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1 | INTRODUCTION

B-cell receptor (BCR) signaling pathway plays a major role in the
development of B-cells. Starting from the precursor state in bone
marrow to its fully matured plasma-B cells or memory B-cell sub-
population, a highly regulated and concerted mechanism is in effect.
However, disruption of this mechanism at various states of B-cell
maturation scheme may lead to various kinds of B-cell malignancies.
For example, a naive B-cell can give rise to mantle cell lymphoma
(MCL), while an antigen-experienced B cell can give rise to chronic
lymphocytic lymphoma (CLL) or small lymphocytic lymphoma (SLL).
On the other hand, diffused large B-cell lymphoma (DLBCL) arises
from deleterious mutations incurred during the somatic hyper-mu-
tation step in lymph node.* Bruton's tyrosine kinase (BTK) is one
of the key enzymes of the BCR pathway. Post the initiation of the
BCR signaling, BTK phosphoryates and activates phospholipase C
gamma2 (PLCy2), which in turn activates NFx-b.2 Mutation of BTK
was first noted in patients with X-linked Bruton's agammaglobulin-
emia (XLA).3 Further instances of involvement of BTK in CLL, MCL,
DLBCL, and other types of lymphoma® have made it a lucrative tar-
get for treatment of cancer.

Since BCR signaling is important for normal development of
B-cells, BTK has been shown to play key role in several auto-immune
disorders like lupus, rheumatoid arthritis, multiple sclerosis, and oth-
ers.>® The presence of abnormal B cell and autoantibodies in most
RA patients, primarily ACPA and RF, indicates that the function of B
cell was involved in the development of RA disease.” Similarly, BTK
has also been implicated as one of the potential targets for treating
multiple sclerosis (MS). In fact, PRN2246, a BTK inhibitor, being de-
veloped for MS has completed Phase | trials.

Moreover, BTK has been shown to function in Toll-like recep-
tors-mediated recognition of infectious agents and Fc receptor sig-
naling. Of these two, Fc receptor signaling is of special importance
in BTK signaling. Immune cells like mast cell, basophils, monocytes,
macrophages play important roles in inflammatory and allergic re-
sponses. These responses are believed to be initiated partly by
cross-linking of the high affinity receptor for IgE (FceRI) on these
cells.® This activates intracellular signaling pathways leading to de-
granulation and release of histamine and other pro-inflammatory
cytokines. Constitutive BTK activation under autoimmune condi-
tion, therefore, leads to activation of FceRI. In addition to that, Fcy
receptors (FcyR) on immune cells such as macrophages also play
an important role in tumor-specific antibody-mediated immune re-
sponses involving BTK.? Recently, BTK is found as a direct regulator
of NLRP3 inflammasome.1°

Among the BTK inhibitors, ibrutinib, acalabrutinib, and zanu-
brutinib are currently approved various authorities. Furthermore,
ibrutinib has also been approved for patients with marginal zone
lymphoma (MZL), who require systemic therapy and have received
at least one prior anti-CD20-based therapy.

Here, we report the discovery and preclinical profiling of
ZYBT1, a novel, irreversible covalent BTK inhibitor, that has
demonstrated in-vitro potency toward both wild-type and C481S

mutant BTK and efficacious in animal models of Streptococcus
cell wall mediated and collagen induced arthritis as well as B-cell

lymphoma.

2 | MATERIALS AND METHODS
2.1 | Reagents and cell culture

ZYBT1, ibrutinib, dasatinib, and acalabrutinib and BODIPY-labeled
ibrutinib (IB-BFL) were synthesized in house, at the Department of
Medicinal Chemistry (Zydus Research Centre, Cadila Healthcare Ltd,
Ahmedabad). Purified recombinant human BTK (wild-type) and mu-
tant BTK (C481S) were purchased from SignalChem, USA. ADP-Glo
reagent assay was from Promega Corp, USA. TMDS8, HBL-1, U2932,
SUDHL6, JEKO, MINO were kind gift from Richard Eric Davis, MD
Anderson Cancer Center, Houston, TX. Raji and THP1 were obtained
from ATCC. Cells were routinely grown and treated at 37°C and 5%
CO2 in humidified incubator, unless otherwise mentioned. All cell
culture media, supplements, antibiotics, trypsin from porcine pan-
creas, EDTA, Tween 20, MTT powder, Poly Glu:Tyr (4:1), and Human
IgG were purchased from Sigma-Aldrich. Human phospho-BTK
(Y223) antibody and human BTK antibody were from R&D system.
Human phospho-PLCy2 (Y1217) and human PLCy2 rabbit polyclonal
antibody, human TNFa«, IL-6 and IL-8 ELISA kits were purchased from
Mabtech AB, Sweden. All animal care and experimental procedures
were in compliance with the guidelines of the Committee for the
Purpose of Control and Supervision of Experiments on Animals
(CPCSEA\) as stated by the National Institutes of Health and were ap-
proved by the Institutional Animal Ethics Committee (IAEC). Studies
were conducted in an Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC) International accredited facil-
ity. Six to eight weeks old SCID mice were used for the in vivo xeno-

graft studies.

2.2 | Chemical synthesis of ZYBT1

Synthetically, ZYBT1 [4-(1-(2-acryloyloctahydrocyclopentalc]pyrrol-
5-yl)-4-amino-1H-pyrazolo[3,4-d]pyrimidin-3-yl)-N-(pyridin-2-yl)
benzamide] was prepared in a step wise manner as described else-
where.!* Initially Mitsunobu reaction of 3-iodo-1H-pyrazolo[3,4-
d]pyrimidin-4-amine nucleophile was carried out with tert-butyl
5-hydroxyhexahydrocyclopenta[c]pyrrole-2(1H)-carboxylate derived
from Hexahydrocyclopentapyrrolone!? to give tert-butyl 5-(4-amino-
3-iodo-1H-pyrazolo[3,4-d]pyrimidin-1-yl)hexahydrocyclopentalc]
pyrrole-2(1H)-carboxylate. Product thus obtained was coupled
with (4-(pyridin-2-ylcarbamoyl)phenyl) boronic acid via palladium-
catalyzed Suzuki-Miyaura coupling reaction which upon Boc group
de-protection using trifluoroacetic acid followed by acylation with
acrolyl chloride provided ZYBT1 with good yield and purity.

IH NMR: (CDCl; 400 MHz): 6 8.72 (s, 1H), 8.43 (d, 1H, J = 6.4 Hz),
8.39 (s, 1H), 8.35-8.34 (m, 1H), 8.13 (d, 2H, J = 8.4 Hz), 7.88 (d,
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2H, J = 8.4 Hz), 7.83-7.79 (m, 1H), 7.14-7.11 (m, 1H), 6.49 (dd, 1H,
J, = 10.0 Hz, J, = 16.8 Hz), 6.42 (dd, 1H, J, = 2.4 Hz, J, = 16.8 Hz),
572 (dd, 1H, J, = 2.8 Hz, J, = 10.0 Hz), 5.61-5.55 (m, 3H), 3.89-3.84
(m, 2H), 3.57-3.47 (m, 2H), 3.24-3.21 (m, 1H), 315-3.12 (m, 1H), 2.60-
2.52 (m, 2H), 2.21-2.14 (m, 1H); ESI-MS: (+ve mode) 495.4 (M + H)*
(100%); HPLC: 99.09%, Ret.time = 11.92 minutes.

