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Bruton tyrosine kinase inhibitors (BTKi) have signifi-
cantly changed the treatment landscape for patients
with B-cell malignancies, including chronic lymphocytic
leukemia, Waldenstrom macroglobulinemia, mantle cell
lymphoma, and marginal zone lymphoma. Unfortu-
nately, patients with BTKi-resistant disease have short-
ened survival. Clinical and molecular risk factors, such
as number of prior therapies and presence of TP53
mutations, can be used to predict patients at the high-
est risk of developing BTKi resistance. Many mecha-
nisms of BTKi resistance have been reported with

mutations in BTK and phospholipase C y2 supported
with the most data. The introduction of venetoclax has
lengthened the survival of patients with BTKi-resistant
disease. Ongoing clinical trials with promising treat-
ment modalities, such as next-generation BTKi and chi-
meric antigen receptor T-cell therapy, have reported
promising efficacy in patients with BTKi-resistant dis-
ease. Continued research focusing on resistance mech-
anisms and methods of how to circumvent resistance is
needed to further prolong the survival of patients with
BTKi-resistant B-cell malignancies.

Introduction

Bruton tyrosine kinase inhibitors (BTKi's), such as ibrutinib, aca-
labrutinib, and zanubrutinib, have changed the standard of care
for patients with B-cell lymphoid malignancies. BTKi's provide
an oral, targeted, efficacious, and tolerable option for patients
with chronic lymphocytic leukemia (CLL), Waldenstrom macro-
globulinemia (WM), mantle cell lymphoma (MCL), and marginal
zone lymphoma (MZL) where IV, nontargeted, and toxic chemo-
therapies predominated for years. BTK is a crucial component of
the B-cell receptor (BCR ) signaling pathway (Figure 1) and also
activates integrin and toll-like receptor (TLR) signaling.”? In con-
trast to other key components of the BCR signaling pathway,
such as spleen tyrosine kinase or phosphoinositide 3-kinase
(PI3K), BTK knockout mouse models and human disease have a
viable phenotype, making it a relevant kinase target to disrupt
BCR signaling.*® When the BCR pathway is stimulated, it
promotes B-cell survival, growth, differentiation, and prolifera-
tion.®"® The BCR signaling pathway is activated via either auton-
omous signaling or antigen stimulation by the microenvironment
in patients with B-cell malignancies and is key to the survival of
the malignant cells."™"* Therefore, disruption of BCR signaling
via BTK blockade is a rational and attractive therapeutic oppor-
tunity. In addition, BTK is also involved in TLR9 signaling and
integrin signaling and chemokine-mediated migration and adhe-
sion.”?' These functions offer more advantages for targeting
BTK in lymphoid and other hematopoietic malignancies where
BTK is expressed.
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lbrutinib, an oral covalent BTKi, was the first generation of its class
to be approved by the Food and Drug Administration (FDA) for
marketing in the treatment of B-cell malignancies, including CLL,
MCL, MZL, and WM. lbrutinib prolongs progression-free (PFS)
and/or overall survival (OS) when compared with chemotherapy,
anti-CD20 monoclonal antibodies, or chemoimmunotherapy, for
patients with B-cell malignancies in multiple phase 3 clinical tri-
als.”®® Subsequently, ibrutinib has been quickly incorporated
into the standard of care. Ibrutinib also has activity in diffuse large
B-cell lymphoma (DLBCL) and other B-cell malignancies.21 Acalab-
rutinib and zanubrutinib are oral, covalent, second-generation
BTKi's that more selectively inhibit BTK with minimization of off-
target activity. Acalabrutinib improved PFS when compared with
chemoimmunotherapy in phase 3 studies and subsequently was
approved for marketing by the FDA for patients with CLL and
patients with MCL.?%?* Zanubrutinib was approved for marketing
in patients with MCL after demonstration of substantial efficacy
and tolerability in phase 2 study.?* Zanubrutinib was compared
head to head with ibrutinib in a randomized phase 3 study in the
treatment of patients with WM.?®> Response rates were similar, but
the incidence and severity of most BTKi-associated toxicity, most
notably atrial fibrillation, were less in zanubrutinib-treated
patients.”> The irreversible activity of both first- and second-
generation BTKi's depends on a covalent bond to cysteine in the
481 moiety on the kinase domain of BTK (C481; Figure 2).2628
Once bound to BTK, these irreversible inhibitors prevent signaling
until new protein is synthesized by the tumor cell.26
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Despite the substantial efficacy of BTKi’s in multiple B-cell malig-
nancies, the Achilles heel of this drug class is either primary or
acquired resistance. Primary and acquired BTKi resistance has
been studied most extensively in patients with CLL receiving
ibrutinib, and most of this review focuses predominately on this
group. For patients with CLL, primary resistance to ibrutinib ther-
apy is extremely rare and often suggests an alternative diagnosis
than CLL or a transformation of CLL into a more aggressive lym-
phoma (Richter transformation). Acquired ibrutinib resistance has
been reported in 11% to 38% of patients with CLL described in
large series.*>32 Acquired ibrutinib resistance can manifest both
as progressive CLL (typically a later event, after 2 years on ther-
apy) or as transformation to more aggressive entity (including
DLBCL, Hodgkin lymphoma, or prolymphocytic leukemia; typi-
cally an early event, within the first 2 years).*® Acquired resis-
tance to acalabrutinib and zanubrutinib has been reported in
12% to 15%, although has not been well studied, and the clini-
cal trials have shorter follow-up periods than that of ibrutinib
studies.?®>2 Initial subsets of patients who developed resistance
had a short expected OS (<18 months in patients with progres-
sive CLL and <4 months in patients with Richter transforma-
tion).® Introduction of new therapies such as venetoclax has
extended the expected OS for this group, although docu-
mented median PFS in these patients is still short (~22 months),
as discussed in detail later in this paper.>* Because of the poor
clinical outcomes of this population, investigation into the mech-
anism of resistance and alternative treatment strategies to cir-
cumvent resistance is crucial to prolong the survival of these
patients.

