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Chapter 6
Resistance to Bruton’s Tyrosine Kinase
Signaling Pathway Targeted Therapies

Yaya Chu, Mitchell S. Cairo, and Auke Beishuizen

Abstract Activation of B-cell receptor (BCR) signaling is an important mecha-
nism of the development and growth of B-cell lymphomas. Bruton’s tyrosine kinase
(BTK) is a key component of BCR signaling and functions as an important regula-
tor of cell proliferation and cell survival in various B-cell lymphomas. BTK inhibi-
tors, especially ibrutinib, have shown promising anti-tumor activity in preclinical
and clinical studies. High response rates of ibrutinib were reported in patients with
a variety of B-cell non-Hodgkin lymphoma (B-NHL) such as chronic lymphocytic
leukemia (CLL) and mantle cell lymphoma (MCL). However, clinical evidence
shows primary and acquired resistance to BTK inhibitors in patients. Understanding
the molecular mechanisms underlying BTK inhibitors’ resistance is of paramount
importance. In this review, we highlight the potential resistant mechanisms, which
include mutational resistance in BTK, mutational resistance in other proteins than
in BTK, chromosomal abnormalities, activation of prosurvival pathways, B-cell
lymphoma 2 (BCL-2) family members mediated resistance, and tumor microenvi-
ronment mediated resistance. We also discuss the strategies that are utilized to over-
come BTK inhibitors’ resistance: non-covalent inhibitors of BTK, alternate kinase
inhibitors, combination therapies with other oncogenic inhibitors, BCL-2 inhibitors,
anti-CD20 antibodies, anti-CD19 chimeric antigen receptor (CAR) T cells, CD19/
CD3 bispecific antibody, or with inhibitors targeting other cellular processes.
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BCR
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B-NHL
BLNK
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CLL
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CDK4
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DPPYs
DLBCL
DLT
EFS
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Protein Kinase B

Allele-Specific Polymerase Chain Reaction
Activation of B Cell Receptor

B-Cell Lymphoma 2
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B cell Non-Hodgkin Lymphoma

B-cell Linker Protein

Bruton’s Tyrosine Kinase

Chimeric Antigen Receptor

Cell Cycle Regulator Cycline D1

Chronic Lymphocytic Leukemia
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Cyclin-Dependent Kinase 4

Complete Response

Chromosome Region Maintenancel/Exportin-1 Protein
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Dose-Limited Toxicities

Event Free Survival
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Eukaryotic Translation Initiation Factor 2A
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Food and Drug Administration
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Follicular Lymphoma International Prognostic Index
Germinal Center B cell

Hairy cell Lymphoma

Histone Deacetylase

Hodgkin Lymphoma

Half Maximal Inhibitory Concentration

Inhibitor of Kappa B

Inhibitor of Kappa Light Polypeptide Gene Enhancer in B-cells
Immunoreceptor Tyrosine-Based Activation Motifs
Interleukin-2-Inducible T-Cell Kinase
Lymphocyte-Specific Protein Tyrosine Kinase
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Protein 1
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Median Progression-Free Survival
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Mechanistic Target of Rapamycin

Myeloid Differentiation Primary Response Gene (88)
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Next-Generation Sequencing
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Partial Response

40S Ribosomal Protein S15

Relapsed/Refractory

Single Chain Fragment of Variable Region

Src Family Tyrosine Kinases
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TRAIL-R Tumor Necrosis Factor Related Apoptosis Inducing Ligand
Receptors

Txk Tyrosine-Protein Kinase TXK

WES Whole-Exome Sequencing

WM Waldenstrom’s Macroglobulinemia

XLA X-Linked Agammaglobulinemia

2p+ Gain of the Short Arm of Chromosome 2

Introduction

B-cell lymphoma represents a heterogeneous group of B-cell malignancies with
distinct pathological characteristics, clinical features and prognoses [1]. The most
common types of B-cell lymphoma include chronic lymphocytic leukemia (CLL)/
small lymphocytic lymphoma (SLL), diffuse large B-cell lymphoma (DLBCL), fol-
licular lymphoma (FL), mantle cell lymphoma (MCL), Waldenstrom’s macroglobu-
linemia (WM), and Burkitt lymphoma (BL). In children, the vast majority of B-cell
lymphomas are BL and DLBCL, rarely primary mediastinal B-cell lymphoma
(PMBCL) and FL are found. Cairo et al. previously demonstrated that short but
intensive chemotherapy is associated with an 80% 5-year event free survival (EFS)
in patients with advanced mature B-cell non-Hodgkin lymphoma (B-NHL) [2-4].
Further, an international multi-cooperative group study showed a 90% 5-year over-
all survival (OS) in patients with newly diagnosed mature B-NHL [5-8].
Unfortunately, the outcome is dismal in patients with aggressive B-NHL, who
relapse or progress due to chemoradiotherapy resistance [5, 8]. Therefore, facilitat-
ing the development of alternative novel therapeutic strategies is required to improve
the outcome in patients with relapsed/refractory (R/R) B-cell lymphoma.
Activation of the BCR signaling pathway (Fig. 6.1) is critical to the development
and maturation of B cells [9, 10] and the viability of a variety of B-cell lymphomas
such as DLBCL [11], marginal zone lymphoma (MZL) [12], MCL, FL [13] and BL
[14]. The BCR consists of the antigen-binding immunoglobulin heavy (IgH) and
light (IgL) chains coupled to the heterodimeric CD79a and CD79b proteins, which
contain tyrosine-based activation motifs [15]. Crosslinking of BCR by antigen trig-
gers the phosphorylation of tyrosines within the immunoreceptor tyrosine-based
activation motifs (ITAMs) of CD79A and CD79B by Src family tyrosine kinases
(SFKs) [15]. The phosphorylated ITAMs serve as a scaffolding platform for engag-
ing and activating Src homology 2 (SH2) domains containing kinases, including
spleen tyrosine kinase (SYK). Activated SYK phosphorylates the B-cell linker pro-
tein (BLNK) to further recruit both Bruton’s Tyrosine Kinase (BTK) and phospho-
lipase C- y2 (PLC- y2) through their SH2 domains. BTK is then phosphorylated and
activated by SYK to drive the activation of downstream signaling pathways such as
phosphatidylinositol-3-kinase (PI3K)/protein kinase B (Akt) and nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB) [16]. The complex of
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Fig. 6.1 Simplified B-cell receptor signaling. The BCR consists of the antigen-binding immuno-
globulin heavy (IgH) and light (IgL) chains coupled to the heterodimeric CD79a and CD79b pro-
teins. Antigen binding triggers the phosphorylation of tyrosines within the ITAMs of CD79A and
CD79B by SFKs. And the phosphorylated ITAMs recruit SYK, which is followed by the activation
of BLNK, BTK and PLCy2. BTK is then phosphorylated and activated by Syk to drive the activa-
tion of PKCp, PI3K/Akt/mTOR and NF-kB. PKCp phosphorylates and activates ERK and NF-xB
transcription factors. Ibrutinib, acalabrutinib, tirabrutinib, spebrutinib, and BGB-3111 inhibit BTK
activities. The complex of CARDI1, MALTI1, and BCL10 is an important part of the pathway
activating NF-xB. Additionally, the BCR co-receptor CD19 phosphorylation is also involved in
BTK recruitment and activation by recruiting PI3K to generate PIP3 and activate the PI3K-AKT
pathway. The activated ERK, PI3K/Akt/mTOR and NF-kB pathways upregulate the genes that are
involved in cell proliferation and survival in B cell lymphoma

caspase recruitment domain family member 11 (CARDI11), mucosa-associated
lymphoid tissue lymphoma translocation protein 1(MALT1), and B-cell lymphoma/
leukemia 10 (BCL10) is an important part of the pathway activating
NF-xB. Additionally, the BCR co-receptor CD19 phosphorylation is also involved
in BTK recruitment and activation by recruiting PI3K to generate phosphoinositide
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phosphatidylinositol-3, 4, 5-trisphosphate (PIP3) [17]. The BCR signaling pathway
offers a wealth of therapeutic targets such as SYK, BTK and PI3K, and drugs target-
ing these kinases are in development and clinical trials to evaluate their efficacy
against a variety of B-cell lymphomas.

BTK is a member of the tyrosine kinase expressed in hepatocellular carcinoma
(Tec) family of the non-receptor tyrosine kinases and was discovered during cloning
the genes that were associated with X-linked agammaglobulinemia (XLA) in 1993
[18, 19]. The gene encodes a 659 amino acid protein that consists of several putative
domains: an N-terminal Pleckstrin homology (PH) domain that binds membrane
PIP3, is followed by SH2, Src homology 3 (SH3), and proline rich domains that
regulate binding to other cellular signaling molecules [20]. Activation of BTK cor-
relates with an increase in the phosphorylation of two regulatory BTK tyrosine
residues: Y551 and Y223 [21]. Y551 within the Src kinase domain is transphos-
phorylated by the kinases Syk or Lyn during BCR signaling and promotes the cata-
lytic activity of BTK. Y223 is an autophosphorylation site within the BTK SH3
domain and the phosphorylation of this site has little discernible influence on BTK
catalytic activity in-vitro or in vivo but may be a mechanism to modify protein—pro-
tein interactions [21]. BTK has been widely characterized as a critical mediator in
signaling through BCR and the Fcy receptor (FcyR) and is important for B cell
development, differentiation, proliferation and survival [22, 23]. Mutations in BTK
gene lead to inactivating the BTK gene through an in-frame insertion of a lacZ
reporter in mouse embryonic stem cells resulting in defects of B cell development
from pre-B cells to immature B cells in the bone marrow and B-cell differentiation
arrest during the maturation from IgD(low)IgM(high) to IgD(high)IgM(low) stages
in the periphery [24]. In humans a wide spectrum of BTK loss-of-function muta-
tions such as a PH domain mutation in the BTK gene lead to an almost complete
absence of peripheral B cells and antibodies in XLA [25, 26].