2.3 | BTK enzyme activity assay

The enzymatic activity of ZYBT1 was assessed in a cell-free en-
zyme assay. Briefly, fixed amount of recombinant purified human
BTK-WT (3 ng/reaction) or BTK-C418S (20 ng/reaction) was in-
cubated with increasing concentration of ZYBT1 (0.01 nmol/L to
10 umol/L) in 1X kinase reaction buffer (40 mmol/L Tris-Cl, pH7.5,
20 mmol/L MgCl,, 2 mmol/L MnCl,, 0.1 mg/ml BSA and 50 umol/L
DTT). Enzymatic reaction was initiated by adding a substrate cock-
tail containing 50 umol/L of ATP (final concentration) and 5 ug of
polyGlIn,Tyr, in total 25 uL of reaction in round bottom white 96
well plates. The reaction was incubated at room temperature for
2 hours followed by quantification of the left over ATP accord-
ing to the manufacturer's protocol using ADP-Glo reagent. Data
were plotted taking ‘enzyme with no inhibitor’ as the 100% kinase
activity.

For determining the Ki, Omnia Tyr peptide kit was used and
the protocol supplied by the manufacturer was followed. Briefly,
10 nmol/L BTK-WT enzyme was incubated with increasing con-
centration of ZYBT1 (0.5 nmol/L to 1.0 umol/L) and a mixture of
substrate (ATP and 8-hydroxy-5-(N, N-dimethylsulfonamido)-2-
methylquinoline, referred to as SOX). The reaction mixture was in-
cubated at 25°C for 3 hours and fluorescence intensity was read at
predetermined interval of 30 seconds in Tecan Infinite M1000 PRO
using excitation and emission wave lengths of 360 nm and 485 nm
respectively. Data were plotted taking “No inhibitor” control set as
the 100% kinase activity. The obtained net progress curves were
then fitted according to an ascending single-exponential Equation*®
toyield k
Prism software version 8.0. Plots of k

obs Values at each compound concentration using GraphPad

obs VS [Inhibitor] were fitted
according to a simplified version of the hyperbola equation (for [sub-
strate]«Km) suggested by Evans, to generate apparent kinetics and
Ki values.

The Kinase profiling for ZYBT1 for addressing its selectivity was
done from ProQuinase (GmbH). A radiometric protein kinase assay

was used in 96 well FlashPlates™ from Perkin Elmer.

2.4 | Cell cytotoxicity assay

TMD8, HBL-1, U2932, SUDHL6, JEKO, MINO, Raji cells were rou-
tinely grown in RPMI-1640 with 10% FBS and supplemented with
55 umol/L B-mercapto ethanol (8-ME). For cytotoxicity assay, de-
fined numbers of cells were incubated in 96 well plates with in-
creasing concentration of ZYBT1, formulated in 100% DMSO (final

30of16
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concentration of DMSO in the well is 0.2%) for 96 hours. Cell growth
was measured using MTT assay and IC,, values were determined

by nonlinear regression using the GraphPad Prism 6 software. For
drug wash out experiments, TMD8 cells were treated with ZYBT1
(25 nmol/L), ibrutinib (25 nmol/L) and dasatinib (100 nmol/L) for
5 hours, cells were washed with sterile PBS thrice and were further
grown for 24 and 48 hours in complete medium. Finally, cell viability
was measured by MTT assay.

2.5 | Fluorescence binding assay

Florescent binding assay was performed following a protocol as
described elsewhere.!* To determine saturation binding concen-
tration of IB-BFL for BTK, THP-1 cells were incubated with in-
creasing concentration of IB-BFL in 96 well plates in dark. The
cells were washed, lysed in SDS-PAGE loading dye and analyzed by
SDS-PAGE and fluorescent gel scanning using BioRad ChemiDoc
MP (using blue laser).

To determine receptor occupancy, THP-1 cells were treated with
different concentrations of ZYBT1 for 1 hour followed by labeling
the cells with 2 umol/L of IB-BFL for another 1 hour in dark. Cells
were washed, lysed in SDS-PAGE loading dye and finally analyzed
by SDS-PAGE and fluorescent gel scanning using ChemiDoc MP im-
aging system, BioRad (using blue laser). As a loading control, total
cellular BTK level was measured by western blot using human an-
ti-BTK antibody.

To determine the receptor residence time, THP-1 cells, grown
in two separate sets, were treated with a fixed concentration
(500 nmol/L) of ZYBT1 for 1 hour and then washed three times
with sterile PBS. In one set, IB-BFL (2 umol/L) was added for
1 hour in dark (T, hr) while the other set was further grown for
another 24 hours in complete medium followed by labeling with
IB-BFL (for 1 hour) and finally treated cells from both the sets
were washed, lysed in SDS-PAGE loading dye and analyzed by
SDS/PAGE and fluorescent gel scanning. Similarly, total BTK con-
trol was also run in this case. For quantification, band intensities
were assessed by densitometric scanning. The percentage of IB-
BFL, bound to BTK was calculated after normalization with total
cellular BTK level against concentration of ZYBT1 using GraphPad
Prism 6.0 software.

2.6 | Cell washout

Approximately, 1 x 10* TMD8 cells/well were seeded in Poly
L-Lysine coated 96-well cell culture plate and incubated overnight
at 37°C/5% CO, humidified incubator. Next day, drug treatment was
carried out for 5 hours in both “washout” and “no washout” sets. In
the washout condition, inhibitor containing growth media was re-
placed with fresh media and cells were allowed to grow for 24 hours
and 48 hours. Finally, cell proliferation was measured by MTT assay

for both the time points.
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2.7 | Phospho-protein analysis

To determine the effect of ZYBT1 on phosphorylation of BTK and
PLCy2, THP-1 cells were treated with increasing concentration of
ZYBT1 for 1 hour followed by a brief pervanadate (500 umol/L
final concentration) treatment for 10 minutes in 96 well plates.
The cells were washed thrice with ice cold sterile PBS, lysed in
SDS-PAGE loading dye and analyzed by western blot using human
anti-phospho-BTK (Y223) antibody or human phospho-PLCy2
(Y1217) antibody. For total cellular BTK and PLCy2, blots were
stripped and re-probed with human anti-BTK antibody or human
anti-PLCy2 antibody. To determine receptor resident time, T, and
T,, sets were prepared as described above, only with the excep-
tion that in this case no labeled compound were added and cells
were lysed after the stipulated time and analyzed in SDS-PAGE

and immunoblotting.

2.8 | Cytokine ELISA

Approximately 2 x 10° THP-1 (for TNF-a) cells/well were treated
with increasing concentration of ZYBT1 (0.2 nmol/L to 40 pumol/L)
in 96 well plate for 1 hour Then cells were transferred to a 96 well
plate precoated with 100 pg/well human IgG (Sigma) and incubated
for another 4 hours. Culture supernatants from the respective wells
were collected and analyzed for secreted TNFa using human TNF-«a
ELISA kit. For IL-6 and IL-8 secretion assay, approximately 3 x 10°
TMD8 cells/well were treated with increasing concentrations of
ZYBT1 (0.02 nmol/L to 20 umol/L) in 96 well plate for 16 hours and
culture supernatants from the respective wells were collected and
analyzed for secreted IL-6 or IL-8 using human IL-6 or IL-8 ELISA kit
respectively.

