIONS: BCR, B-cell receptor; BET, bromodomain and extraterminal protein; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large
B-cell lymphoma; FL, follicular lymphoma; GLP, Good Laboratory Practice; MCL, mantle cell lymphoma; ORR, overall response rates; PI3K,
phosphoinositide 3-kinase; TGI, tumor growth inhibition; Treg, regulatory T cell.
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small lymphocytic lymphoma, and follicular lymphoma (FL).
Copanlisib, a pan-PI3K inhibitor with primary activity against «
and & isoforms, and duvelisib, a PI3K56/y dual inhibitor, were
recently approved for FL. and CLL/small lymphocytic lymphoma
or FL, respectively. Several other PISKS inhibitors are at different
stages of clinical development for B-cell-related diseases.

Clinical toxicities have hindered development of first-
generation PI3K§-selective inhibitors, such as idelalisib and
duvelisib. Hepatotoxicity is one of the most common adverse
events, which in the case of idelalisib, has led to dose reduction
and treatment discontinuation (Coutré et al., 2015). There-
fore, there is an unmet need for a PI3K$§ inhibitor with an
improved safety profile, including minimal hepatotoxicity, as
well as potent antitumor activity.

Idelalisib may cause hepatotoxicity by immune activation, since
peripheral blood regulatory T cells (Tregs) were seen in patients
experiencing hepatotoxicity while receiving idelalisib treatment
(Lampson et al., 2016). Based on this hypothesis, hepatotoxicity
would be predicted to be a class effect of PI3KS inhibition.
However, the possibility remained that idelalisib treatment—
induced hepatotoxicity could result from an off-target effect
derived from its molecular structure. Thus, we initiated a discov-
ery program for a next-generation PI3KS inhibitor that differed in
chemical structure from those of the first-generation compounds,
including idelalisib. Parsaclisib (INCB050465) is a product of this
discovery effort (Yue et al., 2019).

Parsaclisib is currently in phase 2 clinical trials as a therapy
against various hematologic malignancies of B-cell origin. In
arecent phase 1/2 study (Forero-Torres et al., 2019), parsaclisib
monotherapy exhibited high overall response rates (ORRs) in
patients with relapsed or refractory mantle cell lymphoma
(MCL) (ORR 67%), FL. (ORR 71%), and marginal zone lym-
phoma (ORR 78%), with lower responses observed in patients
with relapsed or refractory diffuse large B-cell lymphoma
(DLBCL; 30%) and CLL (33%). Most responses (93%) occurred
at first assessment (~9 weeks). Importantly, about 10-fold
reduced hepatotoxicity (measured in alanine aminotransfer-
ase/aspartate aminotransferase elevation = grade 3) compared
with first-generation PI3Kd-selective inhibitors was reported in
this study (Forero-Torres et al., 2019).

This study reports the mechanism of action of the antitumor
activity of parsaclisib, which targets PI3K-mediated proliferative
signaling in malignant B cells and lessens immunosuppression in
the tumor microenvironment. These data suggest that MYC
oncogene overexpression may be a mechanism by which resistance
to PISKS inhibition by parsaclisib occurs in some DLBCL cell lines.
In addition, based on structure analysis and clinical study results,
a new hypothesis is proposed for the hepatotoxicity commonly
seen in the first-generation PI3KS inhibitors. These results not
only provide mechanistic support for the ongoing clinical phase 2
studies of parsaclisib for treating different B-cell malignancies but
may also be useful in guiding further translational studies for the
selection of patients with DLBCL who might benefit from PI3KS
inhibitor treatment in future trials.

Materials and Methods

Chemicals, Antibodies, and Cell Lines. Parsaclisib and
INCB054329 were synthesized at Incyte Corporation (Wilmington,
DE). Supplier information for chemicals, antibodies, and cell lines
used in the study is provided in the Supplemental Methods. All cell
lines were maintained according to the instructions from suppliers.

Biochemical Assays. The detailed protocols for measuring bio-
chemical activity of class 1 PI3K isozymes and 57 other kinases on the
Incyte internal kinase panel have been described previously (Shin
et al., 2018). The non—Good Laboratory Practice (GLP) General Side
Effect PROFILE II screen at 0.1 and 1 pM of parsaclisib in 70 in vitro
binding or enzyme assays and the non-GLP PerkinElmer Discovery
Services Kinase Assay screen of 192 kinases at 0.1 wM of parsaclisib
were evaluated by Caliper Life Sciences (Hanover, MD).

In Vitro Assays. The detailed protocol for Western blotting used
to measure platelet-derived growth factor, lysophosphatidic acid, C5a,
and anti-IgM-induced pAKT in NIH3T3, PC3, RAW264.7, and Ramos
cells, respectively, was described previously (Shin et al., 2018). For
measuring anti-IgM-induced pAKT in Ramos cells and C5a-induced
PAKT in RAW264.7 cells, the cells were first serum starved in
0.2% FBS overnight, followed by treatment with parsaclisib for
2 hours, and then stimulated with anti-IgM (4 pg/ml) or C5a (10 pg/
ml) for 10 minutes at 37°C. After fixation, the Ramos cells were
stained with the anti-pAKT (Ser473)-Fluor 488 antibody and analyzed
by fluorescence-activated cell sorting according to the antibody
supplier’s recommended protocol; the RAW264.7 cells were stained
with an anti-pAKT (Ser473) antibody and analyzed with In-Cell
Western analysis using the Odyssey CLx imaging system (Li-COR,
Lincoln, NE) per the manufacturer’s instruction. The constitutive
level of pAKT in SKOV-3 and PC3-1 in the presence (2 hours) or
absence of different concentrations of parsaclisib was measured by
staining the cells with an anti-pAKT (Ser473) antibody followed by In-
Cell Western analysis. The detailed procedures for purifying primary
immune cells from different animal species and measuring prolifer-
ation of lymphoma cell lines and primary immune cells; differentiation
of Th1, Th2, and Th17 cells; cytokine production from human memory
T cells and natural killer cells; anti-FceR antibody—induced CD63
expression on basophils in the presence of human whole blood; and
constitutive PI3K signaling in various lymphoma cell lines were
described recently (Shin et al., 2018).