BTKi resistance in patients with CLL
Clinical presentation

A 67-year-old man with CLL previously treated with fludarabine,
cyclophosphamide, and rituximab and receiving ibrutinib for the
last 3 years presents to clinic. Review of the patient’'s blood
counts over the last year shows a slow, but steady increase in
the absolute lymphocyte count. Clinical examination reveals a
marginal increase in lymphadenopathy. He feels well. This case
represents a classical presentation of a patient with CLL devel-
oping resistance to ibrutinib therapy. It is essential that a treat-
ment plan be established for this patient and implemented prior
to discontinuing ibrutinib to avoid rapid onset tumor flare, which
in some cases can clinically and pathologically mimic Richter’s
transformation.

Resistance to ibrutinib monotherapy in patients with CLL is most
often acquired and has been associated with high-risk genomic
features, such as complex karyotype, TP53 mutation,
del(17)(p13.1), and those who are heavily pretreated. In multivar-
iable analysis of pretreatment characteristics of patients with CLL
with ibrutinib resistance, the hazard ratios for CLL progression
for patients with complex karyotype and del(17)(p13.1) were
2.81 (95% confidence interval [Cl], 1.34-5.88; P = .006) and 2.14
(95% Cl, 1.15-3.96; P = .016), respectively.?® Follow-up of
relapsed/refractory patients with CLL receiving single-agent ibru-
tinib on the phase 3 RESONATE study demonstrated that
patients with both del(17)(p13.1) and TP53 mutation had shorter
PFS than those who had either mutation individually (P =
.038).%7 Long-term (up to 8 years) follow-up of treatment-naive
and previously treated patients with CLL who received single-
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agent ibrutinib on the pivotal phase 1/2 study again demon-
strated the detrimental effect of these high-risk features on
survival.*? Median PFS for patients with del(17)(p13.1) or com-
plex karyotype was only 26 months (95% Cl, 18-37) or 31
months (95% CI, 20-40), respectively.32 For patients who
received single-agent ibrutinib as frontline vs relapsed CLL ther-
apy, median PFS was not reached (95% Cl not evaluable [NE] to
NE) compared with 52 months (?5% Cl, 38-70). In addition, for
patients with CLL who received ibrutinib after 1 to 2, 3, or =4
prior lines of therapy, median PFS was 66 months (95% CI, 37
to NE), 59 months (95% Cl, 22 to NE), and 39 months (95% Cl,
26-51), respectively.?? In a phase 2 study, 34 previously
untreated patients with CLL harboring TP53 alterations were
treated with single-agent ibrutinib.®® The median time to dis-
ease progression was 53 months, which was shorter than what
was seen in all treatment-naive patients treated on the pivotal
phase 1/2 study.3?3#

In patients with CLL, the presence of complex karyotype, TP53
mutation, del(17)(p13.1), and muiltiple prior lines of therapy is
closely associated with the other.***' This may explain why
complex karyotype is not always consistently associated with lim-
ited survival in ibrutinib-treated patients with CLL."®%" In addi-
tion, although there are limited data, treatment-naive patients
with CLL with del(17)(p13.1) appear to have reasonably good
outcomes when compared with previously treated patients with
CLL with del(17)(p13.1) when treated with ibrutinib
monotherapy. '8

