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The BTK Inhibitor ARQ 531 Targets
Ibrutinib-Resistant CLL and Richter
Transformation
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ABSTRACT Targeted inhibition of Bruton tyrosine kinase (BTK) with the irreversible inhibi-

tor ibrutinib has improved outcomes for patients with hematologic malignancies,
including chronic lymphocytic leukemia (CLL). Here, we describe preclinical investigations of ARQ 531,
a potent, reversible inhibitor of BTK with additional activity against Src family kinases and kinases
related to ERK signaling. We hypothesized that targeting additional kinases would improve global inhi-
bition of signaling pathways, producing more robust responses. In vitro treatment of patient CLL cells
with ARQ 531 decreases BTK-mediated functions including B-cell receptor (BCR) signaling, viability,
migration, CD40 and CD86 expression, and NF-kB gene transcription. In vivo, ARQ 531 was found to
increase survival over ibrutinib in a murine Eu-TCL1 engraftment model of CLL and a murine Eu-MYC/
TCL1 engraftment model resembling Richter transformation. Additionally, ARQ 531 inhibits CLL cell
survival and suppresses BCR-mediated activation of C481S BTK and PLCy2 mutants, which facilitate
clinical resistance to ibrutinib.

SIGNIFICANCE: This study characterizes a rationally designed kinase inhibitor with efficacy in mod-
els recapitulating the most common mechanisms of acquired resistance to ibrutinib. Reversible BTK
inhibition is a promising strategy to combat progressive CLL, and multikinase inhibition demonstrates
superior efficacy to targeted ibrutinib therapy in the setting of Richter transformation. Cancer Discov;
8(10); 1300-15. ©2018 AACR.
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INTRODUCTION

Recent appreciation for the extent to which Bruton tyros-
ine kinase (BTK) drives select hematologic malignancies such
as chronic lymphocytic leukemia (CLL; refs. 1, 2) has spurred
the development of targeted BTK inhibitors, most notably
the irreversible inhibitor ibrutinib (3-8). Several pathways
that work to increase the survival and proliferation of CLL
B cells converge proximally on BTK (9); these pathways are
initiated at the B-cell receptor (BCR), Toll-like receptors (10,
11), and multiple chemokine receptors (12, 13), making BTK
an attractive therapeutic target. BTK is overexpressed at the
transcript and protein level in CLL B cells compared with
healthy donors, leading to constitutive BCR activation (14).
In vitro, BTK inhibition induces CLL cytotoxicity, decreases
NF-kB-dependent transcription, and abrogates chemokine-
mediated migration of CLL cells to protective lymphoid
microenvironments (14, 15). Clinically, ibrutinib produces
durable responses with manageable drug-related toxicities
in the majority of patients with CLL (16, 17). In the long-
est follow-up of patients treated with ibrutinib, the S-year

progression-free survival (PFS) rate was estimated to be 92%
for treatment-naive patients, whereas the median PFS for
patients with relapsed/refractory disease was 52 months (16).
Ibrutinib has broad regulatory approval for marketing in
patients with CLL and is clinically effective regardless of most
traditional prognostic factors, although complex karyotype,
del(17p13.1), and age younger than 65 years are risk factors
for late relapse (17).

Despite its initial clinical benefit for most patients, resist-
ance to ibrutinib continues to emerge as more patients are
being treated and follow-up time extends. Relapse on ibruti-
nib arises via Richter transformation to aggressive lymphoma,
which occurs early in treatment, and CLL progression, which
typically occurs beyond 1 to 2 years of therapy (17-19). Unfor-
tunately, patients who relapse on ibrutinib have poor survival
and limited therapeutic options (17, 19, 20-22), particularly
those with Richter transformation. Among patients who
develop progressive CLL on ibrutinib, approximately 86%
acquire mutations in BTK and/or PLCy2, BTK’s immediate
downstream partner (17, 19). BTK mutations associated with
ibrutinib resistance occur at the C481 amino acid to which
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ibrutinib irreversibly binds (23, 24), whereas PLCy2 muta-
tions occur preferentially in the autoinhibitory domain of
PLCy2 (25, 26). The observation that resistance to ibrutinib
is most frequently facilitated by mutation of BTK or its
downstream partner implies that BTK function is necessary
for the perpetuation of CLL and suggests that this pathway
remains a relevant target in patients who relapse on ibrutinib.
Therefore, an ongoing need exists to develop BTK targeting
therapies for the population of patients with CLL whose
disease progresses on ibrutinib therapy due to Richter trans-
formation or ibrutinib-resistant CLL.