In this review, we summarize the clinical results of BTK inhibitors, discuss the
resistant mechanisms of BTK inhibitors, especially ibrutinib, based on the clinical
and preclinical studies in B-cell lymphoma. In the end, we describe current and
future novel therapeutic strategies to overcome the resistance.

Overview of BTK Inhibitors and Clinical Response

BTK is a regulator of normal B-cell development and is activated upon BCR stimu-
lation. Activation of the BCR signaling pathway has now emerged as a central onco-
genic pathway that promotes growth and survival in both normal and malignant
B-cells. Antigenic activation of the dimeric membrane immunoglobulin B-cell
receptor, which induces phosphorylation of BTK and PLCy2, results in the activa-
tion of a number of signaling pathways including mitogen-activated protein kinase
(MAPK), NF-xB and Akt [27] (Fig. 6.1). Selective and covalent BTK inhibitors
such as ibrutinib can inhibit BTK activation to further block chronic active BCR
signaling [28, 29].
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Ibrutinib

Ibrutinib (PCI-32765, Imbruvica®) is the first-in-class, selective and irreversible
small molecule inhibitor of BTK and covalently binds to cysteine residue 481 on the
BTK kinase domain, thereby inhibiting the autophosphorylation of tyrosine 223 on
exon 8 and resulting in irreversible inhibition of BTK enzymatic activity [30].
Ibrutinib has been demonstrated to be an active agent in activated B-cell-like diffuse
large B cell lymphoma (ABC-DLBCL), a NHL subtype that is characterized by
constitutively activated NF-kB signaling [31]. Preclinical studies of ibrutinib in
CLL and MCL suggested that ibrutinib inhibits cell proliferation in-vitro in the
range of 1.0-25.0 uM [32, 33].

Ibrutinib’s unique biochemistry and in vivo activities in mice and dogs paved the
way for not only human clinical phase 1 trials but also phase 2 and 3 (Table 6.1)
trials in patients with mature B-cell lymphomas [30]. In a phase 1 study, ibrutinib
was well tolerated in 50 evaluable adults with R/R B-cell lymphomas including
MCL, FL, DLBCL, MZL and CLL [34]. It was associated with an overall response
rate (ORR) of 60%, including complete response (CR) 16% [34]. The safety and
efficacy of ibrutinib in MCL and CLL patients who had received at least one prior
therapy were evaluated in single-arm, open-label, multicenter trials (NCT01236391,
NCTO01105247) in 2013 [35, 36]. The drug demonstrated substantial improvement
on a clinically significant endpoint over available therapies. In the MCL trial, a
response rate of 68% (75 patients) was observed, with a CR of 21% and a partial
response rate (PR) of 47% [35]. In the CLL trial, the ORR was 71% and the PR
ranges from 15-20% based on the doses [36]. Based on the highly effective treat-
ment of refractory and relapsed adult patients with CLL and MCL, ibrutinib was
granted breakthrough therapy designation and has been approved for the treatment
in patients with R/R CLL or MCL with at least one prior therapy in 2013 [35-38].

To evaluate the efficacy and tolerability of ibrutinib in relapsed or refractory
WM, and to examine the impact of myeloid differentiation primary response 88
(MYDS88) (L265P) and WHIM-like C-X-C chemokine receptor type 4 (CXCR4)
mutations on ibrutinib response, 63 patients with R/R WM were enrolled for a phase
2 study with an ORR of 90.5% and a major response rate (PR or better) of 73% with
a median time to response of 4 weeks [39]. Patients with MYD88 mutation and wild
type CXCR4 had better response to ibrutinib treatment than those with MYD88
wild type or WHIM-like CXCR4 mutations: 100% OR for patients with
MYDS88L265PCXCR4WT vs. 85.7% OR MYD88L265PCXCR4WHIM vs 71.4%
OR MYD8SSWTCXCR4WT. The estimated 2-year progression-free and overall sur-
vival rates among all patients were 69.1% and 95.2%, respectively. Grade > 2 treat-
ment related toxicities were observed. Based on the promising results, the Food and
Drug Administration (FDA) approved ibrutinib for the treatment of patients with
WM in 2015.

BTK expression was detected in approximately 20% of patients with classic
Hodgkin lymphoma (HL) [40]. A single-agent ibrutinib at a dose of 560 mg was
investigated in 2 primary refractory classic HL patients [41]. Two months after the
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initiation of ibrutinib, positron emission tomography-computed tomography
(PET-CT) showed near-complete regression of disease in one patient with subse-
quent disease progression. Another patient had a CR, which was still ongoing
more than 6 months later. The activity of ibrutinib in patients with classic HL
warrants prospective assessment. A phase 2 multicenter trial to evaluate the effi-
cacy and safety of ibrutinib in patients with R/R classical HL is ongoing
(NCT02824029).

Primary FL cells have been found to maintain enhanced BCR pathway signaling
when compared to normal B cells [42]. Sixteen patients with FL. were treated with
ibrutinib in the phase 1 study [43]. Of the cohort of 16 patients, 11 patients were
treated at doses where full occupancy of BTK was achieved by ibrutinib. The OR
rate was 55% and the median duration of response was 12.3 months and the median
progression free survival (PFS) 13.4 months. Based upon drug occupancy and clini-
cal responses, a phase 2 Consortium Trial of ibrutinib in R/R FL was conducted
[44]. ORR was 37.5% with a complete response rate of 12.5%, median progression-
free survival (PFS) of 14 months, and 2-year PFS of 20.4%. Response rates were
higher among patients with rituximab-sensitive disease (52.6%) compared with
those who had rituximab-refractory disease (16.7%; P = .04). Chemotherapy-
refractory patients also had a lower ORR than chemotherapy-sensitive patients.
Patients with low- or intermediate-risk FLIPI (the Follicular Lymphoma International
Prognostic Index) had a trend toward a higher response rate compared with high-
risk FLIPI (50% vs 25%; p = .19). The median PFS was 14.0 months and the 2-year
PFES and OS were 20.4% and 79.0%, respectively. Similar results were found in a
phase 2 study of ibrutinib in patients with chemoimmunotherapy-refractory FL (the
DAWN study), which showed a significantly lower response rate of 20.9% in
chemotherapy-refractory FL with a median PFS of 4.6 months, 10.9% CR and 63%
1 year OS [45].

Due to activating mutations in CD79B, MYDS88, and CARD11, the BCR sig-
naling, the toll-like receptor (TLR) and the NF-kB pathways are often constitu-
tively activated in ABC-DLBCL compared with germinal center B-cell (GCB)
type DLBCL [46—48]. A phase 2 multicenter study was performed to determine if
ibrutinib would be more efficacious in ABC-DLBCL compared with GCB-
DLBCL [49]. The ORR in patients with ABC type was 40%, whereas overall
response rate in the GCB type was only 5%. The CR is 8% in ABC-DLBCL vs.
0% in GCB-DLBCL; PR is 32% in ABC-DLBCL vs. 5.3% in GCB-DLBCL; PFS
is 2.5 months in ABC vs. 1.28 in GCB [49]. Furthermore, ibrutinib had activity in
patients with and without CD79b mutations, suggesting an alternative mechanism
of BCR pathway dependence. This study indicates that further study of ibrutinib
should be aimed at the ABC type of DLBCL with attention to the different somatic
mutations [49].

Based on the early promising results of the phase 2 trial on CLL, a multicenter,
open-label, randomized, phase 3 trial (RESONATE) was opened to the study of
ibrutinib vs. ofatumumab in patients with relapsed or refractory CLL or SLL [50].
Ibrutinib significantly improved the PFS and the OS (90% vs. 81%; p = .005) and
ORR (42.6% vs. 4.1%; p < .001). Patients with a 17p13.1 deletion also had a



6 Resistance to Bruton’s Tyrosine Kinase Signaling Pathway Targeted Therapies 121

markedly improved PFS with ibrutinib compared with ofatumumab. In this trial,
ibrutinib was associated with a slightly increased risk of grade 3/4 (57% vs. 47%)
adverse events (AE) compared with ofatumumab. Based on the superior efficacy of
ibrutinib compared to ofatumumab in difficult-to-treat patients with R/R CLL or
SLL, the FDA expanded the approval of ibrutinib to include treatment of CLL
patients with 17p deletion. In the following phase 3 RESONATE-2 study, the effi-
cacy and safety of ibrutinib was compared with chlorambucil in patients 65 years of
age or older with previously untreated CLL [51]. Consistent with the high-risk
group, ibrutinib resulted in significantly longer PFS than that with chlorambucil
with 98% OS at 24 months vs. 85% with chlorambucil. The relative risk of death
with ibrutinib was 84% lower than that with chlorambucil (p =.001). The ORR was
significantly higher in the ibrutinib group than in the chlorambucil group (86% vs.
35%; p <.001). CR occurred in 4% of the patients in the ibrutinib group and in 2%
of those in the chlorambucil group. The hematologic variables were significantly
improved in the ibrutinib treated group. Grade III diarrhea (4%), grade III hyperten-
sion (4%), atrial fibrillation (6%) and grade III/IV hemorrhage (4%) were more
common in the ibrutinib treated group. These results support the use of ibrutinib as
a first-line agent in CLL.

Temsirolimus is an inhibitor of the mechanistic target of rapamycin (mTOR)
pathway that has been used to treat patients with relapsed MCL with 22-40% ORR
and a median OS of 12.8 months [52-54]. A randomized phase 3 clinical trial led by
the European MCL Network compared ibrutinib with temsirolimus in patients with
R/R MCL [55]. With a median follow-up of 20 months, ibrutinib treatment resulted
in a 57% reduction in the risk of disease progression or death compared with temsi-
rolimus (p <.0001). The median progression-free survival (MPES) was 14.6 months
for the ibrutinib group vs. 6.2 months for the temsirolimus group. At a 2 year land-
mark, the PFS rate is 41% versus 7% and the ORR was 72-77% vs. 40-42% with a
19% CR vs. 1% CR. Median OR was not reached for ibrutinib versus 21.3 months
for temsirolimus. The reported AEs were consistent with previous studies, including
diarrhea (29%), cough (22%), fatigue (22%), atrial fibrillation (4% with ibrutinib
vs. 1% with temsirolimus) and major bleeding (10% with ibrutinib vs. 6% with
temsirolimus).