To help predict which patients with CLL are at highest risk for
short PFS and OS during ibrutinib therapy, 1 group developed a
4-factor prognostic model.*? A dataset containing 720 patients
with CLL treated with ibrutinib monotherapy on clinical trials was
evaluated with stepwise univariable and multivariable analysis. A
machine-learning program consistently identified 4 risk factors
associated with survival: TP53 mutation, prior CLL therapy, -2
microglobulin =5 mg/L, and lactate dehydrogenase >250 U/L.
Each risk factor contributed 1 point to the prognostic model.
High-, intermediate-, and low-risk groups were defined as 3 to
4, 2, and 0 to 1, respectively. The 3-year rates of PFS (47%,
74%, and 87%) and OS (63%, 83%, and 93%) were significantly
different for the high-, intermediate-, and the low-risk groups,
respectively (P < .0001 ).42

As assays for determining karyotype and TP53 mutation sta-
tus are not always available at all centers, another group
sought to establish a prognostic model based on widely
available pretreatment factors.** This group used a model-
building dataset of 969 patients with relapsed/refractory CLL
who were treated on phase 3 studies comparing ibrutinib
with chemoimmunotherapy. Risk factors were evaluated by
univariable and multivariable analysis. The results identified 4
risk factors associated with survival: B-2 microglobulin =5
mg/dL, lactate dehydrogenase > upper limit of normal,
hemoglobin <110 g/L for women or <120 g/L for men, and
time from initiation of last therapy <24 months. High-, inter-
mediate-, and low-risk groups were defined as 4, 2 to 3, and
0 to 1, respectively. When the model was applied to an exter-
nal validation set, the 2-year rates of OS (44%, 64%, and
88%) were significantly different for the high-, intermediate-,
and the low-risk groups, respectively (P < .0001).*3 Of note,
this model was developed on patients treated with both
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ibrutinib and chemoimmunotherapy. Therefore, it may under-
estimate the outcomes of patients treated with ibrutinib.

Despite our knowledge of risk factors associated with ibrutinib
resistance, the mechanism of leading to resistance is not clearly
known in patients with each of these risk factors. A mechanistic
link that may explain some of the increased risk for ibrutinib
resistance in this group is that TP53-mutated CLL cells demon-
strate a downregulation of BCR-related genes and an upregula-
tion of prosurvival and antiapototic genes compared with
T53-wild-type CLL cells.** This finding suggests that the survival
of TP53-mutated CLL cells is less dependent on the BCR path-
way, which may result in patients with TP53-mutated CLL being
more prone to ibrutinib resistance. Multiple additional specific
mechanisms of BTKi’s have been described. Herein, we discuss
select mechanisms of BTKi resistance (Table 1; Figures 1 and 2).

Mutations of BTK

The most common BTKi resistance mechanism described in
patients with CLL is mutation of the active kinase domain on the
BTK enzyme (C481; Figure 2). RNA sequencing revealed a thy-
midine to adenine mutation at nucleotide 1634.%> This mutation
induces a cysteine to serine missense mutation at the 481 resi-
due (C4815).*> Woyach et al originally performed whole exome
sequencing (WES) on 6 patients with CLL with ibrutinib resis-
tance and found the C481S mutation in 5 of these patients.*®
This mutation was not present in the pretreatment samples.
However, computational models suggest that these mutations
may exist pretreatment at very low levels and are selected for
during therapy, indicating clonal evolution of disease during
treatment.”’*® The consequence of the C481S mutation was
disruption of the covalent binding of ibrutinib to BTK, making
this a reversible bond, which decreased the potency of the drug

by 25-fold.* Subsequently, additional mutations in C481 have
been associated with ibrutinib resistance, including substitution
of cysteine with alanine (C481A), arginine (C481R), phenylalanine
(C481F), tyrosine (C481Y), and others.3® These mutations have
similar consequences and make the BTK-ibrutinib bond revers-
ible and unstable. In a larger group of 40 ibrutinib-resistant
patients with CLL with WES data available, 38 (95%) patients
had a mutation of C481 either alone or in combination with
other mutations.*® Notably, in patients with CLL with the C481S
mutation with serial WES data available, expansion of a CLL
C481S mutant clone was detected in 100% (8/8) of patients
prior to clinical relapse.®® Similarly, in 16 patients with CLL who
developed resistance to acalabrutinib, WES revealed that 11
(69%) patients had a mutation in Cc481.3

C481S mutations have also been detected in ~50% patients
with WM who have acquired resistance to ibrutinib therapy.*’
C481S mutations have also been documented in ibrutinib-
resistant patients with MCL and MZL.***' However, unlike in
patients with CLL and WM, these mutations are relatively
infrequent.