Patients with CLL who experience Richter transformation
while on ibrutinib have dismal survival of less than 6 months
(17,20-22). This type of resistance is generally not associated
with BTK or PLCy2 mutations (18). Recently, our laboratory
developed a transgenic mouse model, which spontaneously
develops an aggressive B-cell lymphoma resembling Richter
transformation on the background of CLL (27). These mice
overexpress MYC via an Ep enhancer sequence in addition
to overexpression of TCL1. The transgenic Eu-TCL1 is a
standard CLL mouse model that specifically overexpresses
the TCLI oncogene via a B cell-specific IgVH promoter and
Eun enhancer (28). The spontaneous CLL-like leukemia that
develops is dependent on BCR signaling and BTK (2, 28). The
Eu-MYC/TCL1 mouse utilized in this study fills an unmet
need for murine models that recapitulate the disease pheno-
type of Richter transformation.

Although selective inhibition of BTK is effective in CLL,
the extent to which concurrent inhibition of additional
kinases may enhance treatment response is unknown. Here,
we characterize ARQ 531, a potent, ATP-competitive, reversi-
ble inhibitor of BTK and several additional kinases important
to the viability, proliferation, activation, and motility of CLL
B cells. Among these targets are LYN, the kinase that initi-
ates intracellular BCR signaling, and MEK1, which directly
activates ERK leading to B-cell proliferation. Additionally,
the activity of ARQ 531 is not predicated upon its ability
to irreversibly bind the C481 amino acid of BTK, which is
commonly mutated in patients who develop resistance to
ibrutinib. Therefore, we hypothesized that ARQ 531 would
be effective in both BTK inhibitor-naive CLL and ibrutinib-
resistant CLL arising from the C481S BTK and/or activating
PLCy2 mutations. Herein, we demonstrate the preclinical
efficacy of this molecule.

RESULTS
ARQ 531 Is a Potent Inhibitor of BCR Signaling

ARQ 531 was designed as a reversible, orally bioavailable,
ATP-competitive inhibitor of BTK (Fig. 1A). Crystal struc-
ture of BTK in complex with ARQ 531 at 1.1 A resolution
shows that ARQ 531 inhibits BTK by competing with ATP
(Fig. 1B). The core pyrrolopyrimidine moiety forms bidentate
hydrogen bonding with the hinge backbone of E475 and
Y476 residues, and the chlorine atom is positioned between
the A428 and K430 side chains. Similar to ibrutinib (29), the
phenoxyphenyl group occupies the hydrophobic pocket of
the ATP binding region. The polar tetrahydropyran methanol
side chain is exposed to the solvent area and facilitates water-
mediated extensive hydrogen bonding network. Importantly,

ARQ 531 does not interact with C481, suggesting that C481S
mutation would not affect binding.

Initial determination of the kinase inhibitory profile of
ARQ 531 was performed via a biochemical kinase screen (Sup-
plementary Table S1). ARQ 531 possesses nanomolar potency
against TEC family kinases including the target kinase BTK
as well as several Src family kinases and MEK1 (Fig. 1C and
D). Following a single oral gavage administration of ARQ
531 at 10 mg/kg in cynomolgus monkeys (Macaca fascicularis),
ARQ 531 was absorbed with a mean T,,,, of 6.67 hours (mini-
mum 4.00 hours and maximum 12.0 hours; Supplementary
Fig. S1). The mean C,,,, and AUC,., values were 4,400 ng/mL
and 82,700 ng-h/mL, respectively. AUCy_;,r and ¢;/, were not
calculated due to the lack of a clear elimination phase. At
24 hours, about 75% of its peak concentration can be meas-
ured in the plasma, suggesting that ARQ 531 exhibits long
half-life pharmacokinetic (PK) properties.

To confirm inhibition of BCR-associated kinases in a cel-
lular model, primary CLL cells were treated with escalating
doses of ARQ 531. As expected, BCR-mediated activation of
BTK, AKT, and ERK was inhibited in a dose-dependent man-
ner by ARQ 531 (Fig. 2A and B). Although ARQ 531 and ibru-
tinib comparably decreased BTK and AKT phosphorylation,
ARQ 531 decreased ERK phosphorylation more effectively
than ibrutinib, likely due to predicted inhibition of MEKI.
We also found that phosphorylation of Src family kinases
and SYK was also inhibited by ARQ 531, but not by ibrutinib,
in patient-derived primary CLL cells (Fig. 2C). After observing
this differential ability to inhibit kinases upstream of BTK in
the BCR pathway, we sought to determine if the Y551 amino
acid of BTK, which is transphosphorylated by SYK leading
to autophosphorylation of Y223 and BTK kinase activity, is
affected by ARQ 531. Indeed, we found that both the Y551
and Y223 activation sites of BTK were dephosphorylated by
ARQ 531, whereas only the Y223 autoactivation site of BTK
was dephosphorylated with ibrutinib treatment (Fig. 2D).

ARQ 531 Is Cytotoxic to CLL Cells In Vitro

We next sought to determine if ARQ 531 was cytotoxic to
CLL cells. At 48 hours, the viability of CLL cells treated with
continuous exposure to 0.1, 1.0, or 10.0 pmol/L ARQ 531
was found to decrease in a dose-dependent manner by 19%
(P=0.001), 40% (P < 0.001), and 59% (P < 0.001), respectively
(Fig. 3A). Additionally, we evaluated direct cytotoxicity in
primary CLL cells treated with ARQ 531 for 2 hours followed
by drug washout and media replacement. Cytotoxicity follow-
ing washout did not significantly differ from the continuous
drug exposure experiment (P = 0.859), suggesting that ARQ
531 maintains sufficient residency of its targets to elicit cyto-
toxicity even with short drug exposure (Fig. 3B).