We investigated the efficacy of ibrutinib alone and in selective adjuvant combina-
tions against BL in vitro and in a human BL xenografted immune-deficient NOD.
Cg-Prkdcscidll2rgtm1W;jl/SzJ (NSG) mouse model [56]. Our data demonstrated
that phospho-BTK level was significantly reduced in BL cells treated with ibrutinib
(p <.001). Moreover, we observed a significant decrease in cell proliferation as well
as significant decrease in half maximal inhibitory concentration (ICs,) of ibrutinib
in combination with dexamethasone, rituximab, obinutuzumab, carfilzomib, and
doxorubicin (p < .001). In vivo studies demonstrated ibrutinib-treated mice had a
significantly prolonged survival compared to vehicle controls (p < .02). Our find-
ings demonstrate the significant in vitro and preclinical in vivo effects of ibrutinib in
BL. Based on our preclinical results, there is an ongoing clinical trial comparing OS
in children and adolescents with R/R BL treated with chemoimmunotherapy with or
without ibrutinib (NCT02703272).
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Second-Generation Inhibiors of BTK

Ibrutinib binds to Cys-481 of the BTK but it also binds to several other kinases [57].
These off-target effects of ibrutinib contribute to its activity and toxicity such as
bleeding [50]. Therefore, second-generation BTK inhibitors such as acalabrutinib
(ACP-196), Tirabrutinib (ONO/GS-4059, GS-4059), spebrutinib (CC-292, AVL-
292), and BGB-3111 are being developed with more selective kinase activity pro-
files (Table 6.2).

Table 6.2 Summary of clinical trials of second-generation BTK inhibitors

Phase
Off- of Tumor Overall response Approved
Inhibitor name | targets | trials |N |subtypes rate indication | Ref.
Acalabrutinib | NO 172 61 | RCLL 95% ORR NO [165]
85% PR

10% PR with
lymphocytosis

5% SD

For del(17)(p13.1):
100% ORR

89% PR

11% PR with
lymphocytosis

With prior idelalisib
therapy: 100% ORR
75% PR

25% PR with
lymphocytosis
Acalabrutinib | NO 2 124 | R/R MCL 81% ORR YES for [62]
40% CR R/R MCL

72% medians for
duration of response
67% PFS

87% OR
Tirabrutinib NO 1 90 |R/R CLL; PFSin CLL, MCL, |NO [66]
(ONO/ MCL; and DLBCL.: 874,
GS-4059) DLBCL; FL; | 341, and 54 days,
WM; MZL; | respectively

SLL CLL: 96% ORR
MCL: 91.7% ORR,
50% PR, and 41.7%
CR

DLBCL: 35% ORR,
29% PR, 6.45% CR
BGB-3111 NO 1 25 |CLL, MCL, |64% OR (16/25), NO [67]
WM, including 1 CR and
DLBCL, FL, |6 SD

MZL, HCL
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Acalabrutinib

Acalabrutinib (ACP-196) binds covalently to BTK with greater in vivo potency and
selectivity than ibrutinib [58]. In-vitro studies demonstrated that acalabrutinib and
ibrutinib had similar molecular and biologic consequences in primary CLL cells but
different effects on lymphocyte-specific protein tyrosine kinase (LCK) and proto-
oncogene tyrosine-protein kinase Src phosphorylation in primary T-lymphocytes
[59]. The ICs, of acalabrutinib for the BTK protein is 5.1 nmol/L vs 1.5 nmol/L of
ibrutinib, indicating a weaker BTK inhibition than ibrutinib. However, ACP-196
demonstrated higher selectivity for BTK than ibrutinib when profiled against a panel
of 395 non-mutant kinases (1 pM) in a competitive binding assay [60]. Importantly,
ACP-196 did not inhibit epidermal growth factor receptor (EGFR), interleukin-2-in-
ducible T-cell kinase (Itk) or tyrosine-protein kinase TXK (Txk) [60]. The phase 1/2
ACE-CL-001 trial of acalabrutinib monotherapy in patients with relapsed CLL
showed that acalabrutinib was well tolerated and no major hemorrhage or atrial
fibrillation was noted [61]. The clinical activity of acalabrutinib was rapid and robust.
With a median follow up of 14.3 months, the ORR was 95% with 85% PR, 10% PR
with lymphocytosis and 5% stable disease. The ORR was 100% for patients with
del(17)(p13.1) with 89% PR, 11% PR with lymphocytosis. In the 4 patients with
prior idelalisib therapy, the response rate was 100% (PR, 75%, PR with lymphocyto-
sis, 25%). A direct comparison of acalabrutinib with ibrutinib in a phase 3 study
(NCT02477696) is active and on the way to recruit patients with high-risk CLL.

Acalabrutinib is also active in clinical trials as a single agent or in combination
for the treatment of other lymphomas including MCL (NCT02213926), FL
(NCT02180711), WM (NCT02180724), and DLBCL (NCT03205046). In 2015, a
phase 2 trial (ACE-LY-004) was conducted on patients with R/R MCL
(NCT02213926) [62]. One hundred twenty-four patients with R/R MCL were
enrolled in this trial. At a median follow-up of 15.2 months, the ORR was 81% and
CR was 40%. The Kaplan-Meier estimated medians for duration of response, PFS,
and OR rates at 12 months were 72%, 67%, and 87%, respectively. Primarily grade
1 or 2 adverse events were the most common. Consistent with CLL trials, atrial
fibrillation and worse hemorrhage events were rare. The results demonstrated that
acalabrutinib treatment provided a high rate of durable responses and a favorable
safety profile in patients with relapsed or refractory MCL. Based on the promising
results in the ACE- LY-004 trial and other clinical data, acalabrutinib was granted
Breakthrough Therapy Designation by the FDA in 2017 for patients with MCL who
have received at least one prior therapy.

Tirabrutinib

Tirabrutinib (ONO/GS-4059) is an irreversible inhibitor with a greater selectivity for
BTK than for LCK, proto-oncogene tyrosine-protein kinase Fyn (FYN), tyrosine-
protein kinase LynA (LYNA), and Itk [63]. In-vitro studies showed that ICs, of ONO/
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GS-4059 to BTK was 2 nmol/L and it induced apoptosis at nanomolar concentra-
tions in the activated DLBCL cell lines [64]. ONO/GS-4059 treatment resulted in
inhibition of tumor growth in an ABC-DLBCL xenograft model [65]. These promis-
ing preclinical data prompted clinical evaluation of ONO/GS-4059. In a multicenter
phase 1 dose escalation study, 90 patients with R/R B cell malignancies including
CLL/SLL, MCL, DLBCL, FL, MZL, and WM, were enrolled in a 3 + 3 dose-escala-
tion study [66]. The overall estimated mean PFS in CLL, MCL, and DLBCL were
874,341, and 54 days, respectively. CLL patients had a 96% ORR. Of these patients,
13 had loss of TP53 and 21 had unmutated immunoglobulin heavy-chain variable
region (IGHV) gene segments. All 12 patients with TP53/17p deletion or TP53 muta-
tions had a response, with 9 remaining on study. MCL patients had 91.7% ORR, 50%
PR, and 41.7% CR. DLBCL patients had 35% ORR, 29% PR, and 6.45% CR. A
striking feature of this study was that ONO/GS-4059 across all disease subsets
showed a low incidence of associated toxicities. ONO/GS-4059 may have significant
advantages over other selective kinase inhibition in terms of reduced toxicities.

BGB-3111

BCB-3111 is another more selective, irreversible BTK inhibitor with higher BTK
specificity than ibrutinib [67, 68]. In biochemical and cellular assays, BGB-3111
demonstrated nanomolar BTK inhibition activity and showed less off-target kinase
inhibition against a panel of kinases [68]. Both in the MCL and ABC-DLBCL tumor
cells xenografted models, BGB-3111 demonstrated dose-dependent antitumor
effects and prolonged the overall survival of xenografts [68]. Additionally, BGB-
3111 demonstrated at least ten-fold weaker than ibrutinib in inhibiting rituximab
induced antibody-dependent cellular cytotoxicity (ADCC), supporting the combi-
nation therapy with anti-CD20 antibodies in lymphoma [68]. In the phase 1 trial of
BGB-3111, 24 patients with advanced lymphoma (CLL, MCL, WM, DLBCL, FL,
MZL) and 1 with Hairy cell lymphoma (HCL) were enrolled [67]. Sixty-four per-
cent (16/25) of patients had objective responses, including 1 CR and 6 SD. Drug-
related AEs and dose-limited toxicities (DLT) were not reported. These preliminary
phase 1 results suggest that BGB-3111 is safe and highly clinically active but clini-
cal efficacy remains to be further determined.

Molecular Mechanisms of BTK Inhibitors’ Resistance

Despite the promising clinical responses of BTK inhibitors especially ibrutinib in a
variety of B-cell lymphomas, cases of primary and secondary resistance were rec-
ognized [69]. Clinically, ibrutinib resistance presents in two forms: primary resis-
tance in which patients demonstrate lack of response at initial therapy due to disease
transformation (Richter transformation, an aggressively ibrutinib-resistant disease),
and secondary resistance which is characterized by an initial disease response but it
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is subsequently lost due to the cell’s ability to bypass the target via alternative
pathways or acquired mutations in the target or its pathway [15, 69, 70].
Understanding the molecular mechanisms (Fig. 6.2) underlying BTK inhibitors’
resistance is of paramount importance. The reported resistant mechanisms of BTK
inhibitors, especially ibrutinib resistance are summarized in Table 6.3.