Less commonly, mutations in the threonine 474 moiety
(T474) of the BTK kinase domain have been reported in
patients resistant to ibrutinib or acalabrutinib.®3*¢ Mutations
to T474 are termed "gatekeeper mutations” because they
interfere with ibrutinib or acalabrutinib binding at any loca-
tion on BTK.>?

Another rare BTK mutation that has been described is a muta-
tion in the threonine 316 moiety, T316A (alanine).>>** In cell
lines, this mutation resulted in equal attenuation of ibrutinib’s
effects as seen in a BTK C481S cell line. This mutation is unique,
as it is not located in the active kinase domain, but rather in the

Table 1. Select known mechanisms of BTK inhibitor resistance

Gene or chromosome region affected

Mechanism of BTK inhibitor resistance

B-cell malignancies affected

BTK Turns covalent bond into noncovalent CLL, WM, MCL, MZL

PLCy2 Constitutive activation of BCR signaling CLL, MCL, MZL
pathway

Del(8p) Downregulation of TRAIL-induced apoptosis CLL, WM

CARD11 BTK-independent activation of BCR signaling CLL, DLBCL, FL, MCL, WM
pathway

TRAF2, TRAF3, BIRC3, MAP3K14 Constitutive activation of alternative NF-«xB MCL

pathway leading to cell survival
independent of BCR signaling

ARID2, SMARCA2, SMARCA4
limiting cell death

Increased BCL-XL, an antiapoptotic protein, MCL

MYD88, KLHL14 Promotes assembly of multiprotein complex DLBCL
that constitutively activates NF-«kB pathway
leading to cell survival independent of
BCR signaling

TNFAIP3 Inactivation of negative regulator of NF-kB, DLBCL

which constitutively activates NF-kB
pathway leading to cell survival
independent of BCR signaling

Del(8p), deletion of chromosome 8p; FL, follicular lymphoma; XPO1, exportin-1; 2p+, gain of chromosome 2p.
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Figure 1. Overview of the BCR pathway with highlighted mechanisms of BTKi resistance. *Location of known BTKi resistance mutation. | Protein is upregulated as
a mechanism of BTKi resistance. | Protein is upregulated as a mechanism of BTKi resistance. BCL10, B-cell leukemia/lymphoma 10; BLNK, B-cell linker protein; CDK,
cyclin dependent kinase; ERK 1/2, extracellular signal-regulated kinase 1/2; MALT1, mucosa-associated lymphoid tissue lymphoma translocation protein 1; PKC, protein

kinase C; RB1, retinoblastoma 1; SMARCA, SWI/SNF related, matrix-associated
kinase; XPO1, exportin-1.

Src-homology 2 (SH2) domain. Therefore, it is not expected to
cause BTKi resistance by preventing the drug from binding to
BTK. The normal function of the SH2 domain is interaction with
phosphotyrosine-containing peptide substrates. B-cell linker pro-
tein normally binds to BTK at the SH2 domain, leading to down-
stream activation of phospholipase C vy 2 (PLCy2; Figures 1 and
2). A mutation at T316 might be expected to limit the B-cell
linker protein-BTK interaction and prevent activation of PLCy2.
However, downstream PLCy2 activity remained intact in the
T316A-mutated cell model.>*** It was hypothesized that this

, actin-dependent regulator of chromatin, subfamily a, member; SYK, spleen tyrosine

mutation could possibly cause a change in the protein structure
that prevents BTKi binding at the kinase domain, but further
research is needed to define the exact mechanism of this
mutation.

Mutations of PLCv2

The next most common BTKi resistance mechanism described
in patients with CLL is the mutation of PLCy2. Multiple muta-
tions have been described, including mutations of arginine to

C481
Binding residue for Ibrutinib,
Acalabrutinib, Zanubrutinib
Known resistance mutations:
C481S, C481A, C481R,
C481F, C481Y, Others

Amino acid residue number 1 138 215 280 377 659
PH TH SH3 SH2 — Kinase
T316 T474 E475 & Y476
Binding residue for B- Gatekeeper residue Binding residue for
cell-like linker protein  for C481 binding Site ARQ-531
Known resistance Known resistance Known resistance
mutations: mutations: mutations:
T316A T4741, TA74M, Others none