Animal Models. Non-GLP studies intended to characterize the
pharmacology of parsaclisib were conducted in accordance with Incyte
Corporation’s Institutional Animal Care and Use Committee—approved
animal use protocols. Animals were housed in barrier facilities fully
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International. All procedures were conducted
under the supervision of a veterinarian and in accordance with the US
Public Health Service Policy on Humane Care and Use of Laboratory
Animals.

For xenograft studies, 1 x 107 cells (WILL-2, Rec-1) were resus-
pended in Matrigel (BD Biosciences, Franklin Lakes, NJ) and injected
subcutaneously into the dorsal flanks of severe combined immunode-
ficient mice (CB17/Icr-Prkdc scid/IcrIco Crl; Charles River Laborato-
ries, Wilmington, MA). For the Pfeiffer model, subcutaneous tumors
were grown to approximately 1000 mm?, harvested, cut into frag-
ments of approximately 100 mm?, and then reimplanted subcutane-
ously into flanks of recipient mice. This results in more consistent
tumor growth take-rates and kinetics. Subcutaneous tumors were
allowed to grow until they reached approximately 200 mm? and the
mice were randomized into dosing groups. For tumor growth studies,
tumors were measured at least twice weekly with electronic calipers.
Tumor volumes were calculated using the following formula: volume =
(ength x width?®/2, where width was the smaller dimension. Body
weights were also monitored. For Western analyses of tumors, 1 g of
tissue was homogenized with a handheld homogenizer in 15 ml of Cell
Lysis Buffer (Cell Signaling Technology, Danvers, MA) with Complete
Mini EDTA-free protease inhibitor cocktail (Sigma, St. Louis, MO),
including phenylmethanesulfonyl fluoride (1 mM) and sodium orthova-
nadate (2 mM). Statistical significance was determined by Student’s ¢ test
or two-way ANOVA using GraphPad Prism (La Jolla, CA) software.

Gene expression in tumor samples was assessed by RNAseq. Total
RNA from frozen tissue samples was isolated using an RNeasy Mini
Kit (Qiagen, Germantown, MD) in a QIACube (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions. An optional
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DNase I digestion was performed. Sequencing was performed by BGI
Americas (Cambridge, MA) on an Illumina Hi-seq4000 (San Diego,
CA). Raw RNAseq fastq files were mapped to both human and mouse
genome hg38. Clean human versions of gene transcripts were
processed and quantified using OmicSoft ArrayStudio from Qiagen
for further analyses. A general linear model for variant analysis was
implemented in ArrayStudio. Gene Set Enrichment Analysis package
was downloaded from the Broad Institute (Boston, MA).

For the syngeneic A20 lymphoma model, female BALB/c mice
(5-9 weeks of age; Charles River Laboratories) were inoculated with
A20 cells. A cell suspension in Hanks’ balanced salt solution (1 x 107
cells/ml) was mixed 1:1 with Matrigel, and 200 pl was injected
subcutaneously into the flank of each mouse. The treatment of the
tumor-bearing mice started 7-24 days after tumor inoculation for
efficacy studies. Mice were sorted to obtain approximately equivalent
mean tumor volumes in each group. The starting mean tumor volume
in efficacy studies for all groups ranged from 158 to 249 mm?®, and
groups consisted of eight or nine animals. Parsaclisib was adminis-
tered by oral gavage twice daily for 7-19 days (suspension in
5% dimethylacetamide with 0.5% w/v methylcellulose). For the
statistical significance analysis, unpaired ¢ test with Mann-Whitney
post-test of tumor dimensions was performed with GraphPad
Prism v.7.

To evaluate pharmacodynamics of parsaclisib in the A20 model,
mice were euthanized after 7 days of dosing, and their tumors and
spleens were excised (2 hours after final dose) and collected into
Roswell Park Memorial Institute media (Gibco, Gaithersburg, MD).
Tumors were coarsely minced and then processed to single-cell
suspension by GentleMacs and Mouse Tumor Dissociation enzyme
mix (Miltenyi, Sunnyvale, CA) per the manufacturer’s protocol.
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Spleens were diced and passed through Falcon mesh cell strainers
(Fisher Scientific, Pittsburgh, PA), and red blood cells were lysed with
Pharm Lyse (BD Biosciences) and then washed in PBS. All single-cell
suspensions were resuspended in staining buffer (BD Biosciences) at
1 x 108 cells/ml. The cells were treated with Fc block (BD Biosciences)
for 5 minutes to reduce nonspecific bindings of antibodies to Fc
receptors on cells and then stained with antibodies as described in
the text, followed by fluorescence-activated cell sorting analysis.
Parsaclisib was evaluated in GLP 28-day oral gavage toxicology
studies in Sprague-Dawley rats (15 per sex per group) at dosages of 0, 10,
30, or 100 mg/kg per day and beagle dogs at 0, 1, 3, or 15 mg/kg per day,
which included a 4-week recovery period, according to a standard protocol.