% Mutation
Chemokine & integrin faaicariop oy
Mediated B Lymphoma-TME
Antigen interaction

Fig. 6.2 Mechanisms of resistance of BTK inhibitors in B-cell lymphomas. Primary resistance of
BTK inhibitors may be caused by sustained activation of other oncogenic pathways such as PI3K-
AKT/mTOR, MAPK/ERK independent of BTK. Acquired resistances include mutations in BTK,
PLCy2, CARDI1 and the activation of alternative NF-kB or PI3K/mTOR pathways. MYD88 and
CXCR4 mutations in WM patients trigger pro-survival NF-kB signaling, activate AKT and ERK and
promote resistance to ibrutinib. Chromosomal abnormality such as del(8p) and 2p+ has been docu-
mented in acquired ibrutinib resistance. Overexpression of CRM1/XPO1 is involved in nuclear export
of a number of tumor suppressor proteins such as p53 and BRCA1, which is associated with drug
resistance. Mutations in CCND1 stabilize cycline D1 and subsequently activate cyclin-dependent
kinase (CDK) 4 to phosphorylate and inactivate retinoblastoma (Rb) protein. This event leads to G1/S
cell cycle progression, cell proliferation and ibrutinib resistance. Last, TME-lymphoma interactions
activate integrin b1-integrin-linked kinase (ILK)/PI3K-AKT-mTOR to mediate ibrutinib resistance
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Table 6.3 Summary of the reported mechanisms of BTK inhibitors’ resistance
Report
BTK inhibitor | Diseases Resistance mechanism year Ref.
Ibrutinib CLL Mutations: BTKC481S, PLCy2 (R665W, 2014 [72]
L845F, S707Y)
Ibrutinib CLL Mutations: PLCy2 (S707F, M1141R, M1141K | 2016 [89]
and D993H)
Ibrutinib CLL Mutation: BTKT316A 2016 [76]
Ibrutinib CLL Mutations: EIF2A, RPS15, EP300, MLL2 2016 [89]
Ibrutinib CLL Del(8p) 2016 [89]
TRAIL receptor haploinsufficiency
Ibrutinib CLL 2p+ 2017 [166]
XPO1 overexpression
Ibrutinib Mouse Myc amplification 2017 [92]
Ep-myc B
cells
Ibrutinib MCL Activation of the alternative NF-kB pathway 2013 [100]
Ibrutinib MCL Mutations in TRAF2, BIRC3, Activation of 2014 [100]
alternative NK-kB pathway
Ibrutinib MCL Mutations in CARD11 2016 [87]
Ibrutinib MCL Mutations in primary resistance: A20, BIRC2, | 2016 [78]
epigenetic modifiers, EGFR family;
Mutations in acquired resistance: PLCy2,
CARD11, epigenetic modifiers, NF-kB and
PI3K/mTOR pathways
Ibrutinib MCL PI3K-AKT activation 2014 [102]
Ibrutinib MCL ERK1/2 and AKT activation 2014 [103]
Ibrutinib MCL Upregulating the c-Myc and mTOR signaling | 2017 [88]
pathways and metabolic pathways
Ibrutinib ABC- Mutations in PIM 1 2016 [80]
DLBCL
Ibrutinib and | ABC- NF-kB pathway activation 2017 [129]
ONO/GS-4059 | DLBCL
Ibrutinib DLBCL Upregulation of IAP, survivin, cIAP2, BCL2 2017 [105]
and BCL6, PI3Ka and PI3Kf;
Downregulation of PTEN
Ibrutinib WM CXCR4S338X mutation leads to activation of | 2015 [85]
both AKT and ERK
Ibrutinib WM Mutations: BTKC481S, CXCR4, CARDI11, 2017 [83]
PLCy2
Upregulation of Bcl-2 and AKT 2017 [106]

Mutational Resistance in BTK

The development of mutations within the drug target that alter drug sensitivity is an
important mechanism of acquired resistance to ibrutinib. Whole-exome sequencing
(WES), Sanger sequencing, and Ion Torrent deep sequencing of pre-treatment and
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relapse samples from six CLL patients confirmed a cysteine-to-serine mutation at
BTK position 481 (C481S) in five of the six patients [71, 72]. No patient at baseline
had evidence of mutations in either BTK on the basis of WES and Ion Torrent
sequencing. This finding was further confirmed by another study using peripheral
blood cells and cell free DNA samples from ibrutinib naive and treated CLL patients
with custom DNA or locked nucleic acid (LNA) oligos in a wild-type blocking
polymerase chain reaction, followed by Sanger sequencing and Next-generation
sequencing (NGS) methods [73]. Functional characterization demonstrated that
mutant BTK has significantly lowered affinity to ibrutinib than nonmutant BTK
[72]. When transfected to cells with mutant BTK, ibrutinib was significantly less
effective at blocking BTK auto-phosphorylation and downstream signaling than
nonmutant BTK [72]. The data from the mutational analyses, signal transduction
and gene expression profiling strongly suggest C481S mutation confers resistance
to ibrutinib leading to increased BCR signaling at patient’s relapse [74]. These func-
tional studies suggest that the C481S mutation in BTK confers resistance to ibruti-
nib by preventing irreversible drug binding [72, 75]. Another mutation in BTK that
is associated with ibrutinib resistance was identified at the center of the positively-
charged binding pocket in the SH2 domain with a threonine to alanine change at
BTKT316 site [76]. Unlike the C481, T474 and L.528 mutations in the kinase
domain to either directly attenuate or hinder ibrutinib binding, structure analysis
revealed that T316A does not directly interfere with ibrutinib binding. In vitro cel-
lular and molecular studies demonstrated that ibrutinib did not inhibit the cell pro-
liferation of the transfected lymphoma cells with BTKT316A mutation and the
degree of phosphorylation inhibition in p-BTK (Y223), p-PLCy2, p-AKT and
p-ERK following ibrutinib treatment was significantly less in C481S and T316A
mutant cells than in wild type cells [76]. This data firmly established that the
BTKT316A mutant is as capable as BTKC481S to confer ibrutinib resistance. The
resistant BTK mutations were not detectable at the baseline before ibrutinib expo-
sure [72, 75]. It might be limited by the sensitivity of the detection methods that
may not identify small numbers of BTK mutant CLL cells in the presence of large
numbers of nonmutant CLL cells. To investigate this possibility, Fam’a, R. et al.
used an allele-specific polymerase chain reaction (AS-PCR) which is highly sensi-
tive and can detect 1 mutant allele per 1000 wild-type alleles, to assess the occur-
rence of small subclones harboring the C481S codon mutations in ibrutinib-naive
CLL patient samples [77]. Among CLLs that have not been exposed to ibrutinib, the
BTK C481S variant was not detected, indicating the ibrutinib resistance in CLL is
not mutation driven resistance [77].

Mutational Resistance in Other Proteins than in BTK

Mutations in the prosurvival pathways to bypass BTK appear to be another common
mechanism of resistance. The samples from relapsed CLL patients were detected to
have gain-of-function mutations targeting PLCy2, a direct downstream target of
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BTK phosphorylation [72]. When transfected with PLCy2 with the L845F mutation,
or with the R665W mutation into human embryonic kidney (HEK) 293 T cells and
DT40 cells, which lack endogenous PLCy2 expression, upon activating BCR sig-
naling, phosphorylation of extracellular signal-regulated kinases (ERK) and AKT
was less inhibited by ibrutinib than nonmutant cells [72]. In the phase 3 MCL 3001
(RAY) trial, mutations were identified in NF-kB signaling pathways, both canonical
(e.g., A20) and noncanonical (e.g., BIRC2); in epigenetic modifiers; and in the epi-
dermal growth factor receptor (EGFR) family in primary resistance to ibrutinib
[78]. Mutations were found in PLCy2, CARDI11, epigenetic modifiers and alternate
NF-kB or PI3K/mTOR pathways in the MCL patients with acquired resistance after
a short treatment duration [78]. Serine/threonine kinase (PIM1) encodes a serine/
threonine kinase that is a critical regulator of tumorigenesis in a number of hemato-
logic malignancies [79]. Interestingly, in 48 DLBCL patient samples with available
genomic profiling, PIM1 mutations appeared more frequently in patients with ABC-
DLBCL than those with GCB-DLBCL [80]. PIM1 mutations were also identified in
patients with poor response to ibrutinib, indicating PIM1 mutations are associated
with intrinsic ibrutinib resistance in ABC-DLBCL. In vitro studies demonstrated
that introducing one of these mutations into an ABC-DLBCL cell line is sufficient
to induce ibrutinib resistance through stabilizing the protein and enhancing NF-xB
signaling [80]. The combination of pan-PIM inhibitors such as AZD-1208 with
ibrutinib results in greater efficacy than ibrutinib as a single agent and can circum-
vent resistance. Activating somatic mutations in MYD88 and CXCR4 are present in
90-95% and 30-40% of WM patients, respectively [81-83]. MYDS88 mutations
trigger pro-survival NF-kB signaling through BTK [84]. The WHIM-like CXCR4
(S338X) somatic mutation activates AKT and ERK and promotes resistance to ibru-
tinib [85]. In a multicenter study that administered ibrutinib to rituximab refractory
WM patients, patients with CXCR4 mutations showed delayed responses, and the 1
patient with WT MYDS88 showed no response to ibrutinib [86]. Xu et al. utilized
Sanger sequencing, highly sensitive AS-PCR assays and targeted NGS to identify
mutations associated with clinical progression in WM patients treated with ibrutinib
[83]. Their study revealed that 5.1% patients on ibrutinib without clinical progres-
sion had BTKC481S mutation. And BTKC481 mutations are associated with
mutated CXCR4 [83]. Akin as in CLL, BTKC481 mutations were not detected in
baseline samples or ibrutinib-naive WM patients. Additional mutations in ibrutinib
resistant WM samples were identified in CARD11 and PLCy2 [83]. CARDI1 is a
scaffold protein required for BCR induced NF-kB activation. Its mutation may
result in a constitutive activation of B-cell receptor (BCR)/NF-kB signaling and
render the mutant cells resistant or sensitive to some of the BCR/NF-kB inhibitors
[47]. CARDI11 mutations were observed in 5.5% of MCL samples [87]. When over-
expressed in vitro, CARD11 mutants conferred resistance to ibrutinib, providing
new insights for ibrutinib resistance in MCL and continuous activation of NF-kB
pathway.