2.9 | Invitro/In vivo pharmacokinetic evaluation

Permeability/efflux ratio of ZYBT1 was determined using the sys-
tem comprising of the Caco-2 cell monolayers with prespecified tier
values. Caco-2 cells were seeded onto 24 well filter membranes and
cultured for 21 days to achieve the required specifications. Following
in vitro incubation of 2 umol/L ZYBT1 at 37°C, 95% relative humid-
ity, 5% CO,, samples were collected from both apical and basal side
and analyzed.

In vitro metabolism was determined by incubating ZYBT1 at
1 umol/L (37°C, 100 rpm) with liver microsomes (0.5 mg/mL) from
mouse, rat, dog, monkey, and human, in the presence of NADPH
(1 mmol/L) for 30 minutes in triplicate. The zero minute samples
were made in the absence of NADPH and were used as control. The
metabolic stability (% remaining of ZYBT1) in incubated samples was
assessed with respect to O minutes control samples. In vitro CYP
inhibition was performed by incubation of ZYBT1 at 0.1, 0.3, 1, 3, 10,
30, and 100 pmol/L with human liver microsomes and NADPH in the

presence of CYP-specific substrates.

In vivo pharmacokinetics/ bioavailability studies of ZYBT1
were performed in male or female mice, and rats, using parallel
study design (n = 3 to 5 per group). The oral dose was administered
via gavage under overnight fasted condition and intravenous dose
was administered as a bolus via tail vein injection under nonfasted
condition. An aqueous suspension of ZYBT1 was used for oral
dosing. The intravenous solution was prepared in 10% NMP, 5%
ethanol, and 85% citric acid in purified water. Blood samples were
collected serially from each animal at O hour, (pre-dose), and 0.08
(IVonly)0.25,0.5,1, 2,4, 6, 8,24,48, and 72 hours post-dose. The
blood samples were centrifuged (3 220 g for 15 minutes) to ob-
tain plasma samples which were stored frozen in labeled tubes at
or below -70°C until analysis. Pharmacokinetic parameters were
derived using the noncompartmental analysis (NCA) module of
WinNonlin® software.

The pharmacokinetics of ZYBT1 was evaluated in male BALB/c
mice and male Wistar rats by single oral (3 mg/kg) and intravenous
(1 mg/kg) routes of drug administration. All animals were quaran-
tined in the animal house of Zydus Research Centre for a 7 days pe-
riod with 12 hour dark/light cycle. During this period the animals had
free access to standard pellet feed and water ad libitum. The experi-
ment protocols were approved by the Committee for the Purpose of
Control and Supervision of Experimentation on Animals (CPCSEA),
Government of India and Institutional Animal Ethics Committee
(IAEC), Zydus Research Centre.

The animals (male BALB/c mice (7-12 week age, 30-35 g body
weight, 12 animals/route, maximum 3 blood collection/mouse,
sparse sampling) and male Wistar rats (7-12 week age, 200-250 g
body weight, 4 animals/route, serial blood collection) were over-
night fasted before the oral gavage dosing of ZYBT1 but were
given access to water ad libitum; however, food was provided
4 hour after dosing. The intravenous dosing in either mice or rats
was carried out with a solution formulation, prepared in 10% NMP,
5% ethanol and 85% of 0.1% citric acid in purified water. The oral
dosing in either mice or rats was performed by a homogenous sus-
pension formulation, prepared in 1% Tween- 80 and 0.5% methyl
cellulose in purified water. Blood samples either in mice or rats
were collected at 0.08 (iv only), 0.25,0.5, 1, 2, 4, 6, 8, and 24 hour
post-dose in Na-heparin coated microcentrifuge tubes. Blood
samples were centrifuged to separate plasma which were then

stored at -70°C until analysis.

2.10 | Measurement of ZYBT1 in plasma samples

Stock and working solutions of ZYBT1 for calibration curve (CC)
standards and quality control (QC) samples were prepared in ace-
tonitrile: purified water (80:20, v/v). All primary stock and working
solutions were stored at 2-8°C. The individual CCs were freshly pre-
pared on the day of the analysis with a maximum of 10% spiking of
the appropriate working solution to the respective control plasma,
followed by addition of alprazolam, which served as internal stand-
ards (IS).
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An HPLC system (Shimadzu, Kyoto, Japan) coupled with MDS
SCIEX APl 3000 mass spectrometer (MDS SCIEX, Concord Ontario,
Canada) and SIL-HTc auto sampler (maintained at 10°C) was used for
quantitative analysis of ZYBT1. The mass spectrometer was equipped
with a Turbo ion spray interface at 600°C using a positive ion mode. The
analytical column was, ACE C18, 50 x 4.6 mm, 5 um (ACE, Scotland)
and gradient elution was employed for chromatographic separation of
analyte and IS from endogenous plasma matrix; mobile phases compris-
ing of an aqueous (A) 0.065 mmol/L ammonium acetate a in purified
water containing 0.01% TFA (trifluoroacetic acid) (B) acetonitrile and (C)
mixture of isopropyl alcohol: methanol: purified water (40:40:20, v/v/v).
The retention times of ZYBT1 and IS were about 1.5 and 1.7 minutes,
respectively. The mass spectrometer was equipped with a Turbo ion
spray interface at 600°C using a positive ion mode. The multiple re-
action mode (MRM) parameters for the mass spectrometry detection
were optimized; a multiple mass transition pairs used were (m/z 432.2
to 390.0; m/z 432.2 to 281; m/z 432.2 to 123.1; m/z 432.2 to 153.1)
were used for ZYBT1 and a single transition pair of m/z 309.0 to 281.0
was used for IS.

A 50 pL of study samples obtained from mice and rats were
transferred into a 2 mL micro centrifuge tube. Six pL of working solu-
tion of 1S (2.0 ug/mL) was added followed by vortex-mix for 30 sec.
Acetonitrile (300 pL) was added to each sample and vortexed for
1 minutes. Samples were then centrifuged at 11 200 g for 5 minutes
and the clear supernatant was transferred to vials for LC-MS/MS
analysis. The calibration curve ranging from 1 to 1000 ng/ml (with
a lower limit of quantitation 1 ng/mL) was employed for quantita-
tion of ZYBT1. The analytical data were processed using Analyst
Software version 1.6.2 (MDS SCIEX, Concord Ontario, Canada).

2.11 | TMD-8 xenograft model

The xenograft studies were conducted in 6-8-week-old SCID mice. A
total of 10 x 10° TMD-8 cells was suspended in 200 pL of phosphate
buffer saline and subcutaneously injected into the flank. When tu-
mors were palpable, animals were grouped so that the average tumor
volume was around 100 mm®. They were assigned to four groups:
vehicle and three groups for ZYBT1 treatment (1.5, 3 & 15 mg/kg,
BID) and treatment was continued for 20 days. The length and width
of the tumor were measured using a digital caliper, and the volume

of the tumor was calculated using the formula: length x (width)?/2.

2.12 | Collagen-induced arthritis in mice

DBA1/J male mice, 8-10 weeks old, were immunized on day 0 and 21
for induction of arthritis with bovine type Il collagen via intradermal
injection at the base of the tail. Injection volumes were 0.1 ml ali-
quots, consisting of a 1:1 (vol:vol) emulsion of Mycobacterium tubercu-
losis (2 mg/mL in mineral oil) and bovine type Il collagen (2 mg/ml in
10 mmol/L acetic acid). ZYBT1 was administered orally once a day for

4 weeks. Clinical scores, an index of arthritis, were assessed according
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by using the following criteria: O, normal with no

to Scales HE et al*®

swelling or redness; 1, swelling and/or redness of paw or one joint; 2,
swelling in two or more joints; 3, gross swelling of paw with more than

two joints involved; and 4, severe arthritis of entire paw and joints.