Figure 2. Schematic representation of the functional domains of BTK. Kinase: this domain is responsible for activation of the BTK protein. This region hosts the
binding sites for BTK inhibitors as depicted in this graphic.®? PH, pleckstrin homology domain. This domain binds to phosphatidylinositol lipids which aids recruitment
of proteins to the cellular membrane; SH, SRC homology domains. SH2 and SH3 are involved in protein-protein interactions and bind to phosphorylated tyrosines and
proline regions, respectively. TH, TEC homology domain. This domain contains a proline rich region and is involved in protein-protein interactions.
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tryptophan at the 665 residue (R665W), leucine to phenylalanine
at the 845 residue (L845F), serine to tyrosine at the 707 residue
(S707Y), and others.*® These gain-of-function mutations result in
prolonged BCR signaling when activated.** In a group of 40
ibrutinib-resistant patients with CLL with WES data available, 7
(17%) patients had a mutation of PLCy2 either alone or in com-
bination with other PLCy2 or BTK mutations.* PLCy2 mutations
have also been described in acalabrutinib-resistant patients with
CLL and rarely in ibrutinib-resistant patients with MCL and
MZL 335051

Deletion of chromosome 8p [del(8p)]

Deletion of the short arm of chromosome 8 (del(8p)) has been
associated with ibrutinib resistance.>® Del(8p) resulted in the
insufficiency of TRAIL-R protein via downregulation of TRAIL-R1
and TRAIL-R2 genes. When TRAIL-R joins with TRAIL, apoptosis
is induced.®® Therefore, CLL cells harboring del(8p) were insensi-
tive to TRAIL-induced apoptosis, allowing for continuous cell
growth. This insensitivity was hypothesized to be a source of
ibrutinib resistance in patients with CLL.>® Del(8p) has also been
associated with ibrutinib resistance in patients with WM.’

Mutations in CARD11

CARD11 is part of the CARD11-BCL10-MALT1 complex that
activates downstream NF-kB. Mutations in CARD11 allow for
BTK-independent activation of NF-kB. Mutations in CARD11
have been documented in ibrutinib-resistant patients with CLL,
DLBCL, follicular lymphoma, MCL, and WM, 21:49.58-60

BTKi resistance mutations in patients
with WM

As noted previously, BTKi resistance in patients with WM has
some common features with BTKi resistance in patients with
CLL. BTK C481S mutations are detected in ~50% patients with
WM who have acquired resistance to ibrutinib therapy.*’ Inter-
estingly, BTKi resistance is clearly apparent, although the allele
frequency of BTK C481S mutations is quite low.*” Therefore, 1
group hypothesized that there may be a mechanism by which
the BTK C481S mutant cells may be able to confer resistance to
the BTK C481 wild-type malignant cells.’’ They found that in
patients with WM, the BTK C481S mutation restored BCR signal-
ing via extracellular signal-regulated kinase 1/2.°" This signaling
is accompanied by the release of prosurvival and inflammatory
cytokines, including interleukin-6 (IL-6) and IL-10.%" This cytokine
release rescues WM cells from ibrutinib-induced cell death, sup-
porting a paracrine mechanism of BTKi resistance in patients
with WM with a BTK C481S mutation.®” Of note, this paracrine
mechanism of resistance has not been well studied in patients
with CLL, although similarly low-allele frequencies of the BTK
C481S clearly lead to resistance in this disease as well.34%? The
reactivation of extracellular signal-regulated kinase 1/2 has been
reported in a patient with CLL after development of a BTK
C481S mutation.®®> Chemokines may also be involved in BTKi
resistance. For example, the chemokines CCL3 and CCL4
(inflammatory chemokines secreted in response to BCR activa-
tion) were reported to decrease in patients with CLL responding
to ibrutinib and then increased at the time of development of
ibrutinib resistance, indicating reactivation of BCR signaling in
the ibrutinib-resistant cells.*® In contrast to what was seen in
patients with CLL, decreases in CCL4 (but not CCL3) were

BTKi RESISTANCE IN LYMPHOID MALIGNANCIES

reported in patients with WM responding to ibrutinib, but these
changes were not as prominent as the changes seen in IL-6 and
IL-10.°%* These data indicate that paracrine resistance mecha-
nisms may differ by disease subtype.