In addition to acquisition of these mutations, other mechanisms of resistance,
such as upregulation of potentially druggable survival pathways [88], clonal evolu-
tion of genetic alterations [89, 90], presence of BCL-6 abnormalities [91], complex
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karyotype [91], TP53 abnormality [90, 91], MYC amplification [90-92] and base-
line del(17p) [90, 91], are associated with an increased risk of acquired resistance to
ibrutinib.

Chromosomal Abnormality

Deletions in chromosomes have been documented in acquired ibrutinib resistance
such as large deletions in the short arm of chromosome 8 [89]. Deletions of chromo-
some 8p were reported as a recurrent event in B-NHL and tumor necrosis factor
related apoptosis inducing ligand receptors (TRAIL-R) were identified as dosage-
dependent tumor suppressor genes in this region whose monoallelic deletion can
impair TRAIL-induced apoptosis in B-cell lymphoma [93]. In ibrutinib resistant
CLL patients, del(8p) was not present at baseline, but was detected at the time of
progression on ibrutinib, indicating ibrutinib therapy favors the selection and expan-
sion of CLL subclones carrying del(8p) [89]. The region of del(8p) was confirmed
to encompass TRAIL-R [89]. Treatment with TRAIL decreased cell viability in a
greater proportion of non-del(8p) CLL samples compared to the del(8p) CLL sam-
ples (16% vs. 5%), indicating monoallelic deletion of chromosome 8p was suffi-
cient to abrogate the positive or negative effects of TRAIL on cell viability in vitro.
The expected sensitivity to TRAIL in the pre-treatment samples and resistance in
the relapse samples further confirmed the role of del(8p) in protection from TRAIL-
induced apoptosis [89]. Some ibrutinib resistant CLL patients acquired additional
putative driver mutations in eukaryotic translation initiation factor 2A (EIF2A), 40S
ribosomal protein S15 (RPS15), the histone acetyltransferase EP300 (Y 1397F) and
the chromatin regulator MLL2 (the mixed lineage leukemia 2) without detectable
mutations in BTK and PLCy2 genes, which likely confer proliferative advantage
and bypass the BTK pathway [89].

The gain of the short arm of chromosome 2 (2p+) was reported as a frequent
chromosomal abnormality in CLL [94, 95]. Using single nucleotide polymorphisms
array and fluorescence in situ hybridization approaches, chromosome region main-
tenancel/Exportin-1 gene (CRM1/XPO1) was identified to be overexpressed in the
tested 2p + CLL samples [95]. CRM1/XPO1 is a ubiquitous nuclear export receptor
protein that regulates intracellular nuclear export of many substrates, including both
proteins and ribonucleic acid (RNA) [96]. CRM1/XPOl1 is often overexpressed in
cancer cells and its overexpression is involved in nuclear export of a number of
tumor suppressor proteins such as p5S3, BRCAI, retinoblastoma, forkhead box O
(FOXO0), cell cycle inhibitors (p21, p27) and other drug targets [96]. CRM1/XPO1
overexpression and its mediated export has been associated with poor prognosis and
resistance to therapy in various cancers [96]. Relapsed 2p+/CLL patients after treat-
ment showed a similar or increasing percentage of cells carrying a XPO1 gain com-
pared with the patients at the time of diagnosis, indicating the potential relevance of
XPO1 in CLL drug resistance [95]. In vitro ibrutinib induced significantly lower
programmed cell death in the 2p+/CLL cells compared with the 2p—/CLL control
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cells, indicating XPO1 overexpression associated with 2p + is associated with
ibrutinib resistance in the 2p+/CLL cells [95]. Further studies are needed to investi-
gate if the combination of selinexor, a selective inhibitor of XPO1 currently in Phase
1/2 clinical trials, with ibrutinib can enhance cell death in the 2p+/CLL cells.

Activaiton of Prosurvival Pathways

Canonical and Non-canonical NF-kB Signaling Pathways

NF-kB signaling is an integral important part of the BCR signaling pathway in B
cell lymphoma [97]. In canonical NF-kB pathway, NF-kB activation relies on induc-
ible degradation of inhibitor of kappa B (IkBs), leading to nuclear translocation of
various NF-kB complexes, predominantly the p5SO/RelA dimmer [98]. While, in a
non-canonical (alternative) NF-kB pathway, the RelB/p52 NF-kB complex activa-
tion uses a mechanism that relies on the inducible processing of p100 instead of
degradation of IxkBa [99]. The deregulated non-canonical NF-kB signaling has asso-
ciated with hematologic malignancies [99]. In a study of ibrutinib-resistance in
MCL, Rahal et al. revealed that the resistant MCL cell lines depended on the alterna-
tive NF-kB pathway rather than on the canonical pathway [100]. RNA sequencing
and single nucleotide polymorphism arrays showed recurrent mutations in TNF
receptor associated factor 2 (TRAF2) or baculoviral AP repeat containing 3
(BIRC3) in 15% of these individuals in ibrutinib-insensitive cell lines. The BIRC3
mutations were not only less efficient at destabilizing NIK (also known as NF-kappa-
B-inducing kinase, mitogen-activated protein 3 kinase 14 or MAP3K14) but also
markedly impaired in their ability to suppress p52 production [100]. And these MCL
cell lines with alternative NF-kB pathway alterations are dependent on the NIK
signaling both in vitro and in vivo, suggesting that NIK inhibition may offer a novel,
targeted therapeutic strategy for this ibrutinib-resistant population of patients [100].

PI3K-AKT/mTOR Pathway

PI3K-AKT/mTOR activation represents a crucial downstream event of BCR/pre-
BCR signaling [101]. The relapse-specific C481S mutation is often absent in
patients with primary resistance or progression following transient response to ibru-
tinib, suggesting alternative mechanisms of resistance in MCL [102]. Chiron et al.
found that primary ibrutinib resistance or transient response seems not to stem from
defective ibrutinib inhibition of BTKWT in MCL cells but rather may involve sus-
tained PI3K-AKT activation [102]. Ma et al. found that inhibition of ERK1/2 and
AKT, but not BTK phosphorylation, correlates well with the extent of cell death to
BTK inhibition in MCL cell lines as well as in primary tumors [103]. RNA-Seq and
gene set enrichment analysis (GSEA) revealed the marked upregulation of
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components of the c-Myc and mTOR signaling pathways in the ibrutinib-resistant
MCL patient samples, indicating that the activation of the pathways may mediate
ibrutinib resistance [104]. The role of PI3K-AKT pathway in ibrutinib resistance is
also reported in DLBCL and WM. DLBCL Ibrutinib resistance cell lines were gen-
erated by continuous culturing of parental DLBCL cell lines in increasing concen-
trations of ibrutinib [105]. In the resistant cells, besides the increased expression of
inhibitors of apoptosis (IAP) family members, survivin, cIAP2 (cellular inhibitor of
apoptosis protein 2) and oncogenic BCL2 and BCL6, the deoxyribonucleic acid
(DNA) damage repair pathway, and the checkpoint kinase 1 (CHK1), PI3K iso-
forms PI3Ka and PI3Kf were upregulated with decreased expression of PI3Kd and
phosphatase and tensin homolog (PTEN) which is a PI3K negative regulator. When
treating these resistant cells with the PI3KB/d isoform targeting Drug KA2237,
metabolic activity (survival) and surviving of these cells were reduced [105].
Although ibrutinib is highly effective in WM, no complete remissions in WM
patients treated with ibrutinib have been reported to date, indicating the WM cell’s
ability to maintain their survival under ibrutinib-induced stress [106]. Paulus et al.
developed ibrutinib resistant WM cell lines to identify the potential mechanisms of
ibrutinib resistance in WM cells [106]. These cells exhibited decreased survival
dependency on BTK-mediated signaling, but phospho-AKT level was increased in
ibrutinib resistant WM cells. When the resistance cells were treated with clinical-
grade allosteric pan-AKT inhibitor, MK2206, pAKT level was marked reduced and
apoptosis was enhanced as indicated by poly [ADP-ribose] polymerase 1 (PARP-1)
cleavage. Remarkably, when cells were treated concurrently with ibrutinib and
MK2206, pBTK and pAKT levels were significantly reduced with more robust
cleavage of PARP-1 and resistant tumor cell viability was synergistically reduced.
This data demonstrated that drug combination strategies encompassing BTK + AKT/
PI3K inhibition may potentially overcome ibrutinib resistance in WM [106].