2.13 | Streptococcal cell wall (SCW)
induced arthritis

Rats were primed with an intra-articular injection of 20 uL of PGPS
in 0.5 mg/ml of rhamnose in the right ankle. At 2 weeks, the paw
volume were measured with UGO Basile plethysmometer and rats
were assigned to groups of n = 9 to get a similar distribution of initial
joint paw volume. Rats then received their first dose of ZYBT1 and
an iv injection of 0.5 ml of PGPS (1 hour post-ZYBT1 administration)
via the tail vein. One hour later blood was collected for IL-6 meas-
urement using a commercially available rat IL-6 ELISA kit. ZYBT1
was dosed once daily (OD) and paw volume and body weights were
measured for three consecutive days.

2.14 | Statistical analysis

Data are expressed as mean + SEM of three individual experiments
unless otherwise mentioned. The statistical analysis was performed
using one-way ANOVA followed by Dunnett's test used for compari-
son of all the parameters between treatment and control groups. For
each analysis, P-values less than .05 were considered to be statisti-
cally significant. All analyses were performed using GraphPad Prism
software (GraphPad, La Jolla, CA, USA).

3 | RESULTS
3.1 | Characterization of ZYBT1
The structure of ZYBT1 is shown in Figure 1. After purification

through HPLC, the purity was found to be 99.09% with a retention
time of 11.92 minutes.

Structure of ZYBT1

N
7 \

-

FIGURE 1 Structure of ZYBT1
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TABLE 1 Invitro potency of ZYBT1 against BTK wild-type and
mutant enzymes. In a cell free system the IC,, and the Ki (range
found from three independent experiments) were measured and
tabulated

Enzyme Parameter
BTK-WT ICyq: 1-2 nmol/L
BTK-WT K 14-19 nmol/L
BTK (C418S) IC50: 12-17 nmol/L

3.2 | ZYBT1 is a potent and selective
inhibitor of BTK

With the aim of using BTK as a target for leukemia and inflammatory
disorders, we screened a series of compounds and identified ZYBT1 as
a novel, potent, selective, and irreversible BTK inhibitor. Structurally, it
is a pyrazolo[ 3,4-d]pyrimidinyl derivative having acryloyl group, which
has been specifically incorporated to interact covalently with BTK in
order to retain the irreversible BTK inhibitory activity. ZYBT1 has po-
tent inhibitory activity for wild-type as well as C481S mutant of BTK
with IC, values of 1 and 14 nmol/L respectively (Table 1). The disso-
ciation constant, Ki of ZYBT1 for wt BTK was found to be 14 nmol/L
indicative of a strong binding (Table 1). Screening of a panel of other 13
different kinases demonstrated that ZYBT1 is highly selective for BTK
and TEC, while for other tyrosine kinases namely EGFR, ERB, and JAK,
ZYBT1 is >1000 times less potent (Table 2).

3.3 | ZYBT1 inhibits a battery of cell lines
representing various leukemia subtypes

In order to predict the efficacy of ZYBT1 in various leukemia pop-

ulations, we tested the potency of this compound in a series of

TABLE 2 Activity of ZYBT1 in BTK and other kinases using a
kinase profile (IC,, values with range found from three independent
experiments in 13 selected protein kinases)

Kinase IC,, (mmol/L)
BLK 1.1-2.2

BMX 0.091-0.12
BTK 0.027-0.041
EGFRT790M 4.2-5.7
EGF-R wt 2.3-35
ERBB2 wt 1.7-2.3
ERBB4 0.12-0.19
FGR 10-13

FRK 1.3-1.7

HCK >10

ITK 18-24

JAK3 >10

TEC 0.025-0.038

cell lines that represents leukemia subtypes. These include TMD-
8, HBL-1, U2932 (representing ABC-DLBCL subtype), SUDHL6
(GCB-DLBCL), JEKO (MCL) and Raji (Burkitt's lymphoma). The
cell killing potency (IC,) varied from 1 nmol/L (in TMD-8) to
15 pmol/L (in Raji) (Table 3). Highest potency of ZYBT1 was ob-
served in TMD-8 (1 nmol/L) while that in HBL-1 was the closest
follower (12 nmol/L). In MCL and Burkitt's lymphoma, ZYBT1 has
shown very weak potency making it unsuitable for these two sub-
types. However, in the ABC-DLBCL subgroup itself, U2932 cells
(IC5o = 1 mol/L) were ~1000-fold resistant than their two close

neighbors.

3.4 | The binding of ZYBT1 to BTK is covalent and
irreversible in nature

Since the first FDA approved BTK inhibitor, ibrutinib, works via co-
valent and irreversible binding, we tested if ZYBT1 also followed a
similar mechanism. To that end, we adopted the method described

by Honigberg et al'*

Since this paper reported the irreversible bind-
ing of PCI-32765 (a.k.a. ibrutinib), we used fluorescence-tagged
ibrutinib (IB-BFL) in a THP-1 cell-based binding assay. Analysis
of the fluorescent gel showed a fluorescent band at 70 kDa, cor-
responding to the molecular weight of BTK. The band started ap-
pearing at 0.5 pmol/L Ib-BFL and attained saturation at 5 pmol/L
and higher concentration (Figure 2A; upper panel). Immunoblotting
of the same gel with anti-BTK Ab confirmed the presence of con-
stant levels of total BTK with increasing concentration of IB-BFL
(Figure 2A; lower panel). This indicated that IB-BFL binds to BTK
and the binding is detectable at and above 0.5 pmol/L. This step was
important to find out the concentration of IB-BFL to be used in our
corresponding assays. Since 5 pmol/L of Ib-BFL was saturating the
binding, we chose 2 pmol/L, a subsaturating concentration for the
following experiment.

In order to test whether ibrutinib and ZYBT1 binds to the same site
of BTK, we adopted a competition binding assay. In this assay, THP-1
cells were preincubated with increasing concentration of ZYBT1 fol-
lowed by incubation with 2 pmol/L Ib-BFL. Figure 2B, upper panel
clearly showed that Ib-BFL could either replace or occupy free sites, at
a ZYBT1 concentration, lower than 5 pmol/L. However, on increasing
the concentration of ZYBT1 to 10 umol/L and above, the Ib-BFL-BTK

TABLE 3 Effect of ZYBT1 on cell proliferation. The IC50 range
for cell killing potential (n = 3) were tabulated

Cell line Type IC,, (hmol/L)
TMD8 ABC-DLBCL 0.78-1.40
HBL-1 ABC-DLBCL 12.0-16.0
U2932 ABC-DLBCL 847-961
SUDHLé6 GCB-DLBCL 7120-7850
JEKO MCL 8740-10 000

Raji Burkitt's lymphoma 13 200-15 100
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ZYBT1 is a covalent irreversible inhibitor of BTK
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FIGURE 2 ZYBTis anirreversible inhibitor of BTK. (A) Ibrutinib binds to BTK and saturation of binding occurs at 5 umol/L and above.
(B) Ibrutinib failed to replace ZYBT1 from BTK at ZYBT1. (C) ZYBT1 achieved 50 percent receptor (BTK) occupancy at 1 nmol/L. Figures are
representative of three independent experiments. Figure 2C represents the densitometric scanning data of the same gel as in Figure 2B and

error bars are not incorporated

interaction was no more detectable. Since the levels of BTK did not
change (Figure 2B; lower panel), this demonstrated that ZYBT1 binds
to the same site as ibrutinib and that the binding is irreversible in na-
ture. A densitometric scanning of the fluorescent bands yielded an IC,,
of 1 nmol/L for this binding (Figure 2C).