ARQ 531 Abrogates CpG-Mediated Activation and
Chemokine-Induced Migration of CLL Cells

BTK activation has been shown to increase NF-kB activity
and thus CLL cell activation (31), events that can be blocked
by ibrutinib (14). To determine whether ARQ 531 similarly
affects NF-xB target genes, we performed real-time PCR
in primary CLL cells following treatment with ARQ 531
and ibrutinib. ARQ 531 significantly decreased transcrip-
tion of MYC, MCL1, and CD40 compared with vehicle by 73%
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Figure 1. Structure and inhibitory profile of ARQ 531. A, Chemical structure of ARQ 531.B, 1.1 angstrom resolution crystal structure of ARQ 531 in
complex with BTK. ARQ 531 occupies the ATP binding pocket and the solvent exposed side chain forms water-mediated hydrogen bond network (PDB ID:
6E4F). C, Kinases demonstrating greater than 50% inhibition at 200 nmol/L ARQ 531 were subjected to ICso determination at a physiologic 1 mmol/L ATP
concentration. D, ICsq values from C were plotted in a representation of the human kinome. Representation was generated using KinMap (30). Illustration
reproduced courtesy of Cell Signaling Technology, Inc. (www.cellsignal.com).
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Figure 3. ARQ53lis cytotoxic to CLL cells, decreases NF-kB function, and inhibits migration. A, Primary CLL cells were continuously treated with
increasing concentrations of ARQ 531 for 48 hours to assess cytotoxicity via annexin V/propidium iodide (PI) staining and flow cytometry (n=9). B, Primary
CLL cells were treated daily with ARQ 531 for 2 hours followed by drug washout and media replacement in order to simulate clearance of the reversible BTK
inhibitor ARQ 531 (n=9). C, Transcriptional expression of MYC, CD40, and MCL1 in CLL cells was assessed via real-time PCR following 72 hours of treat-
ment with 1 umol/L ARQ 531 (n=7 for MYC; n=8 for MCL1 and CD40). D and E, The NF-kB-dependent activation markers CD40 and CD86 were measured
via flow cytometry 48 hours following treatment with 1 umol/L ARQ 531 and 3.2 pmol/L CpG in CLL B cells (n=9). MFI, mean fluorescence intensity. F and
G, The number of CLL cells migrating through an 8.0-um transwell insert toward the chemokines CXCL12 and CXCL13 was counted by flow cytometry (n=8
for CXCL12; n=9 for CXCL13). Differences were assessed using linear mixed-effects models (*, 0.05 = P> 0.01;**, 0.01 > P>0.001; ** P<0.001).
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(P = 0.003), 23% (P = 0.003), and 40% (P = 0.027), respec-
tively (Fig. 3C). As well, in vitro treatment of CLL cells with
1 umol/L ARQ 531 for 48 hours decreased CpG-induced
upregulation of CD40 and CD86 by 25% (P = 0.006) and 40%
(P=0.001), respectively (Fig. 3D and E). We next investigated
if ARQ 531 inhibits migration of CLL cells toward cytokines
(CXCL12 and CXCL13) secreted by the protective marrow
microenvironment (32, 33). Using a transwell assay system,
we found that ARQ 531 decreased migration of primary CLL
cells toward CXCL12 by 51% (P = 0.002) and CXCL13 by 66%
(P=0.001; Fig. 3F and G).

ARQ 531 Is Superior to Ibrutinib in the Eu-TCL1
Engraftment Mouse Model

We and others have demonstrated that the Eu-TCL1 mouse
model of CLL displays active BCR signaling and responds to
treatment with the BTK inhibitors ibrutinib and acalabruti-
nib (13, 34, 35). Following the establishment of leukemia in
an Eu-TCL1 adaptive transfer model, we randomized mice to
treatment with vehicle (» = 14), 25 mg/kg ibrutinib (» = 6),
50 mg/kg ARQ 531 (n = 14), or 75 mg/kg ARQ 531 (n = 14)
given by daily oral gavage. PK and pharmacodynamic param-
eters are distinct for ARQ 531 and ibrutinib (36-38); there-
fore, it is challenging to predict dose equivalency to achieve
comparable PK parameters in mice. Moreover, binding mech-
anisms of these drugs are also different, covalent irrevers-
ible ibrutinib versus noncovalent reversible ARQ 531; hence,
identical doses would be unlikely to produce similar full
and sustained in vivo pBTK inhibition. To overcome these
limitations, ibrutinib and ARQ 531 were dosed at levels that
would result in maximum pBTK inhibition and not be toxic
to mice. A previous study showed a dose-dependent efficacy
of ibrutinib in an Ep-TCL1 adoptive transfer mouse model,
25 mg/kg of ibrutinib was found to be an optimal dose that
does not cause any noticeable toxicity (32), and BTK was fully
occupied by ibrutinib at this dose; hence, 25 mg/kg ibrutinib
was selected for the current study. In vivo target engagement
analysis of ARQ 531 in the mouse xenograft tumor model
suggested that adequate pBTK inhibition in mouse can be
achieved at 50 to 75 mg/kg dose ranges, and, therefore, these
2 doses were selected for efficacy studies.