B-Cell Lymphoma-2 (BCL-2) Family Members Mediated
Resistance

BCL-2 was initially discovered as a part of the t(14;18) chromosomal translocation
in patients with NHLs [107]. The dysregulation of BCL-2 leads to high levels of
Bcl-2 protein in B-cells, which alters the balance between pro-apoptotic and anti-
apoptotic members of the Bcl-2 family [108]. The resulting inhibition of apoptosis
is thought to lead to chemoresistance [108]. Recent studies show that Bcl-2 is
involved in ibrutinib resistance. CLL patient samples treated ex vivo with ibrutinib
or acalabrutinib and the primary samples from CLL patients on clinical trials of
both drugs show enhanced mitochondrial Bcl-2 dependence without significantly
altering overall mitochondrial priming [109]. The Bcl-2 family regulators profiles
restored to pre-treatment levels in the samples of CLL patients that developed ibru-
tinib resistance [110]. Treatment of DLBCL cells with ibrutinib increased Bcl-2
expression and combination treatment with Bcl-2 inhibitors and ibrutinib
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completely inhibited tumor growth in murine models of ABC-DLBCL [111]. In
ibrutinib resistant WM cell lines, apoptosis regulators Bcl-2 and Mcl-1 expression
were increased [106]. With Bcl-2 inhibitor, venetoclax compromised mitochondrial
function in ibrutinib-resistant WM cells by increasing mitochondrial outer mem-
brane permeability (MOMP) with induction of apoptosis [106]. These data demon-
strated that drug combination strategies encompassing BTK + Bcl-2 inhibition can
potentially overcome ibrutinib resistance.

Cell Cycle Deregulation

Cell cycle regulator Cycline D1, encoded by CCNDI, binds and activates cyclin-
dependent kinase (CDK) 4 to phosphorylate and inactivate retinoblastoma (Rb) pro-
tein [112]. This event leads to G1/S cell cycle progression and cell proliferation [112].

High-throughput sequencing has consistently revealed CCND1 was frequently
mutated in MCL [113]. Recently, Mohanty et al. found some recurrent mutations
located in the N-terminus of CCND1, which interfere with T286 phosphorylation
and lead deregulated CCNDI turnover and increased protein levels [114]. More
importantly, these mutated CCND1-expressing MCL cells were more resistant to
ibrutinib [114]. In another study, it was found that tissue-specific proliferation of
ibrutinib resistant MCL cells was driven by the activation CDK4 [102]. Cyclin-
dependent kinase 4 specific inhibitor palbociclib prolonged early G1 arrest and sen-
sitized resistant MCL cells to ibrutinib killing, suggesting a strategy to override
acquired ibrutinib resistance [102].

Tumor Microenvironment Mediated Resistance

Tumor microenvironment (TME) is known as a critical regulator of immune escape,
progression, metastasis of cancer, and tumor resistance to various therapies [115].
The complex cell-signaling relationship between MCL cells, TME and ibrutinib
resistance, is currently under investigation but it is less studied in other types of
B-cell lymphoma [116]. Zhao et al. recently revealed how the TME contributes to
the development of acquired ibrutinib resistance in MCL [117]. They found that
co-culture of MCL cells with lymph node stromal cells or bone marrow stromal
cells significantly increased pBTK, pERK and pAKT in MCL cell lines and primary
MCL cells. Ibrutinib resistant MCL cells had a marked increase in adhesion to stro-
mal cells and enhanced clonogenic growth in the presence of ibrutinib. Combining
kinomics, longitudinal drug screening with ex vivo, in vivo TME, and patient-
derived xenograft models, Zhao et al. identified a major kinase network involving
PIBK-AKT-mTOR/integrin bl-integrin-linked kinase (ILK) as a central hub for
TME-lymphoma interactions mediating ibrutinib resistance [117]. When PI3K
inhibitor dactolisib or mTOR inhibitor AZD8055 was combined with ibrutinib, cell
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survival, bl expression, cell adhesion and clonogenic growth were substantially
inhibited in all ibrutinib resistant MCL lines and in patient samples of acquired
ibrutinib resistant MCL. AZD8055 in combination with ibrutinib induced remark-
able inhibition of ibrutinib resistant MCL, reduction of pAKT, pS6K1, p4EBP and
bl expression levels and reduced cell adhesion to stromal cells in these xenograft
tumor cells [117]. Their finding suggested that combined disruption of BCR signal-
ing and central pathways resulting from kinome reprogramming is critical for over-
coming ibrutinib resistance in MCL.

Novel Approaches to Overcome BTK Inhibitors Resistance

Overcome Ibrutinib C481 Mutation Resistance with Non-
Covalent Inhibitors of BTK

Based on the improved understanding of ibrutinib resistance, several strategies have
been utilized to overcome BTK inhibitor especially ibrutinib resistance. The second-
generation BTK inhibitors such as acalabrutinib are covalent, target-specific and
have shown improved clinical responses. However, these covalent inhibitors often
lose potency against BTK C481 mutations. One strategy to treat C481-mutant based
ibrutinib resistance is to develop small molecule BTK inhibitors that do not depend
upon binding to the C481 site for inhibition of BTK. Non-covalent inhibitors GDC-
0853, SNS-062 (Vecabrutinib®), and GNE-431 have been evaluated in preclinical
and clinical studies with potency against C481 mutant BTK [118-120]. GDC-0853
is a novel non-covalent, reversible, selective, orally bioavailable, and ATP-
competitive inhibitor of BTK that effectively blocks BCR signaling in the treatment
of B-cell malignancies including CLL [118]. In vitro studies showed that GDC-
0853 reduced the activations of BTK, PLCy2, AKT, and ERK. Unlike ibrutinib,
GDC-0853 inhibited signaling of both WT and C481S mutated BTK in transfected
HEK?293T cell lines and preserved NK cell mediated ADCC with clinical anti-
CD20 antibodies [121]. In a phase 1 trial, unlike ibrutinib, GDC-0853 was able to
inhibit BTK C481S mutants in CLL and NHL patients, demonstrated by reductions
in C-C motif chemokine Ligand 3 (CCL3), which is one of the biomarkers to assess
systemic inhibition of BTK in B-cell lymphoma [118]. SNS-062 is another non-
covalent inhibitor of BTK unaffected by the C481S mutation. Fabian et al. found
that SNS-062 and ibrutinib demonstrated comparable activity in inhibiting BTK,
decreasing the expression of B cell activation markers, and reducing CLL cell via-
bility in in BTK wild type CLL cells [119]. More importantly, SNS-062 was not
affected by BTK C481S mutation but the activities of ibrutinib and acalabrutinib
were hindered. SNS-062 also showed 6 times more potent than ibrutinib and more
than 640 times more potent than acalabrutinib against C481S BTK [119]. Finally,
the investigators found that SNS-062 diminished stromal cell protection in CLL
cells, suggesting the drug can reduce the protection from the TME to CLL [119].
Their findings support clinical investigation of SNS-062 in patients with acquired
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resistance to covalent BTK inhibitors. A phase 1b study is currently recruiting B
lymphoid cancers (NCT03037645). Non-covalent inhibitor GNE-431 also showed
excellent potency against the C481S, C481R, T4741, and T474 M mutants with
nanomolar potency in-vitro, in cells, and in whole blood [120]. These non-covalent
inhibitors may provide a potentially effective treatment option to ibrutinib resistant
patients, but further studies are needed to demonstrate their clinical response.

Utilize Alternate Kinase Inhibitors to Overcome Ibrutinib
Resistance

Researchers have proposed and investigated several other salvage approaches to
overcome BTK inhibitors’ resistance, which include using alternate kinase inhibi-
tors. Based on an in vitro CLL proliferation model, Cheng et al. demonstrated that
the ibrutinib resistant CLL cells were sensitive to the inhibition of dasatinib (block-
ing multiple tyrosine kinases including LYN and BTK), and SYK inhibitors
(Cerdulatinib (PRT062070) and PRT060318) and idelalisib (PI3K®d inhibitor) [74].
In a recent study, the finding of the increased incidence of PI3Ka in DLBCL sheds
light on the molecular basis of the intrinsic resistance of DLBCL to PI3K$ inhibi-
tion observed in the clinic [122]. Copanlisib is a predominant PI3Ko/d dual inhibi-
tor [122]. Itled to significantly reduced cell viability in-vitro in both ibrutinib-sensitive
and -resistant ABC-DLBCL cell lines by suppression of p-AKT and blocking
nuclear factor-kB activation driven by CD79mut, CARD1 1mut, TNFAIP3mut, or
MYD88mut [122]. Copanlisib also demonstrated potent in vivo anti-tumor effect in
ibrutinib-resistant CARD11mutand/or MYD88mut DLBCL mice models [122].
Dasatinib was identified as the most DLBCL-specific agent in a drug screen com-
posed of 2160 FDA-approved drugs and other targeted drugs. Notably, dasatinib
overcomes Ibrutinib-resistance caused by BTK C481S mutation through FYN sup-
pression [123]. These results are consistent with the previous report.