Results

Parsaclisib Is a Highly Potent and Selective PI3Ké&
Inhibitor. Parsaclisib ((R)-4(3-((S)-1-(4-amino-3-methyl-1H-
pyrazolo[3,4-day]pyrimidin-1-yl)ethyl)-5-chloro-2-ethoxy-6-
fluorophenyl)pyrrolidin-2-one) (Fig. 1A) resulted from our
efforts to identify a potent, selective, and structurally diverse
PI3KS inhibitor (Yue et al., 2019). In biochemical assays,
parsaclisib potently inhibited PI3KS activity (IC5o = 1 nM) and
was at least 1000-fold more selective for PI3KS compared with
the other three members of the class 1 PI3Ks (PI3Ka, PISKg,
and PI3Ky) (Fig. 1B). The selectivity of parsaclisib was further
evaluated using a general side effect profile screen, conducted
by Caliper Life Sciences (Hopkinton, MA). The results showed
no interactions with 70 different channels and transporters

B Fig. 1. Parsaclisib chemical structure
PI3Ka PI3KB PI3KE PI3Ky and activity against class 1 PI3K. (A)

(IC,, + S.D., nM) (IC,, + S.D., nM) (IC,,+S.D.,nM)  (IC, +S.D., nM) Chemical structure of parsaclisib [(R)-

Parsaclisib >10,000 >10,000 11 >10,000 4(3-((S)-1-(4-amino-3-methyl-1H-pyrazolo
Idelalisib 7736 + 2031 690 + 188 1646 3086 + 313 [3,4-daylpyrimidin-1-yl)ethyl)-5-chloro-2-
ethoxy-6-fluorophenyl)pyrrolidin-2-one)].

C (B) Enzyme-inhibitory activity of parsa-
2 o o ws clisib at 1 mM concentration of ATP

[Parsaclisib](nM) = & = &8 € o « S &S o o against different members of the human
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class 1 PI3K family (n = 3). Idelalisib was
tested in the same assays for comparison
purposes. (C) Parsaclisib activity against
PI3Ka-, PISKB-, PI3K5-, and PI3Ky-
mediated signaling in cells by Western
blotting. pAKT (Ser473) was induced by
platelet-derived growth factor (PDGF),
lysophosphatidic acid (LPA), anti-IgM,
and Cba in NIH3T3, PC-3, Ramos, and
RAW264.7 cells, respectively, for PI3Ka-,
PI3KB-, PI3KS-, and PI3Ky-mediated
signaling. The levels of pAKT (Ser473)
and total AKT were measured by Western
blotting. The data are representative of
two independent experiments. (D) The
activities of parsaclisib and idelalisib
against PI3Ka-, PI3BKB-, PI3K§-, and
PI3Ky-mediated signaling measured di-
rectly in cells. Constitutive levels of pAKT
(Ser473) in SKOV-3 and PC-3 cells mea-
sured by In-Cell Western imaging were
used to represent PI3Ka and PI3KJB
activities, respectively. PI3Ky activity in

< PAKT (Serd73)

4 PAKT (Ser473)

< PAKT (Serd73)

D RAW264.7 cells was measured by the
level of pAKT (Ser473) induced by Cba

PI3Ka PI3KB* PI3K3® PI3Ky* . 4
(IC,+S.D.,nM)  (IC,+S.D.,nM) (IC,£S.D.,nM)  (IC, £S.D., nM) and detected with In-Cell Western imag-
Parsaclisib ~1000 ~1000 11 ~1000 ing. PI3KS activity in Ramos cells was
Idelalisib >1000 >1000 15+2 578+ 179 measured by the level of pAKT (Ser473)

‘Measured by In-Cell Western analysis. *Measured by FACS analysis

induced by anti-IgM and detected with
fluorescence-activated cell sorting (FACS)
analysis (n = 3). Idelalisib was tested in
the same assays for comparison purposes.
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and demonstrated little or no inhibition (=15% inhibition) of
192 kinases screened (data not shown).

In a cell-based assay, parsaclisib was active in suppressing
PI3KS signaling as measured by its inhibitory effect on anti-
IgM—induced pAKT (Ser473) in the Ramos Burkitt’s lym-
phoma cell line with an average ICso value of approximately 1
nM (Fig. 1, C and D). Consistent with the enzyme assay
results, parsaclisib was much less active against PI3Ka- and
PI3Ky-mediated signaling. IC5q values were >1000 nM for the
inhibition of PI3K« by parsaclisib, assessed based on platelet-
derived growth factor—induced pAKT (Ser473) in NIH3T3
fibroblasts and constitutive pAKT (Ser473) in the SKOV-3
cells (Whyte and Holbeck, 2006; Lannutti et al., 2011), and
>1000 nM for the inhibition of PI3Ky in C5a-induced pAKT
(Ser473) in the RAW264.7 mouse macrophage cells (Evans
et al.,, 2016) (Fig. 1, C and D). The inhibitory activity of
parsaclisib against PISKB in cells varied depending on the
assay conditions used: the IC5y was >1000 nM, based on
measurements of constitutive pAKT (Ser473) in the In-Cell
Western assay using the PC3 cell line (Wee et al., 2008);
however, the IC5¢ was lower (approximately 30 nM), based on
measurements of lysophosphatidic acid—induced pAKT
(Ser473) in Western blots using PC3 cells (Lannutti et al.,
2011), thus demonstrating =30-fold selectivity of PI3K5 over
PI3KB (Fig. 1, C and D). Idelalisib, evaluated in the same
biochemical and cellular assays, demonstrated less selectivity
for PI3KS compared with parsaclisib (Fig. 1, B and D).