3.5 | The cytotoxic potential of ZYBT1 is retained
after washing the drug off

Encouraged by the irreversibility of ZYBT1-BTK binding, we intended
to check whether this binding is manifested in its cytotoxic effect.
TMD-8 cells were incubated with 25 nmol/L ZYBT1, 25 nmol/L of
ibrutinib or 100 nmol/L dasatinib separately for 1 hour and either
continued incubation in drug-containing medium or washed off with
PBS and fed with fresh drug-free media. As expected, the cell killing
was maintained for at least 48 hours both in continuous-drug me-
dium and in the conditions of drug-wash off for ibrutinib and ZYBT1.
In fact there was no significant difference between ‘wash-off’ or ‘no
wash-off’ condition in the cell survival graph (Figure 3A, left and
middle panels). On the other hand, dasatinib, a reported reversible
binder,' failed to exert its effect when washed off and no further
cell killing was observed after 24 hours, indicating that the washing

protocol that we used was enough to wash out the drug. This clearly

showed that an incubation of one hour is enough to maintain the
cytotoxicity of ZYBT1 for at least 48 hours.

In order to explain the cytotoxicity, retained after washout of
ZYBT1, we reasoned that the ZYBT1-BTK binding is most likely
retained for that period. To test the hypothesis, we treated THP-1
cells with 500 nmol/L ZYBT1 for 1 hour and washed it out followed
by competition with fluorescent ibrutinib at different time point (O
and 24 hour). Figure 3B left panel clearly demonstrated that ibru-
tinib failed to displace ZYBT1 even after 24 hours of incubation.
Semiquantitative estimation of the band intensity by densitometric
scanning demonstrated that more than 95% ZYBT1 was still bound
with BTK even after 24 hours (Figure 3B, right panel). Importantly,
the phosphorylation of BTK under similar conditions was also com-
pletely abolished although there is no change in the total levels of
BTK (Figure 3C). The difference between “wash out” and “no wash
out” sets in the dasatinib treated cells, but not in ibrutinib and ZYBT1

set validated our wash-out protocol.

3.6 | ZYBT1 inhibited phosphorylation of
BTK and PLCy2

The B-cell signaling pathway involves phosphorylation of BTK and

its downstream member PLCy2. Thus to delineate the mechanism



GHOSHDASTIDAR ET AL.

BRITISH
T— PHARMACOLOGICAL
SOCIETY

ZYBT1 remains bound to BTK for at least 24 h
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FIGURE 3 ZYBT1 remained bound to BTK for at least 24 hours. (A)
48 hours after washout while dasatinib (right) lost its cell killing potenti

Ibrutinib (left) and ZYBT1 (middle) could exert cytotoxicity even
al after washout. (B) ibrutinib could not replace ZYBT1 (500 nmol/L)

even after 24 hours of washout (left panel). The densitometric scanning data are presented on the right panel. (C) ZYBT1 inhibited

phosphorylation of BTK1 and sustained the inhibition even after 48 ho
scanning of the gel shown in the left panel. Error bars represents SD of
experiments

of ZYBT1-mediated cytotoxicity further, we opted to check the ty-
rosine phosphorylation status of these two key players. Treatment
of THP-1 cells with increasing concentration of ZYBT1 for one hour
showed a dose dependent decrease of phospho-BTK and could com-

pletely abrogate phosphorylation of tyrosine 223 at a concentration

urs (left). The graph on the right represents the densitometric
triplicate sets. Figures are representative of three independent

of 30 nmol/L and higher (Figure 4A). As expected, phosphorylation
of tyrosine 1217 in PLCy2, the substrate of BTK, showed similar
downregulation of phosphorylation profile (Figure 4B). The IC,, of
ZTBT1 for BTK- and PLCy2-phosphorylation was 2 and 114 nmol/L

respectively.
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Effect of ZYBT1 on the downstream sig
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FIGURE 4 ZTBT1 inhibited the phosphorylation of (A) BTK (Y223) and (B) PLCy2 (Y1217). The IC,, values are summarized in the
following table. (C) ZYBT1 could also suppress the secretion of TNFa (filled circle), IL-6 (square), and IL-8 (open circle) in a cell based assay.
The IC;, values are shown the attached table. The data presented are representative of three independent experiments

3.7 | ZYBT1 inhibited secretion of TNF-a, IL-6 and
IL-8 secretion

Since BTK pathway signaling affects both cell growth and inflamma-
tory pathways, we prompted to check its effect on cytokine sign-
aling. For this purpose, we chose the three major players, TNF-a,
IL-6 and IL-8. THP-1 (for TNF-a) and TMD-8 (for IL-6 and IL-8) cells
were treated with increasing concentration of ZYBT1 and the levels
of TNF-a, IL-6 and IL-8 were measured by ELISA. The secretions of
all of them were abolished by ZYBT1 with an IC;, of 1.0, 0.4, and
0.2 nmol/L for TNF-a, IL-6 and IL-8 respectively (Figure 4C). This
indicated that ZYBT1 also has the potential to inhibit inflammatory
responses. It is to be noted that the potency of ZYBT1 for inhibiting

cytokine secretion is somewhat higher than that for the inhibition of

pBTK. We believe that these differences may be attributed to the

difference in assay condition, and the cellular models used.

3.8 | Invitro ADME of ZYBT1

ZYBT1 showed pH dependent solubility. The solubility was found to
be 500 pumol/L in an acidic pH of 1.2, and diminished to <2 umol/L in
purified water, and buffers of pH 6.8 and pH 4.5.

ZYBT1 showed low to moderate permeability across Caco2 cells
monolayer and found to be a substrate of efflux transporters. The ap-
parent permeability (Papp) was 33 nm/sec with an efflux ratio of 5:1.

ZYBT1 was found to be highly to moderately stable in mouse,

rat, dog, and human liver microsomes, while unstable in monkey liver
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microsomes. ZYBT1 was metabolized only up to 13% in mouse liver mi-
crosomes (mClint: 0.46 mL/min/gm liver) while in rat liver microsomes
55% ZYBT1 was metabolized (mClint: 2.62 mL/min/gm liver). In dog
and human liver microsomes ZYBT1 was metabolized upto 18% (mC-
Lint: 0.67 mL/min/gm liver) and 32% (mCLint: 1.28 mL/min/gm liver)
respectively. Interestingly, the stability of ZYBT1 was much less in
monkey liver microsomes (66% metabolized with mCLlint of 3.49 mL/
min/gm liver). ZYBT1 was incubated with recombinant human cyto-
chrome P450 (CYP) enzymes and found to be substrate of CYP3A4.

ZYBT1 showed no inhibition potential (IC;,: >30 umol/L) for
CYPs 1A2, 2C19, 2D6, and 3A4 enzymes and was found to be mod-
erate inhibitor of CYPs 2C8 and 2C9 with IC,, values of 5.5 and
14.7 pumol/L, respectively, using human liver microsomes.