Combine BTK Inhibitors with Other Oncogenic Inhibitors

The second strategy is to utilize drug combination that targets multiple components
or multiple oncogenic pathways (Table 6.4). Most of the reported combination stud-
ies are in preclinical evaluation with promising results. For example, addition of
ONO/GS-4059 + entospletinib (SYK inhibitor) or idelalisib, had an additive effect
on induction of apoptosis in primary CLL cells. The addition of ABT-199 to ento-
spletinib, ONO/GS-4059, or idelalisib showed additive to synergistic effects on
induction of apoptosis in primary CLL cells, and increased the maximal level of
apoptosis [124]. The safety and tolerability of the combination was evaluated in a
Phase 1b clinical trial [125]. ONO/GS-4059 at up to 160 mg in combination with
entospletinib up to 400 mg daily was safe and well tolerated [125]. The combination
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Table 6.4 Summary of combination therapies with BTK inhibitors
Combination | Role of the Study
BTK inhibitor | reagents combination reagent | Diseases stage Year | Ref.
ONO/ Idelalisib or PI3KS3 inhibitor, CLL Preclinical | 2015 |[124]
GS-4059 Entospletinib | SYK inhibitor,
or ABT-199 Bcl-2 inhibitor
Acalabrutinib | ACP-319 PI3KS3 inhibition CLL Preclinical | 2017 |[126]
ONO/ Idelalisib PI3KS$ inhibition ABC- Preclinical | 2017 |[129]
GS-4059 DLBCL
ONO/ Entospletinib | SYK inhibitor CLL Preclinical | 2015 | [124]
GS-4059
ONO/ Entospletinib | SYK inhibitor CLL; Phase 1b | 2017 |[125]
GS-4059 Non-GCB clinical
DLBCL; FL;
‘WM, MCL;
SLL; MZL
Ibrutinib AZD2014 mTOR1/2 inhibitor | ABC- Preclinical | 2014 | [128]
DLBCL
PLS-123 Everolimus mTOR inhibitor MCL Preclinical | 2018 | [167]
Ibrutinib Ulixertinib ERK1/2 inhibitor MYD88 Preclinical | 2016 |[132]
mutated WM
ABC
DLBCL
Ibrutinib Pimasertib MEK1/2 inhibitor DLBCL Preclinical | 2016 | [168]
MCL
PLS-123 N/A BTK/PLC-y2 dual | B cell Preclinical | 2015 | [133]
inhibitor lymphoma
QLX138 N/A BTK/MNK dual B cell Preclinical | 2016 | [134]
inhibitor lymphoma
MDVNI1003 | N/A BTK/PI3Kd dual B cell Preclinical | 2017 | [135]
inhibitor lymphoma
Pyrimidine N/A BTK/JAK dual B cell Preclinical | 2018 | [136]
derivatives inhibitor lymphoma
compounds
Ibrutinib Venetoclax Bcl-2 inhibitor MCL, Preclinical | 2015, | [138,
(ABT-199) ABC- 2017 | 140]
DLBCL, FL
Ibrutinib Venetoclax Bcl-2 inhibitor MCL Phase 2 2018 |[139]
clinical
Acalabrutinib | Venetoclax Bcl-2 inhibitor CLL Preclinical | 2018 | [169]
ONO/ Venetoclax Bcl-2 inhibitor CLL Preclinical | 2015 | [124]
GS-4059 (ABT-199)
Ibrutinib Rituximab Anti-CD20 antibody | High risk Phase 2 2014 | [141]
CLL clinical
Ibrutinib Rituximab Anti-CD20 antibody | R/R MCL Phase 2 2016 |[142]
clinical
Ibrutinib Rituximab Anti-CD20 antibody | Naive FL Phase 2 2016 |[143]
clinical

(continued)
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Table 6.4 (continued)
Combination | Role of the Study
BTK inhibitor | reagents combination reagent | Diseases stage Year | Ref.
Acalabrutinib | Rituximab Anti-CD20 antibody | R/R FL Phase 1/2 | 2015 |[144]
clinical
Ibrutinib R-CHOP Rituximab + Naive Phase 1b | 2014 | [145]
cyclophosphamide, | B-NHL clinical
doxorubicin,
vincristine, and
prednisone
Ibrutinib Bendamustine | a nitrogen mustard | Naive or R/R | Phase 1/1b | 2015 | [146]
+ rituximab drug + anti-CD20 NHL clinical
antibody
Ibrutinib Bendamustine | a nitrogen mustard | R/R CLL Phase 3 2016 |[147]
+ rituximab drug + anti-CD20 clinical
antibody
ONO/ Obinutuzumab | Anti-CD20 antibody | ABC- Preclinical | 2017 | [149]
GS-4059 DLBCL
Ibrutinib CTLO19 Anti-CD19 CART |MCL Preclinical | 2016 |[152]
Ibrutinib CD19/ Bispecific antibody | CLL Preclinical | 2018 | [155]
CD3-scFv-Fc
Ibrutinib ACY 1215 HDACG6 inhibitor MCL Preclinical | 2012 | [156]
Ibrutinib Panobinostat HDAC inhibitor ABC- Preclinical | 2017 |[157]
DLBCL
Ibrutinib Palbociclib CDK4 inhibitor MCL Preclinical | 2014 | [102]
Ibrutinib PF-00477736 | Chkl inhibitor MCL Preclinical | 2018 | [158]
Ibrutinib Bortezomib Proteasome inhibitor | Bortezomib- | Preclinical | 2013 | [160]
sensitive
or — resistant
DLBCL
MCL
Ibrutinib Carfilzomib Proteasome inhibitor  MCL Preclinical | 2014 | [161]
Ibrutinib VS-6063 Focal adhesion MCL Preclinical | 2018 | [164]
kinase inhibitor

of acalabrutinib with the PI3K-delta inhibitor ACP-319 significantly reduced CLL
tumor proliferation and tumor burden in the peripheral blood and spleen with reduced
NF-kB signaling and enhanced expression of BCL-xL and MCL-1 than single-agent
therapy [126]. Vistusertib (AZD2014) is an ATP-competitive mTOR inhibitor, which
can block the activity of both the mTORCI1 (rapamycin-sensitive) and mTORC2
(rapamycin- insensitive) complexes and is highly selective against PI3K superfamily
kinases [127]. The combination of ibrutinib and AZD2014 was shown to strongly
induce apoptosis in ABC-DLBCL by regulation of 4EBP1 and cap-dependent trans-
lation (CDT) as well as Janus kinase (JAK) 3 / signal transducer and activator of
transcription (STAT) 3, NF-kB, STAT3, and mTOR pathways [128]. The combina-
tion treatment of another mTOR inhibitor everolimus and the second-generation
BTK inhibitor PLS-123 significantly induced cell apoptosis, blocked cell cycle
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progression and synergistically downregulates activation of BCR, AKT/mTOR,
JAK2/STAT3 and MAPK signaling in MCL cell lines in vitro and effectively inhib-
ited MCL tumor growth in vivo in severe combined immunodeficiency SCID mice.
These combinations promise to be attractive therapeutic approaches in patients.
However, further investigations are needed on ibrutinib resistant tumor cells.

The combinations of BTK inhibitors with PI3K inhibitors, MEK1/2 inhibitor,
ERK1/2 inhibitor, or PIM1 inhibitor have been investigated in BTK inhibitor resis-
tant B lymphoma cells with promising results. The combination of ONO/GS-4059
and idelalisib was investigated in ibrutinib resistant DLBCL cells. The acquired
ibrutinib resistant DLBCL cells, which had loss of A20 and BTK C481F mutation,
were insensitive to both idelalisib and ONO/GS-4059 as single agents but were
significantly inhibited with the combination of both agents [129]. The decrease in
p-IxBa by the combination suggested that inhibition of MAPK and NF-«xB pathways
might be the mechanism that leads to the decreased cell viability seen with combi-
nation treatment in this resistant cell line [129]. A clinical trial is currently underway
to evaluate the combination of idelalisib and ONO/GS-4059 (NCT02457598) [129].
Activation of the ERK pathway is a very frequent observation in mature B-cell lym-
phoid tumors [130] and is implicated in the resistance to ibrutinib [85]. Pimasertib
is a highly selective and ATP non-competitive MEK1/2 inhibitor and currently being
tested in clinical phase 1/2 trials [131]. The combination of pimasertib and ibrutinib
induced apoptosis with an increase of cleaved poly ADP ribose polymerase (PARP)
and is active in ABC-DLBCL xenografts. MYD88 mutated WM and ABC DLBCL
cells with BTK C481S mutation showed persistent activation of PLCy2-ERK1/2
signaling [132]. Ulixertinib (BVD-523, VRT752271) is a highly selective ERK1/2
inhibitor that is currently under clinical investigation. The combination of ulixer-
tinib with ibrutinib produced higher levels of tumor cell killing than either agent
alone, and significantly reduced interleukin 6 (IL-6) and interleukin 10 (IL-10)
secretions which are associated with prosurvival signaling pathways [132]. The
findings provide rationale for the investigation of ERK1/2 inhibitors in ibrutinib
resistant MYDS88 driven WM and ABC-DLBCL disease mediated by BTK muta-
tions. As described in the early section, PIM1 inhibitor AZD-1208 may be a good
choice to combine with ibrutinib to suppress ibrutinib resistance in ABC-DLBCL
cells with mutations in PIM1 through NF-kB pathway [80].

Dual inhibitors have emerged as an attractive strategy by inhibiting the cata-
lytic activity of BTK and other kinases such as PLC- y2 kinase, Mitogen-Activated
Protein Kinase interacting kinase (MNK kinase), PI3K9 kinase and JAK3. PLS-
123 displayed impressive potency against BTK Tyr551 and PLC-y2 Tyrl1217
phosphorylation [133]. It significantly reduced the phosphorylation of the BCR
downstream signal pathways such as AKT/mTOR and MAPK [133]. Gene
expression profile analysis further suggested that the different selectivity profile
of PLS-123 led to significant downregulation of oncogenic gene tyrosine-protein
phosphatase non-receptor type 11 (PTPN11) expression [133]. In addition, PLS-
123 mediated TME to attenuate lymphoma cell adhesion and migration [133].
MNK kinase is one of the key downstream regulators in the RAF/MEK/ERK
signaling pathway and controls protein synthesis via regulating the activity of
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eukaryotic translation initiation factor 4E (eIF4E) [134]. Through a structure-
based drug design approach, a potent BTK/MNK dual kinase inhibitor (QLX138)
was discovered with covalent binding to BTK and non-covalent binding to MNK
ability [134]. QLX138 enhanced the antiproliferative and apoptosis efficacies in-
vitro against a variety of B-cell lymphoma cells, which respond moderately to
BTK inhibitor in-vitro [134]. MDVN1003 is a first-in-class dual inhibitor of BTK
and PI3KSd kinases [135]. MDVN1003 induced cell death of a B-cell lymphoma
cell line and it reduced tumor growth in a B-cell lymphoma xenograft model more
effectively than either ibrutinib or idelalisib [135]. JAK3 plays an important role
in survival of B cells by regulating the activity of STAT3 (the antiapoptotic tran-
scription factors signal transducer and activator of transcription 3), STATS and
the antiapoptotic PI3K-AKT pathway and its downstream targets [136].