ARQ 531 given at either 50 or 75 mg/kg was found to
significantly improve survival over ibrutinib treatment (P =
0.044 and P = 0.009, respectively). Median survival of mice
treated with vehicle, ibrutinib, and ARQ 531 was 36 days,
53 days, and not reached by 74 days, respectively, for both
dose levels (Fig. 4A). ARQ 531 was discontinued on day 74 to
assess the rate of disease progression. Following observation
off ARQ 531 therapy, mice rapidly died of progressive disease,
with a final median survival of 76 days for the 50 mg/kg ARQ
531 cohort and 78 days for the 75 mg/kg ARQ 531 cohort.
Mice receiving ARQ 531 had lower blood lymphocyte counts
on microscopic examination compared with those treated
with vehicle or ibrutinib (Fig. 4B). In a cohort of mice sacri-
ficed 2 weeks after the initiation of therapy, splenic weight
was significantly reduced in mice treated with ARQ 531
compared with vehicle (P =0.001 for 50 mg/kg and P < 0.001
for 75 mg/kg; Fig. 4C). Collectively, these studies establish
the superior efficacy of ARQ 531 in the Eu-TCL1 transgenic
mouse model of CLL as compared with ibrutinib.

ARQ 531 Is Effective in a Murine Model
of Richter Transformation

Given the poor survival for patients with CLL whose
disease progresses to Richter transformation, we next inves-
tigated if ARQ 531 demonstrates efficacy in a murine model
of aggressive lymphoma that we have recently described
(27), in which ibrutinib is ineffective. B cells isolated from
the spleen of an Eu-MYC/TCL1 mouse were engrafted into
C57BL/6 mice via tail-vein injection followed by treatment
10 days after engraftment. A dose of 75 mg/kg ARQ 531
prolonged survival in this model with a median survival of
47 days compared with ibrutinib (median survival, 38 days;
P =0.036) and vehicle treatment (median survival, 35.5 days;
P = 0.008; Fig. 5A). Additionally, the percentage of CD19*
cells in the peripheral blood of these mice was lower through-
out the course of the study in the cohort treated with ARQ
531 compared with mice treated with either ibrutinib or
vehicle (Fig. 5B).

ARQ 531 Maintains Efficacy in Cells with
C481S-Mutated BTK

We hypothesized that because ARQ 531 does not require
stabilization from the C481 amino acid within BTK’s ATP
binding domain that this molecule would possess inhibitory
activity against C481S BTK mutations which mediate clinical
ibrutinib resistance. To determine the activity of ARQ 531
against C481S BTK, we performed a biochemical kinase assay
utilizing recombinant BTK protein and found that the ICs
of ARQ 531 was similar for wild-type and C481S BTK (0.85
nmol/L and 0.39 nmol/L, respectively). ARQ 531 displayed
slow-on and slow-off binding kinetics by surface plasmon
resonance with a binding constant of 5 nmol/L (Supple-
mentary Table S2). The residence time calculated from the
dissociation rate was 51 to 59 minutes. As expected, the cova-
lent inhibitor ibrutinib showed robust binding affinity with
significantly longer residence time with BTK. The cocrystal
structure of ARQ 531 with BTK reveals that the sulfhydryl
side chain of C481 residue does not participate in direct
binding. However, this residue is critical for irreversible bind-
ing of ibrutinib. The binding constant and residence time of
ARQ 531 with the mutant BTK was comparable to the wild-
type BTK. Consistent with the previous report (23), the BTK
C481S mutation severely abrogated the off-rate kinetics of
ibrutinib, dramatically affecting the binding affinity and the
residence time. BTK C481S mutation also alters the binding
mechanism of ibrutinib to a reversible mode.