Parsaclisib Inhibits PI3Ké Functions in Primary
Immune Cells. PI3KS is critical for B-cell survival and
proliferation by functioning downstream of prosurvival recep-
tors such as the BCR, B-cell activating factor receptor, and the
interleukin-4 receptor, as well as costimulatory receptors such
as CD40 and Toll-like receptors (Puri and Gold, 2012).
Parsaclisib inhibited the proliferation of human, dog, rat,
and mouse primary B cells after activation of these receptors,
with IC5q values ranging from 0.2 to 1.7 nM (Supplemental
Table 1). PI3K5$ is also known to be critical for differentiation
of Th1, Th2, and Th17 cells (Okkenhaug et al., 2006; Haylock-
Jacobs et al., 2011; Kurebayashi et al., 2012; Roller et al., 2012;
Steinbach et al., 2014) and cytokine production in memory
T cells (Soond et al., 2010). Consistent with this, parsaclisib
demonstrated potent inhibitory activity against these PISKS-
mediated functions in T cells (IC5( values ranging from 0.2 to
1.5 nM) (Supplemental Table 1). Parsaclisib was further
evaluated for its potency in inhibiting anti-FceR antibody—
induced CD63 expression on basophils in human whole blood
as previously described (Lannutti et al., 2011), demonstrating
a mean ICxg of approximately 2 nM (Supplemental Table 1).

Ablation of PI3KS catalytic function using a p110§P910A/D910A
mouse model does not impact on CD3-induced T-cell prolifer-
ation in the presence of CD28 costimulation, suggesting that
CD28 may use PI3Ké-independent pathways to enhance T-cell
receptor signaling in pl106P910APOI0A expressing T cells
(Okkenhaug et al., 2002, 2006). Consistent with these findings,
we observed that parsaclisib did not inhibit anti-CD3 or anti-
CD3 plus anti-CD28 antibody—induced proliferation of human
T cells (IC50 > 1000 nM) and only modestly inhibited anti-CD28
antibody—induced T-cell proliferation (ICsq = 96 nM)
(Supplemental Table 1). Parsaclisib also did not inhibit
interleukin-2—-induced human natural killer cell proliferation
but was active in suppressing differentiation of naive human
T cells into a Th17, Thl, or Th2 phenotype and inhibiting

functions of human memory T cells measured by cytokine
production (Supplemental Table 1).

Parsaclisib Inhibits Proliferation of MCL and
DLBCL Cell Lines In Vitro and In Vivo. The antiprolifer-
ative effect of parsaclisib on B-cell lymphoma cell lines was
assessed using the [PH]thymidine uptake assay. In the four
MCL cell lines tested (Jeko-1, Mino, Rec-1, and JVMZ2),
treatment with parsaclisib resulted in a maximal inhibition
of 70%-90%, with ICs¢ values =10 nM (Fig. 2A). Signaling
studies in these cells showed that parsaclisib reduced the
levels of constitutive pAKT (Ser473) and pFOXO1 with similar
potencies (Fig. 2B). The level of FOXO1 phosphorylation was
investigated, as it is a signaling event known to be down-
stream of AKT activation by PI3K in the regulation of cell
proliferation (Fabre et al., 2005).

Among the seven DLBCL cell lines (all germinal center
B-cell-like subtype) that were evaluated for their sensitivity
to parsaclisib in the proliferation assay, four (Pfeiffer, SU-
DHL-5, SU-DHL-6, and WSU-NHL) were highly sensitive,
with IC5¢ values from 2 to 8 nM (Fig. 2C). The remaining three
cell lines (SU-DHL-4, SU-DHL-8, and WILL-2) showed no
sensitivity to parsaclisib, although the levels of pAKT (Ser473)
and pFOXOL1 in all seven DLBCL cell lines were similarly
reduced by compound treatment (Fig. 2D).

To determine whether the broad antiproliferative effects
seen with parsaclisib in vitro could also be observed in vivo, we
used Pfeiffer (DLBCL) and Rec-1 (MCL) subcutaneous mouse
xenograft models. Using pAKT (Ser473) as a pharmacody-
namic marker of PISKS in Pfeiffer xenograft tumors, parsa-
clisib inhibited pAKT (Ser473) within 4 hours of a single oral
administration, consistent with in vivo parsaclisib activity
(Supplemental Fig. 1A). Based on the pharmacokinetic prop-
erties of parsaclisib in mice (Supplemental Fig. 1B), and the
effect on pAKT levels in vivo, a dose range of 0.1-10 mg/kg
twice daily for efficacy studies was chosen to maintain
adequate levels of parsaclisib over a 24-hour period. Parsacli-
sib slowed Pfeiffer xenograft tumor growth in a dose-
dependent manner, with significant tumor growth inhibition
(TGI) occurring with 1 and 10 mg/kg twice daily dose levels
(Fig. 3A). In each study, parsaclisib was well tolerated as
monitored by nonsignificant changes in body weight with
treatment. Likewise, parsaclisib significantly slowed Rec-1
xenograft tumor growth at each dose used (Fig. 3B). Parsacli-
sib also showed additive effects with bendamustine, a cytotoxic
alkylating chemotherapeutic agent for treating indolent B-cell
malignancies, in the Pfeiffer and Rec-1 models (Fig. 3, C and
D), which provides translational evidence to support future
clinical study of parsaclisib plus bendamustine in patients
with B-cell lymphoma.