Using diphenylpyrimidine derivatives (DPPYs) as scaffolds, Ge et al. synthe-
sized a new class of DPPY derivatives bearing a variety of the flexible C-2 aniline
side chains [136]. Some of the pyrimidine derivatives showed high inhibitory
potency of BTK and JAK3. Flow cytometric analysis, and a xenograft model for
in vivo evaluation indicated the efficacy and low toxicity of 2 derivatives in the treat-
ment of B-cell lymphoma [136]. These primary studies indicate that simultaneous
inhibition of BTK and other kinases’ activity might be a new therapeutic strategy
for B-cell lymphoma and may overcome BTK inhibitor resistance.

Combine BTK Inhibitors With BCL-2 Inhibitors

The BH3-only mimetic Venetoclax® (ABT-199) selectively inactivates BCL-2 and
is a promising drug for treatment of BCL2-dependent cancers [137]. The preclinical
study shows that the combination of ibrutinib and Venetoclax® displayed strongly
synergistic effects in MCL cell lines and primary cells from recurrent MCL patients,
mechanistically, by perturbation of p-BTK and p-AKT mediated survival signals
and of BCL2 family proteins [138]. A single-group, phase 2 study of the combina-
tion was conducted in R/R MCL patients compared with historical controls [139].
The CR rate at week 16 was 42%, which was higher than the historical result of 9%
at this time point with ibrutinib monotherapy (p < .001) [139]. Seventy-eight per-
cent of the patients with a response were estimated to have an ongoing response at
15 months [139]. The estimated rates of PFS were 75% at 12 months and 57% at
18 months [139]. Minimal residual disease (MRD) clearance was confirmed by flow
cytometry and allele-specific oligonucleotide polymerase chain reaction (ASO-
PCR), 67% and 38% respectively [139]. The side effects were generally low grade
[139]. Additionally, the combination of ibrutinib and venetoclax also synergistically
suppressed cell growth in ibrutinib-resistant ABC-DLBCL and FL cells that overex-
pressed BCL-2 in a preclinical study [140].
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Combine BTK Inhibitors With Immunotherapies (Anti-CD20
Antibodies, Anti-CD19 CAR T Cells, CD19/CD3 Bispecific
Antibody)

The activity and safety of adding ibrutinib or acalabrutinib to rituximab based thera-
pies (alone, with rituximab-cyclophosphamide, doxorubicin, vincristine, and pred-
nisone (R-CHOP), or with bendamustine) have been evaluated in early phase trials
in patients with high-risk CLL, R/R MCL, naive FL, R/R FL or R/R B-NHL [141-
147] (Table 6.4). The encouraging results merit further investigation of the combi-
nations in phase 3 trials in BTK resistant patients. ABC-DLBCL often has low
response rate to BTK inhibitors ibrutinib or ONO/GS-4059 [66, 148]. The combina-
tion of ibrutinib combined with rituximab did not result in improved efficacy com-
pared with respective monotherapy [149]. To overcome BTK inhibitor’s resistance
in ABC-DLBCL, the combination of ONO/GS-4059 with obinutuzumab (glycoen-
gineered Type I CD20 antibody) or rituximab was evaluated for ABC-DLBCL in a
preclinical study [149]. The combination was significantly better than the respective
monotherapy with tumor growth inhibition of 90% for the obinutuzumab combina-
tion and 86% for the rituximab combination [149]. This result indicates that the
combination of the second-generation inhibitor with rituximab and particularly
obinutuzumab may be an effective treatment for resistant B-cell lymphoma.

Besides the combination with the antibody-based therapy, chimeric antigen
receptor engineered T cells may be another good choice for the combination.
Infusion of anti-CD19 CAR* autologous T-cells (CART19, CTLO019) into patients
with B-cell lymphomas such as CLL and DLBCL leads to dramatic clinical
responses [150, 151]. Taking the advantage of the vastly different mechanisms of
action of CTLO19 and ibrutinib, in a preclinical study, the combination of ibrutinib
with CTLO19 augmented the antitumor effect compared to single agent and leaded
to prolonged remissions in MCL xenografts [152]. Strikingly, a recent study found
that anti-CD19 modified CAR-T cells induced 71% ORR in CLL patients after
ibrutinib failure [153]. Since ibrutinib has been shown to improve T-cell function in
CLL [154], a novel CD19/CD3-scFv-Fc bispecific antibody was developed to work
as an adjunct with ibrutinib to target ibrutinib-resistant disease [155]. CD19/CD3-
scFv-Fc was shown to have the ability to eliminate ibrutinib resistant CLL cells in
vitro and in vivo [155].

Combine BTK Inhibitors with Inhibitors Targeting Other
Cellular Processes

The inhibitors involved in histone deacetylation, cell cycle regulation, protein deg-
radation, cell stress and TME also show promising anti-tumor effects when com-
bined with ibrutinib for resistant lymphoma diseases (Table 6.4). Treatment with
ibrutinib plus ACY1215, a selective histone deacetylase 6 (HDACGO) inhibitor,
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resulted in a three-fold increase in apoptosis induction in MCL tumor cell lines,
pointing to a synergistic effect of BTK and HDACG inhibition in MCL [156].
Panobinostat, a non-selective histone deacetylase inhibitor, inhibited MyD88-driven
NF-xB activation, and enhanced ibrutinib efficacy in MyD88 mutant ABC-DLBCL
[157]. The unrestrained proliferation of relapsed lymphoma cells after ibrutinib
treatment suggests that simultaneous targeting of cell cycle regulators may override
some mechanisms of resistance [102, 158]. Cyclin-dependent kinase 4 (CDK4) spe-
cific inhibitor palbociclib has been shown to prolong early G1 arrest and sensitized
resistant MCL cells to ibrutinib killing [102]. Checkpoint kinase 1 (Chk1) inhibitor
PF-00477736 also showed a synergistic anti-tumor effect with ibrutinib in-vitro in
MCL cell lines that are sensitive or resistant to ibrutinib [158]. The ubiquitin-
proteasome system degrades a variety of intracellular proteins, and plays an impor-
tant role in maintenance of the balance between pro and anti-apoptotic proteins, and
signal transduction regulation [159]. Synergistic interactions between ibrutinib and
proteasome inhibitor bortezomib (the first approved therapeutic proteasome inhibi-
tor) or carfilzomib (a selective proteasome inhibitor of the 20S proteasome) have
been observed in a variety of DLBCL and MCL cells [160, 161]. However, further
evaluations are needed for ibrutinib resistant cells. Additionally, heat shock proteins
as molecular chaperones are exploited by tumor cells to buffer malignancy-
associated cellular stress and facilitate the maturation, activation, and stabilization
of many oncoproteins [162]. It was reported that heat shock protein 90 (HSP90)
inhibitor AUY922 overcame nonclassical NF-xB signaling and BTK C481S in
MCL. Focal adhesion kinase (FAK) functions downstream of integrins and mediate
signals from the extracellular matrix to tumor cells to enhance tumor cell prolifera-
tion, survival and migration in response to stromal interaction [163]. A recent study
shows the role of FAK in bone marrow stroma-mediated enhancement of MCL
proliferation and survival and the combined treatment of ibrutinib and defactinib
(VS-6063), a FAK inhibitor in ibrutinib resistant MCL cells, was highly synergistic,
and overcame the resistance by abrogation of the NF-«xB signaling pathway [164].

Conclusion

The BCR signaling pathway plays a crucial role in the development of B-cell lym-
phomas, providing a rationale to therapeutically target this pathway (Fig. 6.1).
Several inhibitors targeting the members of this pathway have been developed and
evaluated. Among these agents, BTK inhibitor ibrutinib with impressive clinical
response and tolerability was the first to receive FDA approval for the treatment of
patients with relapsed MCL and CLL. Ibrutinib has also shown promising activity
in WM, FL and ABC-type DLBCL (Table 6.1). Ibrutinib has less kinase targeting
specificity. It binds to BTK but also several other kinases. To improve the therapeu-
tic effect, second-generation BTK inhibitors with more selective kinase activity pro-
files are developed and evaluated in early clinical trials (Table 6.2). With the
promising clinical response and safer profile, acalabrutinib was granted Breakthrough
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Therapy Designation by the FDA for patients with MCL who have received at least
one prior therapy. Since many B-cell lymphoma depends on BCR signaling, the
potential utility of BTK inhibitors will be tremendous. However, some patients
show PRs or no response to BTK inhibitors at initial treatment and others developed
disease progression and drug resistance during ibrutinib treatment. A better under-
standing of the resistant mechanism will allow accurate molecular classification of
patients and assist in designing or choosing targeted therapies unique to that resis-
tant mechanism. Advances in molecular genomics such as RNA-seq and whole
genome sequencing have been instrumental in uncovering the ibrutinib resistant
mechanisms. These mechanisms include mutational resistance in BTK and in other
proteins, chromosomal abnormality, activation of prosurvival pathways, BCL-2
family members mediated resistance, and tumor microenvironment mediated resis-
tance and potential other mechanims that are beyond our discussion in this review
(Fig. 6.2 and Table 6.3). The resistant mechanisms of the second-generation BTK
inhibitors are less studied and further investigation is needed to compare with ibru-
tinib resistance. Non-covalent inhibitors of BTK have been developed to bypass
C481 mutation in ibrutinib. Extensive preclinical studies of utilization of the inhibi-
tors of alternate kinases other than BTK in the BCR pathway, and the combination
therapies of BTK inhibitors with other oncogenic inhibitors, or with inhibitors
involved in histone deacetylation, cell cycle regulation, protein degradation, cell
stress and TME are encouraging to move on to clinical trials to overcome ibrutinib
resistance. Furthermore, the combinations of BTK inhibitors with the novel agents
of immunotherapies such as anti-CD20 antibodies, anti-CD19 CAR T cells, CD19/
CD3 bispecific antibodies hold great promise for eradicating resistance and achiev-
ing better clinical outcomes in patients with B-cell lymphoma.
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