We next evaluated ARQ 531 in a BTK/~ HEK293T cell line
transfected with wild-type or C481S BTK. ARQ 531 inhib-
ited both wild-type and C481S-mutated BTK in this system,
whereas ibrutinib demonstrated efficacy only against wild-
type BTK (Fig. 6A; Supplementary Fig. S2). Next, we evalu-
ated ARQ 531 in vitro in CLL cells isolated from a patient with
C481S BTK acquired following ibrutinib therapy. We found
that ARQ 531 inhibited activation of Src family members,
BTK, AKT, and ERK similarly in baseline and relapse samples
(Fig. 6B). Finally, we determined the cytotoxicity of ARQ
531 against ibrutinib-resistant primary CLL cells express-
ing C481S BTK. At 72 hours, ARQ 531 mediated significant
cytotoxicity (28% decrease compared with vehicle, P = 0.002),
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Figure 4. ARQ 531 improves survival in the Eu-TCL1 engraftment model compared with ibrutinib. A, C57BL/6 mice engrafted with Ep-TCL1 leuko-
cytes via tail-vein injection were treated with ARQ 531 for 60 days via daily oral gavage and monitored for survival and drug-induced toxicity. Survival
curves were estimated using the Kaplan-Meier method and curve differences among groups were assessed using the log-rank test. B, White blood cell
(WBC) counts were measured weekly by microscopic examination. C, A cohort of mice were sacrificed after 2 weeks of treatment, and spleens were

weighed to measure disease progression (n=3 in each group). ANOVA was used to compare spleen weight among groups (*, 0.05>P>0.01;*,0.01 > P>

0.001;** P<0.001).
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Figure 5. ARQ 531 improves survival in the
Eu-MYC/TCL1 model compared with ibrutinib.
A, C57BL/6 mice engrafted via tail-vein injec-
tion with Eu-MYC/TCL1 leukocytes were
treated with ARQ 531 via daily oral gavage
starting 10 days after engraftment and moni-
tored for survival. B, Percent CD19* leukocytes
collected from weekly bleeding were measured
via flow cytometry. Survival curves were
estimated using the Kaplan-Meier method
and curve differences among groups assessed
using the log-rank test. IB, ibrutinib.
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Figure 6. C481SBTK s inhibited by ARQ 531. A, A HEK293T cell line stably transfected with wild-type (WT) or C481S BTK was treated with ARQ 531
or ibrutinib for 1 hour followed by SDS-PAGE to determine efficacy against C481S BTK. B, CLL cells isolated at baseline and time of progression from

an ibrutinib-resistant patient who acquired a C481S BTK mutation were treated with ARQ 531 for 1 hour followed by SDS-PAGE. C, Primary CLL cells
isolated from ibrutinib-resistant patients who all possessed BTK C481S mutations were treated with ARQ 531 for 72 hours to determine cytotoxicity
(n=9). Differences were assessed using linear mixed-effects models (**,0.01 = P> 0.001).
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whereas there was no cytotoxicity following ibrutinib treat-
ment (P = 0.906; Fig. 6C).

ARQ 531 Effectively Inhibits Downstream
Signaling in Ibrutinib-Resistant PLCy2 Mutants

Previous work has shown that PLCy2 can be directly acti-
vated by LYN and SYK in ibrutinib-refractory models pos-
sessing mutant PLCY2, effectively bypassing the role of BTK
in PLCy2 activation (25). Due to its direct inhibition of LYN
and MEKI1 and its indirect inhibition of SYK, we hypoth-
esized that ARQ 531 may provide effective inhibition of
downstream BCR signaling in patients with mutations in the
autoinhibitory domain of PLCy2. To test this hypothesis, we
utilized a PLC127~ DT40 cell line transfected with wild-type
PLCy2, R665W PLCY2, or L845F PLCy2. We found that ARQ
531 successfully inhibited the downstream activation of ERK
in these cell lines, whereas ibrutinib was ineffective (Fig. 7A).
To validate this finding, we tested ARQ 531 in vitro in CLL
cells from a patient with an R665W PLCy2 mutation acquired
following ibrutinib treatment. We found that ARQ 531 pre-
served BTK, SYK, and ERK inhibition after relapse, whereas
ibrutinib was able to inhibit only BTK (Fig. 7B). These results
were further confirmed in an ibrutinib-refractory patient pos-
sessing multiple PLCy2 mutations (R665W, S707P, S707F,
R742P, and L845fs) in which we found that ARQ 531 pre-
served BTK, SYK, AKT, and ERK inhibition, whereas ibruti-
nib was able to inhibit only BTK (Fig. 7C).

DISCUSSION

Due to its unique BTK binding affinity and distinct kinase
profile, ARQ 531 is an attractive molecule to study in ibruti-
nib-resistant CLL, which progresses due to acquired muta-
tions in BTK and PLCy2 or Richter transformation. Herein,
we demonstrate that ARQ 531 maintains inhibitory pressure
on the BCR pathway in situations of C481S BTK and auto-
activating PLCy2 mutations. Furthermore, ARQ 531 was
found to significantly prolong survival over ibrutinib in a
murine model of Richter transformation. The clinical suc-
cess of ibrutinib has established that BCR signaling is vital
to CLL progression and that inhibition of BTK is a successful
therapeutic paradigm. Although previous work with the XID
mouse model suggests that BTK inhibition alone is sufficient
to delay disease progression (2), the extent to which inhibi-
tion of additional kinases may affect disease progression is
unknown. It is reasonable that combining additional inhibi-
tory pressure on the BCR pathway via kinases both upstream
and downstream of BTK might improve efficacy, as is sug-
gested by our in vivo experiment using the Eu-TCL1 mouse
model. These data challenge the convention that highly selec-
tive inhibition of a single target should serve as the model of
drug development for patients with CLL who are resistant to
current therapies.