In >90% of patients with WM, mutations in myeloid differentia-
tion primary response gene 88 (MYD88) are present.®> MYD88
mutation leads to constitutive activation of BTK and the BCR sig-
naling pathway through nuclear factor k-light-chain—enhancer of
activated B cells (NF-kB). Approximately one-third of patients
with WM also have a mutation in CXCR4, which regulates che-
motaxis of lymphocytes. BTK C481S mutations were associated
with  CXCR4 mutations in patients with ibrutinib-resistant
WM 49:65

As seen in patients with CLL, del(8p) and mutations in CARD11
have been documented in ibrutinib-resistant patients with
WM.49'57

BTKi resistance mutations in patients
with MCL

Ibrutinib resistance in patients with MCL is complex, and primary
resistance to therapy is more commonly demonstrated. Muta-
tions that activate downstream kinases in the BCR signaling
pathway have been implicated as 1 cause of primary ibrutinib
resistance in patients with MCL. Overactivation of PI3K or pro-
tein kinase B (or ATK) can enhance cell survival via the BCR
pathway independently of BTK and is associated with ibrutinib
resistance.’>%® |n addition to mutations, the tumor microenviron-
ment likely has complex interplay with development of resis-
tance. Supporting this, activation of integrin B1-integrin—linked
kinase in the tumor microenvironment has been linked to over-
activation of the PI3K kinase pathway, leading to both primary
and acquired BTKi resistance.®’

Mutations that enhance cell survival are another key factor in the
development of ibrutinib resistance in patients with MCL. Signal-
ing via NF-kB is a crucial component of the BCR signaling path-
way located downstream of BTK, which promotes cell survival.
This mechanism of activation is referred to as the classical NF-xB
pathway. There is an alternate pathway for NF-kB signaling, which
stimulates cell survival without the need for BTK activation. MCL
cell lines utilizing the alternative pathway of NF-kB signaling are
primarily resistant to ibrutinib therapy. Key components and neg-
ative regulators of the alternative NF-kB pathway include tumor
necrosis factor receptor-associated factor-2 (TRAF2), TRAF3, and
baculoviral inhibitor of apoptosis proteins repeat-containing 3
(BIRC3). These proteins are negative regulators of the altemative
NF-kB pathway, and loss of their function stimulates cell survival.
These proteins also serve as negative regulators of mitogen-
activated protein kinase kinase kinase 14 (MAP3K14), the central
activating kinase of the alternative NF-xB pathway.®® Loss of
TRAF2, TRAF3, or BIRC3 function results in constitutive activation
of MAP3K14 and subsequent cell survival via the altemative
NF-xB pathway.69 As such, mutations in TRAF2, TRAF3, BIRC3,
and MAP3K14 have been described in patients with MCL with
primary ibrutinib resistance.®®

Another mechanism of primary BTKi resistance in patients with
MCL treated with a combination of ibrutinib and venetoclax is
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mutations that prohibit cancer cell death. The switch/sucrose
nonfermentable (SWI/SNF) complex acts as a tumor suppressor
in MCL and other malignancies. This complex remodels chroma-
tin and packages DNA. The complex is composed of many sub-
units, including but not limited to, AT-rich interactive domain 2
(ARID2); SMARCA2; and SMARCAA4. Mutations of these complex
subunits are associated with increased B-cell lymphoma-
extralarge (BCL-XL, an antiapoptotic protein), which inhibits cell
death.”® Recurrent mutations of ARID2, SMARCA2, and
SMARCA4 have been associated with primary ibrutinib resis-
tance in patients with MCL.”®

As described in prior sections, acquired resistance to ibrutinib is
poorly characterized in patients with MCL, but has been associ-
ated with BTK, PLCy2, or CARD11 mutations.®%¢? As ibrutinib
resistance is complex with multiple etiologies, continued
research is necessary to unravel all mechanisms of ibrutinib resis-
tance in patients with MCL.