Bromodomain and Extraterminal Protein Inhibi-
tion Overcomes Insensitivity to Parsaclisib-Mediated
Growth Inhibition in DLBCL With MYC Dysregulation.
The insensitivity of the SU-DHL-4, SU-DHL-8, and WILL-2
cell lines to parsaclisib was in stark contrast to the sensitivity
of other lymphoma lines tested. Parsaclisib reduced pAKT
(Ser473) and pFOXO1 levels in SU-DHL-4, SU-DHL-8, and
WILL-2 cells yet did not inhibit their proliferation. One
possible reason for this insensitivity to PI3Ké inhibition is
aberrant expression of MYC as an overriding proliferative
signal. Several reports have shown that MYC dysregulation
may be an underlying mechanism for resistance to PISK
inhibition (Ilic et al., 2011; Liu et al., 2011). However, the role
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Fig. 2. Parsaclisib inhibits proliferation and constitutive PI3K signaling in MCL and DLBCL cell lines in vitro. (A) Jeko-1, Mino, JVM2, and Rec-1 cells
(MCL) were cultured in growth medium for 4 days in the presence of different concentrations of parsaclisib and then pulsed with [*H]thymidine
overnight. Incorporated radioactivity was counted as measurement of cell growth. Each curve is a representative and value avg. of multiple individual
experiments (n = 5 for Rec-1, n = 5 for Mino, n = 5 for JVM2, and n = 3 for Jeko-1). (B) The MCL cell lines in growth medium were treated with different
concentrations of parsaclisib for 2 hours. The levels of pAKT (Ser473) and pFOXO1 (T24) in the total cell lysates were then measured by Western
blotting. Actin levels in the cell lysates was used as loading control. These data are representative of two independent experiments. (C) Pfeiffer, SU-
DHL-5, SU-DHL-6, WSU-NHL, SU-DHL-4, SU-DHL-8, and WILL-2 cells (DLBCL, all germinal center B-cell-like subtype) were cultured in growth
medium for 4 days in the presence of different concentrations of parsaclisib and then pulsed with [*H]thymidine overnight. Incorporated radioactivity
was counted as measurement of cell growth. Each curve is a representative and value avg. of multiple individual experiments (n = 9 for Pfeiffer, n = 4 for
SU-DHL-5, n = 6 for SU-DHL-6, n = 4 for WSU-NHL, n = 3 for SU-DHL-4, n = 3 for SU-DHL-8, and n = 3 for WILL-2). (D) The DLBCL cells in growth
medium were treated with different concentrations of parsaclisib for 2 hours. The levels of pAKT (Ser473) and pFOXO1 (T24) in the total cell lysates
were then measured by Western blotting. Actin levels in the cell lysates were used as loading control. The data are representative of two independent
experiments.
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Fig. 3. Parsaclisib is active as a single
agent and in combination with standard-
of-care chemotherapy against tumor
growth in the Pfeiffer and Rec-1 models
for DLBCL and MCL. Efficacy of parsa-
clisib in the Pfeiffer (A) and Rec-1 (B)
subcutaneous xenograft models. Efficacy
of parsaclisib in combination with bend-
amustine in the Pfeiffer (C) and Rec-1 (D)
subcutaneous xenograft models. The dif-
ference in percentage TGI was analyzed
by t test. b.i.d., twice daily; q.w., once
weekly.
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of MYC in the mechanism of resistance to PI3K§-specific
inhibition has not yet been determined. Both SU-DHL-8 and
WILL-2 cells carry the t(8;22) chromosome translocation,
resulting in IgL-MYC rearrangement and presumably in-
creased MYC transcription. Although SU-DHL-4 cells have
no MYC-associated translocation, they do express a high level
of MYC protein (Schrader et al., 2012). Using Western
blotting, the expression of MYC was barely detectable in the
four parsaclisib-sensitive DLBCL cell lines (Pfeiffer, SU-DHL-
5, SU-DHL-6, and WSU-NHL) compared with strong expres-
sion in the three parsaclisib-insensitive DLBCL cell lines
(WILL-2, SU-DHL-4, and SU-DHL-8) (Fig. 4A).

The striking difference in MYC levels between parsaclisib-
sensitive and -insensitive cell lines suggests that modulation
of MYC levels may result in heightened sensitivity to PI3KS
inhibition. Bromodomain and extraterminal domain (BET)
family of proteins are epigenetic modulators of gene expres-
sion that bind selectively to acetylated histone lysine residues
and have been shown to stimulate growth of malignant B cells
by promoting MYC expression (Delmore et al., 2011; Boi et al.,
2015). We tested SU-DHL-4, SU-DHL-8, and WILL-2 cells
with the BET inhibitor INCB054329 (Stubbs et al., 2019). All
three parsaclisib-insensitive DLBCL cell lines were sensitive
to BET inhibition by INCB054329 in an in vitro proliferation
assay (Fig. 4B). No synergistic or additive effects were
observed between parsaclisib and INCB054329 in the same
in vitro assay (data not shown). Concomitantly, the expression
of MYC was reduced by INCB054329 in a dose-dependent
manner (Fig. 4C). The potency of the inhibitory effect of
INCBO054329 on MYC expression appeared to be similar to
that for the inhibitory effect on cell proliferation.

The ability of parsaclisib-insensitive cell lines to respond to
BET inhibition with INCB054329 in vivo was tested in
WILL-2 subcutaneous tumors. The effects of parsaclisib or
INCBO054329 on TGI were not statistically different compared
with the vehicle control. However, the TGI resulting from the
combination of both compounds at the same doses differed
significantly from each single-agent group and from the

Days post inoculation

vehicle control. Importantly, all doses were well tolerated
as monitored by nonsignificant changes in body weight
with treatment. These data suggest that suppression of PI3KS
with parsaclisib may enhance the sensitivity of lympho-
mas with MYC overexpression to BET inhibition with
INCB054329 in vivo (Fig. 4D).

To understand the potential mechanism(s) behind this
apparent synergy between PI3Ké and BET inhibition in the
WILL-2 model, gene expression profiles in the tumors were
analyzed by RNAseq. Based on a general linear model and
hierarchical clustering of 5654 differentially expressed genes,
the combination treatment of parsaclisib and INCB054329
resulted in a distinct gene expression pattern when compared
with either parsaclisib or INCB054329 alone (Fig. 4E). In
particular, gene set enrichment analyses showed strong
suppression of MYC-associated genes (Delmore et al., 2011;
Lampson et al., 2016) as well as an enrichment of a p53
pathway signature (Fig. 4F), indicating that simultaneous
BET and PI3KS$ inhibition can inhibit cell growth via several
mechanisms in PI3K$ inhibitor—insensitive cells. Together,
high expression of both MYC and p53 correlate with poor
prognosis in DLBCL (Richardson et al., 2019). Importantly, of
the 3363 genes differentially expressed after combination
treatment of parsaclisib and INCBO054329, 2389 were
uniquely regulated when compared with the single-agent
groups (Supplemental Table 2). Genes showing significantly
decreased expression with combination treatment versus
vehicle included CCR6, CCR2, CCR5, CCR1, CXCR2,
CCL3L3, and CCL1 (P < 0.05). This suggests that tumor cell
networks mediated by chemokine and chemokine receptors
could also be affected.