Patients who relapse on ibrutinib progress rapidly and
have limited therapeutic options. Although venetoclax has
been shown to be effective in this setting (39), not all patients
respond, and long-term remissions are uncommon. Given
the importance of BCR signaling in CLL progression, it
is unsurprising that CLL progression in patients receiving
ibrutinib is overwhelmingly mediated by mutation of BTK

at its ibrutinib binding site or in the autoinhibitory domain
of BTK’s immediate downstream signaling partner PLCy2
(25, 26). Because the BCR pathway remains active in patients
who relapse on ibrutinib (40), continuing to inhibit BTK
and associated kinases through alternate mechanisms is of
great clinical interest and may provide an alternative strategy
for long-term disease control. Unlike ibrutinib, ARQ 531
reversibly inhibits BTK and does not require stabilization
from C481 to block BTK-mediated signaling. We therefore
hypothesized, and found, that ARQ 531 would be effective
in models of ibrutinib resistance containing the recurrent
C481S BTK mutation. ARQ 531 was also found to inhibit
downstream BCR signaling in models expressing activating
PLCy2 mutations. This is likely due to inhibition of SYK and
LYN, which have been shown to directly activate PLCy2 in the
setting of activating PLCy2 mutations (25). Activity against
both C481S BTK and mutated PLCy2 distinguishes ARQ 531
from other BTK inhibitors currently in preclinical and clini-
cal development.

Another critical area of unmet need in CLL is Richter
transformation, where survival is uniformly poor and cur-
rent therapies are inadequate. Based on our data in the
Ep-MYC/TCL1 mouse, ARQ 531 may be an effective therapy
in patients with aggressive lymphomas, including those with
Richter transformation. Considering that ibrutinib does not
directly inhibit members of the RAS/RAF pathway, it is pos-
sible that the superior efficacy of ARQ 531 in the setting
of Richter transformation may be due to its inhibition of
distal targets including MEK1, which has been shown to be
an effective target in diffuse large B-cell lymphomas (41).
Inhibiting a broader spectrum of targets may lead to deeper
and more durable remissions while delaying the emergence
of resistance.

Ibrutinib induces durable responses and extends dis-
ease remission in malignancies, including CLL, mantle cell
lymphoma, and Waldenstrém macroglobulinemia, in part
through its inhibition of BTK. Because ARQ 531 inhibits
BTK with comparable potency, it is expected that ARQ 531
may also be effective in these B-cell malignancies. Further-
more, its inhibition of additional targets and its efficacy
in the Eu-MYC/TCL1 mouse model suggest that ARQ 531
may possess activity in malignancies ineffectively treated by
ibrutinib or other BTK inhibitors. Among the most intrigu-
ing additional targets of ARQ 531 is MEK1, a constituent of
the ERK signaling pathway that is upregulated in ibrutinib-
treated CLL cells (42). ERK signaling is of general interest in
hematologic malignancies as well as solid tumors due to its
ability to influence proliferation and its high frequency of
mutation in cancer. RAF1 and MEKI1 have been shown to be
important targets in the setting of RAS mutations (43), which
suggests that ARQ 531 may be applicable to RAS-mutated
malignancies, including multiple myeloma (44, 45), mela-
noma (46), and others (47). Moreover, indirect inhibition of
SYK by ARQ 531 may allow this molecule to be utilized in
the setting of acute myeloid leukemia where SYK inhibition
has been shown to impair leukemia progression (48-50). A
rationale therefore exists to explore the effect of ARQ 531 in
additional malignancies.

Our preclinical studies with ARQ 531 demonstrate that
this compound is an effective ATP-competitive kinase
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Figure 7. ARQ 531 inhibits BCR signaling in cells with ibrutinib-resistant PLCY2 mutations. A, A DT40 cell line stably transfected with WT, R665W,
or L845F PLCy2 and treated with ARQ 531 was assessed via SDS-PAGE to determine the effect on activation of the downstream kinases ERK and AKT.
B, CLL cells isolated from an ibrutinib-resistant patient harboring an R665W PLCY2 mutation were treated with ARQ 531 followed by SDS-PAGE and
assessed for distal BCR signaling. C, CLL cells isolated from an ibrutinib-resistant patient harboring multiple PLCY2 mutations were treated with ARQ
531 followed by SDS-PAGE and assessed for distal BCR signaling.
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inhibitor in the context of ibrutinib-naive CLL as well
asibrutinib-resistantdiseasein the form of acquired mutations
in BTK and/or PLCy2 or Richter transformation. Especially in
post-ibrutinib patients who tend to have genomically com-
plex disease, a multitargeted agent such as ARQ 531 may be
ideal. However, careful attention will need to be paid to tox-
icity in the phase I setting, as inhibition of multiple kinases
could lead to increased toxicity over what is seen with a more
selective BTK inhibitor. It will be especially important to
ensure that hematopoietic progenitor cells are not inhibited,
although this specific toxicity has not been suggested in
preclinical studies. The improved survival associated with
ARQ 531 treatment in multiple murine models suggests that
less discriminating kinase inhibitors may deserve additional
consideration in the development of therapies for this pur-
pose and potentially other malignancies. Our findings justify
continued preclinical work on ARQ 531 and investigation in
human clinical trials for CLL and Richter transformation.