BTKi resistance mutations in patients
with DLBCL

DLBCL is a heterogeneous lymphoma with distinctive subtypes.
Here, ibrutinib resistance is complex and most commonly
primary. One major subtype of DLBCL, termed “activated
B-cell-like (ABC),” defines a group that has acquired mutations
in the BCR pathway to enhance lymphoma survival via chronic
activation of this pathway.”" Thus, it was hypothesized that this
subgroup would have enriched response to ibrutinib compared
with other DLBCL subtypes. A phase 2 study using ibrutinib to
treat DLBCL confirmed that ABC patients with DLBCL had bet-
ter responses than other DLBCL subtypes. However, responses
were modest with an overall response rate of only 37%, indicat-
ing a high prevalence of primary resistance to therapy.?’
Ibrutinib-responsive DLBCL cell lines often have mutations in
both MYD88 and CD79B, a subunit of the BCR.2" Evidence to
explain this observation may be related to the discovery of a
multiprotein supercomplex formed in these cells.”? This super-
complex includes MYD88, the BCR, and TLR9. The supercom-
plex colocalizes with mammalian target of rapamycin on
endolysosomes and drives survival signals through both NF-kB
and mammalian target of rapamycin signaling.”® Blockade of
the BCR signaling pathway with ibrutinib successfully inhibits
tumor growth in these cells. One mechanism of primary ibrutinib
resistance occurs in the presence of an inactivating mutation of
KLHL14, a negative regulator of the BCR signaling pathway.”®
Loss of KLHL14 promotes the assembly of the supercomplex,
which leads to overactivation of the NF-kB pathway, and subse-
quently, survival of the malignant cell. DLBCL cells with loss of
KLHL14 are primarily resistant to ibrutinib.”® Another DLBCL
group that demonstrates primary resistance to ibrutinib is
patients who have MYD88 mutations and wild-type CD79B.?’
These cells do not form the supercomplex, and it is thought that
these tumors are able to activate the NF-«kB survival pathway
independently of the BCR pathways.?’ Mutations of tumor
necrosis factor-a—induced protein 3 (TNFAIP3), a negative regu-
lator of the NF-kB pathway, also promote primary ibrutinib resis-
tance.?’ Inactivation of TNFAIP3 leads to overactivation of the
NF-kB pathway and enhances survival of the lymphoma cell.
None of the patients with TNFAIP3 mutation responded to ibru-
tinib therapy in the phase 2 study.?’ Finally, as mentioned
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previously, mutations in CARD11 or BCL10 in the CBM complex
leading to activation of NF-kB have also been documented in
patients with DLBCL with primary ibrutinib resistance.”’”* In
summary, multiple known mutations focus on enhancement of
cell survival via activation of the NF-kB pathway and lead to pri-
mary resistance in patients with DLBCL.

Clinical case: CLL therapy after BTKi
resistance is detected

The patient’s blood was sequenced for common ibrutinib muta-
tions with an institutional next-generation sequencing panel,
which revealed a BTK C481S and a PLCy2 L845F mutation. As
the patient was feeling clinically well, he continued ibrutinib
therapy with careful clinical observation. After 6 months, he
developed symptomatic  splenomegaly and progressive
cytopenias.

As mentioned previously, the survival of patients with CLL after
developing BTKi resistance is quite short. It is hoped that novel
therapeutic agents and continued research in this area will pro-
long the survival of this patient population (Table 2).

Venetoclax

Venetoclax is an oral inhibitor of the antiapoptotic protein BCL2.
This drug is currently approved for marketing by the FDA for all
patients with CLL to be used as monotherapy or in combination
with an anti-CD20 monoclonal antibody. In a prospective phase
2 study (n = 127), single-agent venetoclax was administered to
patients with CLL who had previously been treated with BTKi.**
Of these patients, 21 had samples that underwent screening for
mutations in BTK, and PLCy2 and mutations were found in 17
patients. Of the 17 patients with known BTK and PLCy2, 12
mutations (71%) had a response to venetoclax therapy (one was
a complete response). Median PFS of patients with known BTK
and PLCy2 mutations was 21.9 months (95% Cl, 4.4 to NR).3* In
a large retrospective study (n = 683), patients with CLL who
received targeted kinase inhibitors were reviewed. In patients
who initially received a BCR inhibitor (most commonly ibrutinib
or idelalisib), 74% had a response to venetoclax-based therapy,
and median PFS was not reached.”® Unfortunately, resistance
mutation status was unknown in these patients. These data sup-
port the use of venetoclax following detection of BTKi
resistance.

PI3K inhibitors (PI3Ki's)

Idelalisib and duvelisib are oral PI3Ki that are currently approved
for marketing by the FDA in patients with relapsed CLL. PI3Ki
showed some evidence of efficacy in CLL cell lines with the BTK
C481S mutation.”® Of note, in a CLL cell line that harbors a
PLCy2 mutation at R665W, neither idelalisib or duvelisib could
block the activation of the BCR signaling pathway.”” In the previ-
ously mentioned large retrospective study, patients with CLL
who received idelalisib therapy following ibrutinib therapy had
an overall response rate of 47% with a short median PFS of 9
months.”> Several prospective studies have attempted to show
efficacy of PI3Ki in BTKi-resistant patients, but there are minimal
available published data to support the use of PI3Ki's in this
setting.”®
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Table 2. Therapies for patients with CLL with available data on patients with BTKi resistance mutations

No. of ORR in

No. of median
PFS in patients

No. of patients patients with with BTKi
with documented BTKi resistance resistance

BTKi resistance mutations mutations Clinical trial
Treatment Study description mutations (%) (95% CI) reference
Venetoclax Prospective phase 2 17 12 (71) 21.9 (4.4-NR) 34
Duvelisib Prospective phase 1 3 0 (0) NA 79
ARQ-531 Prospective phase 1 9* 8 (89) NA 80
LOXO-305 Prospective phase 1 24t 17 (70) NA .81

NA, not available; NR, not reached; ORR, overall response rate.