Parsaclisib Functions As an Immunomodulator and
Inhibits Tumor Growth in the A20 Syngeneic Mouse
Model for Lymphoma. In addition to its direct antiprolifer-
ative activity through inhibition of intracellular signaling in
malignant B cells and effect on chemokine and chemokine
receptor networks, we hypothesized that PI3Ké inhibition can
potentially suppress tumor growth through modulation of
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Fig. 4. Insensitivity to parsaclisib in DLBCL cells with high MYC expression can be overcome by BET inhibition. (A) Comparison of MYC expression in
four parsaclisib-sensitive DLBCL cell lines (Pfeiffer, SU-DHL-5, SU-DHL-6, and WSU-NHL) and three parsaclisib-insensitive DLBCL cell lines (WILL-
2, SU-DHL-4, and SU-DHL-8). (B) [*H]thymidine uptake proliferation assays were performed on the three parsaclisib-insensitive DLBCL cell lines (SU-
DHL-4, SU-DHL-8, and WILL-2) treated with the BET inhibitor INCB054329. The data represent an avg. of three independent experiments. (C)
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regulatory and cytotoxic T cells within the B-cell lymphoma
microenvironment. PISKS activity has been shown to be
critical for the immunosuppressive function of Tregs (Patton
et al., 2006). Inhibition of PI3K6 has also been suggested to
delay terminal differentiation of CD8" T cells and maintain
memory phenotype, cytokine, and granzyme B production
(Abu Eid et al., 2017). A syngeneic A20 lymphoma model was
used to assess the effect of parsaclisib on tumor growth
through modulation of immune cells in a B-cell lymphoma
microenvironment. A20 cells are relatively insensitive to
parsaclisib in an in vitro proliferation assay (ICsq > 3000
nM). However, treatment of BALB/c mice bearing the A20
murine lymphoma cells with parsaclisib resulted in signifi-
cant TGI (Fig. 5A).

In support of the observed antitumor effect of parsaclisib
in the A20 model, treatment with parsaclisib reduced the
percentage of Tregs (CD4"CD25*FOXP3") in tumors and
spleens (Fig. 5B; Supplemental Fig. 2A). In line with the
decrease in Tregs, the ratio of CD4" and CD8"* T cells to
Tregs in spleens and tumors was increased by treatment
with parsaclisib (Fig. 5, C and D). Because PI3K$ has been
implicated in T-cell memory phenotype (Abu Eid et al.,
2017), the effect of parsaclisib on this subset of T cells in the
A20 model was analyzed. Parsaclisib treatment resulted
in a decrease in the number of CD4*CD44M&" and
CD8*CD44"e" T cells in both spleens and tumors (Fig. 5,
E and F; Supplemental Fig. 2B). Further analysis of the
CD44M&" T-cell population, which is considered to be
a marker for the activated/memory T cells, showed that
PI3KS inhibition by parsaclisib increased the percentage of
effector memory (CD44M&2CD62L°") but decreased the
percentage of central memory (CD44%&2CD62Lbeh) CcD4*
and CD8" T cells in the spleens. The percentage of the tumor
infiltrating central and effector memory cells was not
affected by parsaclisib (Supplemental Fig. 2C).

Parsaclisib Is Associated with Reduced Hepatotox-
icity. We postulated that the liver toxicities observed with
the first-generation PI3SKS inhibitors idelalisib, duvelisib,
and INCB040093 are caused by off-target effects that can be
linked to this class of molecules. The purine motif is
identical within all three compounds, and each contains
a phenyl-substituted bicyclic aryl core (Table 1). Parsaclisib
is derived from a different scaffold consisting of a pyrazolo-
pyrimidine in place of the purine and a lactam-substituted
monocycle core (Table 1).

In 28-day repeat dose GLP safety studies of parsaclisib, no
evidence of direct hepatotoxicity was observed in dogs or rats;
in 8- and 9-day non-GLP rat studies, evidence of hepatotox-
icity was observed, but only at very large multiples (>25-fold)
of the exposures observed in patients administered a 20-mg,
once-daily dose. Importantly, human clinical trials have also
shown reduced clinically relevant, liver-related safety find-
ings or adverse events (Forero-Torres et al., 2019) (Table 1),
supporting our hypothesis that liver toxicities associated with

first-generation PI3SK$ inhibitors are the result of off-target
effects and that alternative molecules with a reduced potential
for hepatotoxicity can be developed.

Umbralisib (TGR-1202) is another next-generation PI3Ké
inhibitor. Like parsaclisib, only a small proportion of patients
experienced liver-related toxicities in clinical studies (Burris
et al., 2018) (Table 1). The structure of umbralisib contains
a phenyl-substituted bicyclic aryl core but replaces the purine
substituent with a pyrazolopyrimidine similar to parsaclisib
(Table 1). Thus, based on the structure analysis and the
corresponding preclinical and clinical safety study findings,
we hypothesize that the off-target liver toxicity associated
with the three first-generation PI3Ké inhibitors may be due to
an untoward interaction involving the common purine sub-
stituent within these structures.