METHODS

Subject Population and Lymphocyte Isolation

Blood was obtained from patients with CLL at our institution,
who consented to an Institutional Review Board (IRB)-approved
tissue procurement protocol or who were enrolled in IRB-approved
clinical trials of ibrutinib in CLL that allowed tissue procurement
for research purposes. All patients provided written informed con-
sent in accordance with the Declaration of Helsinki. Peripheral
blood mononuclear cells (PBMC) were isolated from whole blood
through Ficoll density gradient centrifugation. B cells from patients
with CLL were negatively selected using Rosette-Sep isolation from
whole blood or Easy-Sep negative selection from PBMCs (STEM-
CELL Technologies).

BTK Biochemical and Kinase Selectivity Assay

Biochemical inhibition of BTK was measured using full-length
BTK constructs of wild-type and C481S-mutant proteins (Reaction
Biology). ARQ 531 was tested in a 10-point concentration mode
with 3-fold serial dilutions starting at 1 umol/L in the presence of
10 umol/L ATP, and the ICs, was determined. Kinase selectivity
against 236 kinases at 200 nmol/L concentration of ARQ 531 was
performed at Millipore Sigma. The ICs, values for the off-target
kinases were determined at a physiologic 1 mmol/L ATP concentra-
tion (Carna Biosciences).

Crystal Structure Determination

Kinase domain of BTK (387-659) was expressed as a 6xHis-tagged
protein in Sf9 insect cells, and the protein was purified on a Ni-NTA
column ion exchange and size exclusion chromatography. Crystals
were obtained by the hanging drop method. Initially, apo-BTK
kinase domain crystals were obtained from drops containing 0.2M
imidazole pH 7.0, 16% (w/v) PEG 4000, and 12.5% ethylene glycol
at 4°C. Subsequently, the BTK-ARQ 531 complex was generated by
microseeding of the apo-BTK crystals. Data to 1.1 A were collected at
100K at station 103 (A = 0.9763 A), Diamond Light Source equipped
with a Pilatus3 6M detector.

Cell Culture and Drug Treatment

RPMI-1640 medium supplemented with 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% fetal bovine serum (FBS) was
used for cell cultures. To specifically inhibit the irreversible targets
of ibrutinib, cells were treated with ibrutinib for 1 hour followed

by washout, in which cells were pelleted and resuspended in fresh
media. Cells treated with DMSO or ARQ 531 were pelleted and
then resuspended in 10% FBS RPMI-1640 media containing DMSO
or ARQ 531. Cells used in experiments that occurred over multi-
ple days received fresh media and drug every 24 hours. ARQ 531
((2-chloro-4-phenoxyphenyl)(4-(((3R,6S)-6-(hydroxymethyl)tetrahy-
dro-2H-pyran-3-yl)amino)-7H-pyrrolo|[2,3-d|pyrimidin-5-yl)metha-
none) was supplied by ArQule Inc.

Immunoblotting

Freshly isolated patient CLL cells treated with ARQ 531 or ibrutinib
were stimulated by spinning onto a 6-well plate coated with anti-IgM
antibody (The Jackson Laboratory) at a concentration of 10 pg/mL.
Following 15 minutes of stimulation, cell lysates were collected and
analyzed by SDS-PAGE. Blots were probed with primary antibodies
and horseradish peroxidase-conjugated secondary antibodies (Santa
Cruz Biotechnologies), and then visualized with SuperSignal chemi-
luminescent substrate (Thermo Fisher Scientific) on X-ray film. The
following antibodies obtained from Cell Signaling Technologies were
utilized for immunoblot experiments: anti-phospho-BTK (Y223,
cat. #5082), anti-BTK (cat. #8547), anti-phospho-PLCy2 (Y1217,
cat. #3871), anti-PLCy2 (cat. #3872), anti-phospho-AKT (S473, cat.
#9271), anti-AKT (cat. #4685), anti-phospho-ERK (T202/Y204, cat.
#9101), anti-ERK (cat. #4695), anti-phospho-MEK1/2 (S217/221,
cat. #9121), anti-MEK1/2 (cat. #8727), anti-phospho-SYK (Y525/526,
cat. #2710), anti-SYK (cat. #2712), anti-phospho-Src family (Y416,
cat. #2101), anti-LYN (cat. #2796), anti-phospho-IKBa (S32, cat.
#2859), anti-IKBa (cat. #4812), anti-GAPDH (cat. #5179), anti-Lamin
(cat. #13435), and anti-p6S5 (8242). Anti-phospho-BTK (Y551, cat.
#MAB7659) was ordered from R&D Systems. BJAB and DC9 cell line
lysates were used as positive controls.