ZYBT1 showed accepted plasma protein binding ability in rat and

human plasma (91.2% and 98.4% in rat and human respectively).

3.9 | Pharmacokinetic parameters of ZYBT1

The pharmacokinetic parameters of ZYBT1 were determined in
both mice and rats using both oral and intravenous route of ad-
ministration. The absolute oral bioavailability of ZYBT1 in mice
after administration of 3 mg/kg drug was found to be 47%, with
was 703 ng/mL at
), area under the concentration-time curve (AUC,_

the mean peak plasma concentration (C
0.25 hours (T

max

max)

inf) Was 590 ng-h/mL and elimination half-life (T, ,) was 0.76 hours.
After intravenous administration of ZYBT1 at 1 mg/kg dose ad-
ministration, total plasma clearance (CL) was found to be 39.5 mL/
min/kg, volume of distribution (Vss) was 0.67 L/kg and T,,, was
0.41 hours (Figure 5A).

The PK parameters of ZYBT1 in rats are presented as
mean £ SD, n = 4. The absolute oral bioavailability of ZYBT1 in
rats (3 mg/mg) was found to be 75%, the peak plasma concentra-
tion (Cmax) was 650 + 222 ng/mL at 0.25 hours (T ), area under
the concentration-time curve (AUC 0-inf) was 908 + 170 ng-h/mL
and T1/2 was 2.2 + 1.3 hours. After intravenous administration of
ZYBT1 (1 mg/kg), CL was found to be 36.0 £+ 7.8 mL/min/kg, Vss
was 0.88 + 0.12 L/kg and T1/2 was 0.6 + 0.1 hours (Figure 5B).
Besides these studies, we have performed very detailed pharma-
cokinetics evaluation of ZYBT1, including PK studies at in-vivo ef-
ficacy dose in mice (0.2 mg/kg to 30 mg/kg; PO) and rats (3 mg/
kg to 30 mg/kg; PO) to get the plasma exposure, associated with
efficacy. We have also performed dose linearity PK in rats (10-
300 mg/kg; PO) (Table S1). For rat, the exposure to free drug (con-
sidering 91% PPB) at efficacy dose was 360 nmol/L which was well
above the IC,, of ZYBT1 (1 nmol/L).

3.10 | Anti-leukemic activity of ZYBT1 in TMD8
xenograft model

Based on our findings that ZYBT1 reduced tumor growth in our cel-

lular settings, we sought to validate if this cytotoxic effect of ZYBT1
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FIGURE 5 PKparameters of ZYBT1. ZYBT was administered via
intravenous (1V) or oral route (PO) in either (A) mice or (B) rats. The
concentration of ZYBT1 in plasma was measured at indicated time
points. Suppression of tumor volume in TMD8 DLBCL xenograft
model by ZYBT1. Mice with established tumor reaching around
100 mm® were divided into different groups of 10 mice each.
Groups were untreated vehicle (triangle) or treated with ZYBT1
[1.5 (square), 3 (triangle) & 15 mg/kg (inverted triangle), BID] for

20 consecutive days. The data represents the mean tumor volume.
Error bars represents SEM

can be translated in in-vivo system. To that end, the in vivo anti-
tumor potential of ZYBT1 was assessed in TMD-8 DLBCL xenograft
tumor-bearing mice. Mice were treated with 1.5, 3, & 15 mg/kg of
ZYBT1, delivered BID, for 20 consecutive days via oral administra-
tion. The tumor volume was measured as described above, in the
Materials and Method section. ZYBT1 showed a dose dependent
tumor growth inhibition 10%, 50%, and 88% respectively (Figure 6A).
The growth inhibitory property of ZYBT1 was more prominent after
7 days and onwards. We have also compared the efficacy of ZYBT1
against the two known drugs, ibrutinib and acalabrutinib for its anti-
tumor activities. Our results demonstrated that ZYBT1 had slightly
better potency compared to Ibrutinib, while it showed much bet-
ter efficacy than acalabrutinib (Figures S2 and S3 respectively). It
is important to note that ZYBT1 does not have any effect on the
body weight of the animal during a 20 day long period of treatment
(Figure S4).
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FIGURE 6 Effectof ZYBT1onin (A)
vivo models. (A) Suppression of tumor
volume in TMD8 DLBCL xenograft model
by ZYBT1. Mice with established tumor
reaching around 100 mm? were divided
into different groups of 10 mice each.
Groups were untreated vehicle (triangle)
or treated with ZYBT1 [1.5 (square), 3
(triangle) & 15 mg/kg (inverted triangle),
BID] for 20 consecutive days. The data
represents the mean tumor volume. (B)
clinical score and (C) histological score in
collagen-induced arthritis (CIA) model.
Mice with established CIA were divided
into separate groups consisting of 10
mice each. Groups were treated vehicle
(circle) or ZYBT1 [0.125(square), 0.25
(triangle), 0.5 (inverted triangle) & 1 mg/kg
(diamond), QD] for 20 consecutive days.
The data represent the mean arthritic or
histological scores. Error bars represent
SEM. *P < .05 when compared with
vehicle control

(B)
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3.11 | Effects of ZYBT1 in murine CIA model

In the biological framework, BTK is located upstream of NF«kB
which diverges into both cell proliferation and immunological re-
sponses. Accordingly, it is well-documented that BTK-inhibitors
may play roles in controlling both these phenomena.'” Our in vitro
data also supported this two-pronged action of BTK. Thus, we
opted to check the anti-inflammatory responses of ZYBT1 in in
vivo models. To that end, we used collagen-induced arthritis (CIA)
model, which has been extensively used in the evaluation of novel
therapeutics and reflects many of the clinical and histologic fea-
tures of human RA. Doses of 0.125, 0.25, 0.5, & 1 mg/kg were
administered once daily for 28 days in animals with clear signs of
suppression of inflammation. As shown in Figure 6B, treatment

with ZYBT1 significantly suppressed progression of the disease.
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The efficacy was dose related, with 0.25 mg/kg once daily being
the lowest, significantly efficacious dose. Improvement in clinical
signs of disease were noted as early as 2 days after initiation of
dosing, and a dose-dependent reduction of clinical scores com-
pared with vehicle controls—22%, 61%, 93%, and 97%, respec-
tively, was seen at study termination (Figure 6B). Interestingly,
while 0.5 mg/kg ZYBT1 caused 93% reduction of clinical score,
ibrutinib, at 0.6 mg/kg caused only 40% reduction in same CIA
model (Figure S1) indicating superiority of ZYBT1 over ibrutinib.
The Inflammation and damage to the paw were also assessed his-
tologically. Treatment with ZYBT1 resulted in a reduction in the
damage to the paw based on lower histologic severity scores in the
ZYBT1-treated groups compared with the vehicle-treated group.
The paws from vehicle-treated control mice had a group mean se-

verity of 10.4, while the groups mean severity scores in the ZYBT1
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treated mice were 5, 3.75, 1, and 0.2 at dosages of 0.125, 0.25,
0.5, & 1 mg/kg respectively (Figure 6C). Similar to the xenograft
model, we did not observe any body weight change in this model
at the end of the study (Figure S5).