Discussion

We present the preclinical characterization of parsaclisib,
a structurally novel PISK$ inhibitor, in clinical trials for the
treatment of B-cell malignancies. The results demonstrate
that parsaclisib is a highly potent and selective PISKS in-
hibitor in various biochemical and cell-based assays, with
reduced hepatotoxicity compared with first-generation PI3KS
inhibitors (which has limited their utility in the clinical
setting). The first-generation PISK$ inhibitors share a com-
mon purine constituent in their chemical structures. Parsa-
clisib is the product of a discovery program aimed at
investigating whether an alternative scaffold could circum-
vent the hepatotoxicity associated with first-generation PI3K6
inhibitors. Indeed, parsaclisib has demonstrated minimal
hepatotoxicity in preclinical and clinical studies. Therefore,
we hypothesize that the hepatotoxicity associated with the
first-generation PI3K$ inhibitors is structure-based rather
than mechanism-based.

Consistent with the therapeutic potential of parsaclisib for
hematologic malignancies, proliferation of MCL and DLBCL
cell lines in vitro and tumor growth in MCL and DLBCL
xenograft models in vivo were potently inhibited by parsacli-
sib. Parsaclisib inhibited in vitro proliferation of four MCL cell
lines and the growth of 1 MCL cell line (Rec-1) in a xenograft
model. Signaling studies confirmed that the effect of parsacli-
sib in these cells is through inhibition of PI3K-mediated
pathways. In keeping with these preclinical results, a high
ORR (67%) was achieved among patients receiving parsaclisib
for relapsed or refractory MCL in a recent phase 1/2 study
(Forero-Torres et al., 2019). MCL is genetically characterized
by the t(11;14) translocation that juxtaposes the proto-
oncogene CCND1, which encodes cyclin D1 at chromosome
11, to the IGH gene, which encodes Ig heavy chain at
chromosome 14. As a consequence, cyclin D1, which is not
expressed in normal B cells, becomes constitutively overex-
pressed. This genetic alteration is thought to be the primary
event in MCL pathogenesis, probably by facilitating cell cycle

Western blot composite showing dose-dependent reduction of MYC levels by INCB054329 in the three parsaclisib-insensitive DLBCL cell lines, SU-
DHL-4, SU-DHL-8, and WILL-2. (D) Growth of WILL-2 tumor in mice dosed with parsaclisib and INCB054329. The difference in percentage of TGI was
analyzed by ¢ test. (E) Heat map of differentially expressed genes showing distinct expression effects by each treatment (INCB054329, parsaclisib, or
both compounds in combination). The list of 5654 differentially expressed genes was generated based on a general linear model and hierarchical
clustering of gene expression with false discovery rate (FDR) P value = 0.05. (F) Gene Set Enrichment Analysis signatures highlighting coordinated
differential expression of gene sets that significantly enriched or decreased in WILL-2 tumor samples treated with combination of parsaclisib and

INCB054329 vs. vehicle control with P < 0.01. b.i.d., twice daily.
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deregulation at the G1-S phase transition (Jares et al., 2007).
However, the AKT survival pathway is activated in MCL,
particularly in the blastoid variants with the loss of phospha-
tase and tensin homolog expression (Rudelius et al., 2006).
The MCL cell lines tested in this study contain the t(11;14)
translocation, yet they are highly sensitive to PI3K$ inhibition
by parsaclisib, suggesting that the PI3SKS/AKT signaling
pathway is as critical as cyclin D1 overexpression for the
development and/or survival of MCL.

Evidence suggests that PI3K3 signaling may also play a role
in DLBCL pathogenesis. For example, a single mutation in
the catalytic domain of PI3KS maintained the level of pAKT
after cytokine withdrawal in recombinant cells (Zhang et al.,
2013). Likewise, chronic BCR signaling, which activates
PI3KS, might be a pathogenic mechanism in the activated
B-cell-like subtype of DLBCL (Davis et al., 2010). We found
that not all DLBCL cell lines are sensitive to PI3K$ inhibition
despite inhibition of the PI3K signaling pathway by parsacli-
sib. One similarity shared by the parsaclisib-sensitive DLBCL
cell lines is the presence of the t(14;18) chromosome trans-
location, which juxtaposes the BCL2 gene on chromosome 18
to the IGH enhancer on chromosome 14, resulting in BCL2
protein overexpression and inhibition of apoptosis (McDonnell
et al., 1989). Our observations suggest that inhibition of the
growth-/survival-promoting effects of PISK signaling can

override the antiapoptotic effect of BCL2 in these cells.
Interestingly, the t(14;18) translocation frequency is about
15%-30% in DLBCL and 85% in FL (Johnson et al., 2009),
which is similar to the clinical response rate among patients
with relapsed or refractory DLBCL (30%) and FL (71%)
receiving parsaclisib (Forero-Torres et al., 2019).

The parsaclisib-insensitive cell lines tested all have exag-
gerated MYC expression, and MYC reduction by BET in-
hibitor treatment correlated closely with cell proliferation
inhibition, indicating that MYC dysregulation may be a driver
of proliferation in these cells. Indeed, parsaclisib combination
with the BET inhibitor INCB054329 showed synergistic
antitumor activity in vivo, demonstrating that insensitivity
to PISKS inhibition by parsaclisib may be overcome by MYC-
targeting strategies such as BET inhibition (Delmore et al.,
2011; Boi et al., 2015). The enhanced efficacy observed with
combined PI3KS and BET inhibition likely reflects enrich-
ment of a p53 pathway gene expression profile, as well as
repression of MYC transcriptional targets. Previous studies
have established a dual mechanism of action for the
anti—B-cell malignancy effect of PI3Ké$ inhibition: direct de-
crease of cell survival/proliferation as well as inhibition of
chemokine production that aids retention of malignant B cells
in protective tissue microenvironments. Clinically, PI3K&
inhibition has been shown to cause rapid lymph node
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TABLE 1

Clinically observed hepatotoxicity for PI3KS inhibitors

Parsaclisib

Umbralisib

INCB040093

Duvelisib

Idelalisib

Shin et al.

i
o

H:N

=  ALT/AST elevation: Any: 7% =

ALT/AST elevation: Any 28-29%

=

v: 33%

ALT/AST elevation: An,

ALT/AST elevation: Any: 39% =

ALT/AST elevation: Any: 39-50% =

Grade 3: 20%°

d

Grade 3: 1-3%

Grade 3: 20%*

Grade 3: 9%-19%
Fatal and/or serious hepatotoxicity:

Grade 3: 3%°

16-18%°

ALT, alanine transaminase; AST, aspartate transaminase.