Viability

Viability of patient CLL cells was determined by annexin V and
propidium iodide staining (eBioscience) followed by flow cytometry
analysis. Viability was defined as the percentage of cells staining
dually negative for both annexin V and propidium iodide. All viabil-
ity measurements were acquired with a Beckman Coulter FC500 flow
cytometer, and Kaluza software (Beckman Coulter) was used for data
analysis.

Migration

Following treatment with ARQ 531 or ibrutinib, CLL cells were
placed into an 8.0-um transwell insert (Sigma-Aldrich) resting in
media containing 200 ng/mL CXCL12 (R&D Systems) or 1 ug/mL
CXCL13 (R&D Systems). After incubating for 4 hours, the inserts
were removed, and the number of cells migrating through the tran-
swell insert toward CXCL12 or CXCL13 was counted by flow cytom-
etry and normalized to input controls. Data analysis was conducted
using Kaluza software.

CpG-Induced Activation

Following treatment with DMSO, ARQ 531, or ibrutinib, CLL cells
were stimulated with 3.2 pg/mL oligodeoxynucleotide CpG (Eurofins
MWG Operon). Subsequent expression of CD40 and CD86 was
determined by mean fluorescence intensity (MFI) after 48 hours with
a CD40-PE- or CD86-PE-conjugated antibody (BD Biosciences).
Staining intensity of CD40-PE and CD86-PE was measured using
a Beckman Coulter FC3000 flow cytometer, and data analysis was
conducted using Kaluza software.

RT-PCR

CLL cells were treated with DMSO, ARQ 531, or ibrutinib for
72 hours prior to TRIzol lysis and RNA purification via an RNeasy
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isolation kit (Qiagen). Lysates were analyzed for mRNA expression via
RT-PCR using the following Applied Biosystems primers and probes:
MCLI (cat. # Hs01050896_m1), MYC (cat. # Hs00153408_m1), CD40
(cat. # Hs01002915_g1), and TBP (cat. # Hs00427620_m1). RNA
expression was measured using a Viia7 Real-Time PCR system and
normalized against TBP expression.

Ep-TCL1 Mouse Model

C57BL/6 mice were engrafted via tail-vein injection with 1E7 live
CD5%/CD19* B cells isolated from the spleen of a single Eu-TCL1
mouse. Once a peripheral population of CD57/CD19* cells was
established at greater than 10%, the mice were randomly assigned to
experimental cohorts. Mice were treated with vehicle consisting of
10% Cremophor EL and 10% ethanol in saline, 75 mg/kg ARQ 531,
50 mg/kg ARQ 531, or 25 mg/kg ibrutinib via daily oral gavage and
tracked for overall survival. Two concentrations of ARQ 531 were
chosen to assess efficacy and potential drug-related toxicity, and
25 mg/kg of ibrutinib has been established as an effective concentra-
tion for use in this model. Weekly bleeding was performed in order
to assess CD5"/CD19* cell populations and to prepare slides for
microscopic examination. Cessation of drug treatment occurred at

74 days.

Eu-MYC/TCL1 Mouse Model

C57BL/6 mice were engrafted via tail-vein injection with SE6 live
CDS*/CD19* B cells isolated from the spleen of a single Eu-Myc/
TCL1 donor mouse. Ten days following engraftment, mice were
randomly assigned to experimental cohorts. Mice were treated with
vehicle, 75 mg/kg ARQ 531, or 25 mg/kg ibrutinib via daily oral gav-
age and tracked for overall survival. Weekly bleeding was performed
in order to assess CD5"/CD19* cell populations and to prepare slides
for microscopic examination.

Statistical Analysis

Differences in phosphorylation (Fig. 2B), cytotoxicity (Figs. 3A
and B, and 6C), transcript expression (ACt values; Fig. 3C), CD40/
CD86 MFI (log-transformed values; Fig. 3D and E), and migration
toward CXCL12/CXCL13 (log-transformed values; Fig. 3F and G)
between groups were estimated using mixed models to account for
correlations among observations from the same patient. Survival
curves were estimated using the Kaplan-Meier method, and curve
differences between groups were assessed using the log-rank test
(Figs. 4A and 5A). ANOVA was used to compare spleen weight (Fig.
4C) among groups. Mixed-effects models were also used to compare
group differences in the percentage of CD197 cells over time (Fig.
5B). Data represent mean + SEM. For experiments with multiple
endpoints, P values were adjusted for multiple comparisons using
Holm’s procedure. All analyses were performed using SAS/STAT
software, version 9.4 of the SAS system for Windows (SAS Institute,
Inc.).

Study Approval

All studies conducted with the use of human samples were reviewed
and approved by The Ohio State University IRB. Animal experiments
were conducted in accordance with the guidelines established by The
Ohio State University and approved by the Institutional Animal Care
and Use Committee.
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