3.12 | ZYBT1 Inhibits Inflammation in rat SCW
induced arthritis model

To validate the anti-rheumatic potential of ZYBT1 in a second
model, we tested the efficacy of ZYBT1 compound in rat SCW, a
standard RA model. In the present study, ZYBT1 or vehicle was
administered orally to rats twice daily starting on day 14 to 16. As
shown in Figure 7A, ZYBT1 treatment resulted in a dose-dependent
inhibition of arthritis as indicated by decreased paw volume com-
pared to vehicle treated control rats (Figure 7A). Notably, ZYBT1,

at a 75 mg/kg dose, showed complete inhibition of paw volume.
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ED,, of ZYBT1 was found to be 5.6 mg/kg (Figure 7B). RA is a sys-
temic autoimmune disease that causes inflammation not only in the
joint but also systemically as demonstrated by increased levels of
acute-phase response proteins and other inflammatory markers in
the blood. To investigate whether BTK inhibition also modulates
serum inflammatory markers, we analyzed IL-6 serum protein.
Serum levels of IL-6 was reduced with the treatment in a dose-de-
pendent manner (Figure 7D) and correlated well with paw swelling.
SCW injected control animals caused a decrease in body weight.
Interestingly, treatment with ZYBT1 restored the body weight in a
dose dependent manner and even gained at high doses (Figure 7C).

It is noteworthy, that ZYBT1 in once daily doses in anti-inflamma-
tory models was efficacious, whereas in xenograft models, there was
a need to have continuous inhibition of BTK in rapidly proliferating
tumor cells. This rational is supported through reports from different

18,19

groups and therefore, a BID dosing regimen was used in these

studies.

(B

AUC Change in Paw Volume

1

159 Vehicle Control

ZYBT1 (0.2 mg/kg)
ZYBT1 (1 mg/kg)
ZYBT1 (5 mg/kg)
ZYBT1 (25 mg/kg)
2 ZYBT1 (75 mg/kg)

Groups

(D)

4000+ Vehicle Control

ZYBT1 (0.2 mg/kg)
ZYBT1 (1 mg/kg)
ZYBT1 (5 mg/kg)
ZYBT1 (25 mg/kg)
ZYBT1 (75 mg/kg)
Normal Control

(2]
(=
(=3
o
L

ANETBED

2000+

1000+

*
% . I
[

Groups

FIGURE 7 Effect of ZYBT1 in the SCW model of arthritis. (A) Changes in paw volume in PG-PS treated Sprague Dawley rats, (B) AUC

of change in paw volume, (C) Percentage change in body weight and (D) Effect of ZYBT1 on serum IL-6. Rats were injected with PG-PS into
the tibio tarsal joints on day 0. On day 14, PGPS was injected i.v and change in paw volume was monitored from day 14 to 17. Experimental
groups were untreated control or treated with ZYBT1 (0.2, 1, 5, 25, 75 mg/kg, QD) from the time of PGPS challenge in SCW (day 14) study.

Values are Mean + SEM *P < .05 when compared with vehicle control
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4 | DISCUSSION

Since BTK plays a central role in both blood cancer and autoimmune
disorders, developing an inhibitor for BTK has been a very interesting
endeavor for researchers. In this manuscript, we report the preclini-
cal profiling of ZYBT1, a potent, specific, and irreversible inhibitor of
BTK. ZYBT1 inhibited BTK in a cell free enzymatic assay with an 1C,
of 1 nmol/L which is comparable to the reported IC, of ibrutinib
(0.5 nmol/L).** In our laboratory, the IC, of ibrutinib was found to be
in the similar range (data not shown). Furthermore, the low nmol/L
Ki of ZYBT1 (14 nmol/L) also indicated a strong binding between
ZYBT1 and BTK. Ibrutinib and acalabrutinib are the two leading BTK
inhibitors that are approved by FDA. Since both of these two acts via
covalent modification of Cys481, we performed same sets of experi-

ments as published by Honigberg et al**

Our result clearly indicated
that ZYBT1 is following a similar irreversible mechanism for inhibiting
BTK. Since the mechanism of ZYBT1-mediated inhibition involved an
irreversible binding, the use of Cheng-Prusoff Equation 20 to inter-
pret the Ki value was not expected to add any further value.

However, the detailed mechanistic aspects of ZYBT1-BTK inter-
action are not well-understood. So is the importance of C481 in the
irreversible and/or covalent mechanism of BTK inhibition. To delin-
eate these aspects, detailed crystallographic and enzymatic studies
are warranted. Presently, we are aiming to answer these questions
using recombinant BTK and the findings will be discussed in another
manuscript.

Recently, cases of ibrutinib-resistance have also been reported.
For example, a CLL patient developed resistance to ibrutinib at a rel-
atively high dose of 840 mg per day.?! Detailed sequencing of the
DNA sample from this patient revealed a C481S mutation in the
kinase domain of BTK.** This resistance might be a manifestation
of the C481S mutation in BTK that disrupts the irreversible bind-
ing of ibrutinib.?? Therefore a potent inhibitor, against BTK C481S
is needed to overcome ibrutinib resistance. Interestingly, ZYBT1
inhibited BTK (C481S) with an IC., of 14 nmol/L while ibrutinib
showed a dwarfed potency for the mutant BTK (IC., = 1 pmoI/L).21
This suggested that ZYBT1 might have better outcome in patients
carrying C481S mutant. We are presently checking if this inhibitory
potency of ZYBT1 for mutant BTK can be translated in cell based
system. Other BTK inhibitors namely, ACP-196, ONO/GS-4050, and
BGB-3111 have shown appreciable activity for the mutant BTK.%
Furthermore, mutations occurring in PLCy2 (R665W and L845F)
have also been reported to impart resistance to ibrutinib,?* suggest-
ing that newer strategies are needed to combat these and other up-
coming ibrutinib-resistance mechanisms.

As mentioned earlier, designing specific kinase inhibitor has al-
ways been a challenge due to the homology among the ATP-binding
domains of different kinases. For example, besides BTK, ibrutinib
inhibits EGFR, TEC and ITK. In our kinase profiling assay, ZYBT1
showed selectivity for BTK and TEC only (IC,, are 27 and 38 nmol/L
respectively).

Furthermore, we tested its cytotoxic potential using a battery

of cell lines representing various subtypes of leukemia namely
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ABC-DLBCL, GCB-DLBCL, MCL, U2932, and Burkitt's lymphoma.
ZYBT1 showed extremely potent cytotoxic potential with 1C,
ranging from 1 and 12 nmol/L in ABC-DLBCL cell lines with the ex-
ception of U2932 (IC,, = 961 nmol/L). The high potency of ZYBT1
for TMD-8 and HBL-1 might be due to the presence of wild-type
CARD11 while, the lower potency of ZYBT1 for U2932 cell line is
probably attributed to the TNFAIP3 mutation or the higher PI-3-
Kinase-ATK activity that confers resistance to BCR-mediated cell

killing pathways.?*2% It is important to note that U2932 cell line
is also resistant to ibrutinib mediated cytotoxicity.?”?’ ZYBT1 has
shown micromolar potency in cell lines from GCB-DLBCL, MCL and
Burkitt's lymphoma subtypes. These cell lines contain hyperactive
PIBK/AKT/mTOR/MCL1 pathway that may play a compensatory
role.3°

Encouraged by the fact that ibrutinib and ZYBT1 both inhibit
BTK, and that the Ki and IC,, of ZYBT1 for BTK were different, we
opted to check if ZYBT1 binds to BTK in an irreversible manner. It
was also important to check if ibrutinib and ZYBT1 bind to the same
site of BTK. Since ibrutinib failed to bind BTK when concentration
of ZYBT1 was 5 umol/L or more, we concluded that ZYBT1 binds
to BTK in an irreversible manner and that ibrutinib and ZYBT1 bind
to the same site of BTK. Concomitantly, ZYBT1 maintained its cy-
totoxic potential even after 48 hours of wash out in the cell killing
experiments. It is worth noting that dasatinib, a reversible inhibi-
tor,'® completely lost its cytotoxic potential under similar condition.
Whether the irreversible binding may interfere with the normal
course of proteasome-mediated turnover of BTK is not known at
this point. It is also possible that the irreversible binding may give
rise to peptide fragments that are not degraded and thus elicit some
unwanted immunogenic response. These possibilities need to be
comprehensively investigated.