“From reference Flinn et al. (2018).

5From reference Phillips et al. (2018).
‘From reference (Burris et al., 2018).

9From reference (Forero-Torres et al., 2019).

“From reference (http://www.gilead.com/~/media/Files/pdfs/medicines/oncology/zydelig/zydelig_pi.pdf).

shrinkage and transient lymphocytosis in patients with CLL.
It is believed that PISKS functions to promote tumor cell
connection with stroma cells through an intricate chemokine
and chemokine receptor network (Hoellenriegel et al., 2011).
We found that the expression of multiple chemokines and
chemokine receptors was substantially decreased upon com-
bination inhibition. Combining PI3Ké with BET inhibition
may be useful in the clinic for treating patients with DLBCL
with high MYC expression levels with a suboptimal response
to PI3K inhibition alone. This is based on the rationale that
PISKS inhibition can break down the protective network of
tumor cells by chemokine signaling, making the lymphoma
more susceptible to direct growth/survival pathway inhibition
by a BET inhibitor. The inhibitory effect of parsaclisib on the
chemokines and chemokine receptors is consistent with the
current hypothesis. An additional approach to MYC-PI3Ks
axis inhibition in these resistant tumors could involve in-
hibition of proviral integration site for Moloney murine
leukemia virus (PIM) kinases, which occupy key nodes in
signaling networks that are highly interconnected with those
mediated by PISKS (Forero-Torres et al., 2019). A previous
study demonstrated additive or synergistic tumor-growth
inhibitory effects of parsaclisib in combination with the pan-
proviral integration site for Moloney murine leukemia virus
kinase inhibitor, INCB053914 (Koblish et al., 2018), and
a clinical investigation of this combination has been opened
(NCT03688152).

Based on previous findings that PISKS activity in different
immune cells may have tumor protective functions (Ali et al.,
2014), we explored whether parsaclisib could function as an
immune modulator in the tumor microenvironment by using
the murine A20 model of lymphoma. Although A20 cells were
not sensitive to parsaclisib inhibition in vitro, tumor growth
was suppressed in the murine A20 model, suggesting that part
of the tumor inhibitory effect of parsaclisib in vivo may be
through immune modulation. Indeed, parsaclisib reduced the
number of Tregs in the tumors and spleens of treated mice.
This result is consistent with recent clinical data showing that
combined parsaclisib and pembrolizumab (an antiprog-
rammed cell death-1 antibody) significantly reduced the
number of Tregs in patients with solid tumors (Kirkwood
et al., 2018). Tregs suppress antitumor immune responses by
inhibiting cytotoxic T-cell activity in the tumor microenviron-
ment (Chaudhary and Elkord, 2016), and it is therefore
conceivable that immune activation may occur after parsacli-
sib treatment. Interestingly, while preparing this report,
a study was published supporting a critical role for PI3Ké in
CLL pathogenesis through Tregs (Dong et al., 2019).

Memory CD8* T cells are superior mediators of antitumor
immunity compared with terminally differentiated effector
cells because of their greater proliferative potential (Gattinoni
et al., 2005), but conflicting data exist on the role of PI3K5 in
the regulation of T-cell differentiation. A recent study suggests
that PI3K$ inhibition could delay terminal differentiation of
CD8" T cells and maintain the memory phenotype and their
ability to produce cytokines and granzyme B (Abu Eid et al.,
2017). However, in p1106P210AP910A mjce which lack fune-
tional PISKS catalytic activity, the expression of CD44 (a
marker of memory T cells), was considerably reduced on CD4*
and CD8" T cells (Okkenhaug et al., 2002). Similarly, PISKs
inactivation reduced the number of CD44"¢"CD8* and
CD44M8"CD4* T cells in the lymph nodes of mice bearing
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4T1 or ELS3 tumors (Ali et al., 2014). In the lymphoma A20
model, parsaclisib treatment significantly reduced memory
CD4 and CD8 T cells (CD44™#%) in the spleen and tumor,
making it unlikely that T-cell differentiation plays a role in the
mechanism of the observed antitumor activity of parsaclisib.

In summary, parsaclisib is a novel, highly potent, and
selective PISKé inhibitor that has advanced into phase 2
clinical trials enrolling patients with hematologic B-cell
malignancies. Preclinical validation has shown that parsacli-
sib impedes B-cell lymphoma cell line growth in vitro and
in vivo. Parsaclisib also regulates the functions of B and
T cells, theoretically making the tumor microenvironment less
conducive to tumor growth. Additionally, insensitivity to
parsaclisib in DLBCL due to aberrant MYC overexpression
may be overcome by combination with a BET inhibitor.
Importantly, parsaclisib demonstrated reduced hepatotoxic-
ity in preclinical and clinical studies when compared with the
first-generation compounds. Parsaclisib is also distinct from
other next-generation agents (e.g., umbralisib with a daily
dose of 800 mg) in being administered as a 20-mg, once-daily
dosing regimen, which has been shown to completely inhibit
signaling through the PI3Ké pathway. Our results provide the
mechanistic basis to fully support the ongoing efforts in the
development of parsaclisib for treating patients with B-cell
malignancies. The potential immunomodulatory activity ob-
served in these preclinical studies implies that parsaclisib
could have a broader application as a therapy outside of
hematologic oncology.
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