From the mechanistic point of view, ZYBT1 inhibited tyrosine
phosphorylation of both BTK and its downstream player PLCy2. The
potential for the inhibition of the latter is although a little bit less.
One possible reason for this is the higher levels of expression of
PLCy2 compared to BTK in THP-1 cells (data not shown).

Since BTK plays a central role in inflammatory responses, we
expected that ZYBT1 may inhibit these pathways as well. Indeed,
ZYBT1 inhibited the secretion of TNF-a, IL-6 and IL-8, with IC,, of 1,
0.4, and 0.2 nmol/L respectively. This finding opens the possibility
of testing ZYBT1 in auto-immune disorders. However, inhibition of
disease-specific cytokines by ZYBT1 is warranted before assigning
this molecule for any particular auto-immune disorders.

Given the chemical structure of ZYBT1 and the pharmacoki-
netic properties of the predecessor ibrutinib,*32 it was important
to characterize and understand both in vitro and in vivo pharma-
cokinetic properties of ZYBT1. We have evaluated pharmacokinetic
properties of ZYBT1 in mice, rat, dog, and nonhuman primate by oral
and intravenous-bolus route, though only mice and rat pharmacoki-
netic properties of ZYBT1 have been discussed here in correlation
with in-vivo efficacy data. Pharmacokinetics of ZYBT1 was evalu-
ated at efficacy dose in mice (0.2-15 mg/kg) and rats (3-30 mg/kg)

to get plasma exposure associated with efficacy. The C__ of the
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free ZYBT1 for both cases were found to be above the IC,, of BTK.
Ascending single dose linearity pharmacokinetics was performed in
rats (10-300 mg/kg) and dogs (5-300 mg/kg).

ZYBT1 showed extreme pH dependence in its solubility. Acidic

environment maximized its solubility, directly correlating with
quick absorption observed in both rats and mice after oral dos-
ing. Due to a higher efflux ratio, it is expected that higher doses
of ZYBT1 may saturate efflux pumps. However, it is unlikely to
happen owing to the solubility limitations of ZYBT1 in the small
intestinal pH environment. Therefore, it appears that high efflux
ratio may be inconsequential if the majority of oral absorption of
ZYBT1 occurs in the stomach facilitated by greater solubility of
the drug in the acidic pH. To underscore this point, at the oral
dose of 3 mg/kg of ZYBT1, the absolute bioavailability was im-
pressive in both preclinical species evaluated. ZYBT1 displayed a
fair volume of distribution which may bode well for the cancer
indications or auto immune disorders in the sense that it may need
to be dosed less frequently. The moderate clearance observed for
ZYBT1 in both species suggested that drug is unlikely to accumu-
late significantly after multiple daily oral doses. The somewhat
longer T,,, value for oral vs intravenous dosing was suggestive
of a possible flip-flop pharmacokinetics, which further supported
the reduced solubility of ZYBT1 as it transits from stomach to
small/large intestine. Although moderately stable in human liver
microsomes, the incubation of ZYBT1 with human recombinant
CYP3A4 showed that ZYBT1 was likely metabolized by this en-
zymatic pathway and that a CYP3A4 inhibitor may increase the
exposure of ZYBT1 (unpublished data). Since our CYP inhibition
studies showed that ZYBT1 was not a perpetrator for the inhibi-
tion of several important CYP enzymes such as CYP3A4, CYP1A2,
CYP2C19, and CYP2D6 (IC,, > 30 umol/L), it showed moderate
inhibition of CYPs 2C8 and 2C9 (IC;, 5-15 umol/L). Therefore,
the clinical development of ZYBT1 may need to address any drug-
drug pharmacokinetic interaction liability. Overall, ZYBT1 showed
more than satisfactory in vitro and in vivo pharmacokinetic prop-
erties to merit further development.

Considering, BTK'’s role in both cancer and autoimmune dis-
eases, we checked the efficacy of ZYBT1 in in vivo models for both.
Since the cytotoxic potential of ZYBT1 was maximum for TMD-8
cell line (Table 3), we chose this cell line for our xenograft model.
ZYBT1 showed a dose dependent reduction of tumor growth when
administered orally, confirming its promise as an anti-cancer drug.
Similarly, we tested the anti-inflammatory properties of ZYBT1 in a
collagen induced arthritis model and streptococcal cell wall (SCW)
model and almost complete remission was found only after 20 days
of once daily treatment. These in vivo data are in corroboration with
our in vitro experiments and is predictive of usability of ZYBT1 for
arthritis.

Interestingly, the in vivo potency of ZYBT1 for secretion of
IL-6 also closely matched its efficacy dose (Figure 7D) indicating
that the mechanism of inhibition of arthritic symptoms involved
secretion of IL-6. Importantly, the body weight decrease caused

by SCW, was restored with ZYBT1 treatment indicating remission

of arthritic symptoms. Among the other BTK inhibitors, BMS-
986142 did not inhibit BTK completely in murine CIA and collagen
antibody-induced arthritis (CAIA). Correspondingly, a combination
of standard anti-arthritic treatment such as methotrexate, TNFa-
antagonist or the murine form of CTLA4-Ig along with the BMS
compound was more effective,®® whereas ZYBT1 as a mono ther-
apeutic agent could alleviate the RA symptoms which might be
attributed to its ability to inhibit IL-6 secretion completely in both
our in-vitro and in-vivo assays. |brutinib has also been shown to
have similar anti-arthritic activity with a comparable I1C, for IL-6
inhibition (3.9 nmol/L) in in-vitro assays and comparable ED, of
2.6 mg/kg/day.>* The in-vitro potency of ZYBT1 to inhibit IL-6 se-
cretion was similar to ibrutinib (0.5 and 0.4 nmol/L respectively).
In fact, in an in-vivo situation, 0.6 mg/kg ZYBT1 furnished compa-
rable efficacy as 3 mg/kg Ibrutinib in arthritis model. In xenograft
model, efficacy of ZYBT1 and ibrutinib was comparable (Figure 6A
and Figure S1).

Ibrutinib has been shown to cause several adverse effects that
may include diarrhea, fatigue, arthralgia, neutropenia, anemia, and
others.> Importantly, ZYBT1 did not show any change in hemato-
logical and biochemical profile, clinical signs and body weight in our
toxicological studies in rats up to 300 mg/kg dose (unpublished ob-
servation). The safer profile of ZYBT1 may be attributed to its supe-
rior specificity for BTK.

All these data taken together, especially the potential of inhib-
iting C481S mutant BTK and its irreversible binding makes a strong
point in favor of using ZYBT1 as an anti-cancer and/or anti-arthritic

therapy.
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