*No. of patients with BTKi-resistant mutations that were treated at the recommended dose of 65 mg daily.

TTwenty-four patients on study had a BTK C481S mutation, and 4 additional patients had a PLC2 mutation, but response data were not available for this population.

Third-generation reversible BTKi's

At the time of manuscript preparation, third-generation
BTKi, such as ARQ-531 and LOXO-305, are only available via
participation in clinical trials. These BTKi's are distinguished
from the currently available BTKi’s, as they bind in a nonco-
valent and reversible manner at the adenosine triphosphate
binding region of BTK, which negates the need for C481
binding for activity.””®° Early phase 1 data show that when
oral ARQ-531 was administered at its target dose of 65 mg
daily, responses were seen in 8 of 9 patients with CLL with
known BTK C481S mutations.”? Early phase 1 data show that
when oral LOXO-305 was administered to relapsed patients
with CLL, responses were seen in 17 of 24 patients with CLL
with known BTK mutations.®? The durability of response with
these agents is uncertain. Nonetheless, these data make the
third-generation BTKi's an interesting class of drugs for fur-
ther study in this setting.

Cellular therapies

Limited data support allogeneic hematopoietic stem cell trans-
plantation (HSCT) in patients with CLL who have received prior
BTKi therapy. In a small retrospective study, 65 patients with
CLL who underwent allogeneic HSCT who had previously

received ibrutinib, venetoclax, or idelalisib were reviewed.®'
Details about presence of resistance mutations were not avail-
able, but 82% of these patients had previously received ibrutinib
and 26% had received both ibrutinib and venetoclax therapy
prior to allogeneic HSCT. In this study, the 2-year PFS and OS
were 63% and 81%, respectively.!’ The 2-year nonrelapse mor-
tality was 13%, indicating patients should be carefully selected
for this therapy. Accordingly, allogeneic HSCT could be consid-
ered for young and healthy patients who have progressed on
both BTKi and venetoclax therapy.®?

CART is a novel therapy where the patient's own T cells are
extracted and a multidomain (chimeric), engineered molecule is
inserted into the T cells prior to infusing the cells back into the
patient. Early clinical trial data support the efficacy in patients
with heavily pretreated CLL. In a phase 1/2 study using a
defined (1:1) composition of CD4 and CD8 anti-CD19 directed
CART, 24 patients with CLL previously treated with ibrutinib (19
with progression on ibrutinib) were evaluated.®® In 19 patients
that underwent response assessment, the ORR was 74% with
21% in complete remission. After a short median follow-up of
6.6 months, the median PFS was 9.8 months and not reached in
patients who achieved complete response and partial response,
respectively. Nine of the 19 patients with prior progression on

Yes Enroll on clinical

trial
Eligible for clinical
trial?
Venetoclax
No refractory?

No  Initiate venetoclax-

based therapy Evaluate and

prepare for
AlloHSCT or CART

Yes

Candidate for
AlloHSCT or clinical
Yes  trial with CART?
Idelalisib or

No Duvelisib

Figure 3. Suggested management for patient with CLL who develop resistance to currently approved BTKi. AlloHSCT, allogeneic hematopoietic stem cell trans-

plantation; CART, chimeric antigen receptor T cell.
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ibrutinib had known resistance mutations (BTK = 7 and PLCy2
= 2); however, clinical outcomes were not reported separately
for this subgroup.®? In an attempt to improve the CART efficacy
and reduce the toxicity of cytokine release, the same group
combined the anti-CD19-directed CART with ibrutinib in 19
ibrutinib-resistant patients with CLL.®* The ORR was 83%. In
18 evaluable patients, the 1-year PFS and OS rates were
38% (95% Cl, 19-78) and 64% (95% Cl, 42-98), respectively.
Most patients did not have testing for resistance muta-
tions.®* In a phase 1 study using lisocabtagene maraleucel, a
similar defined composition CD4:CD8 anti-CD19 directed
CART, a subgroup of 11 patients who had previously pro-
gressed on both ibrutinib and venetoclax therapy.®®
Response was seen in 8 of 10 evaluable patients. The
median PFS for the 11 patients in this group was 13 months
(95% Cl, 2.8-not reached). For the 8 patients who
responded, median duration of response was 17 months
(95% CI, 1.9 to NR). Resistance mutation status was not
reported.®> In a phase 1 study using tisagenlecleucel,
another anti-CD19-directed CART, 8 of 14 heavily pre-
treated patients responded to therapy with 4 achieving com-
plete remission. Only 1 patient had received prior ibrutinib,
and no mutation status was noted.®® Another phase 1 study
using axicabtagene ciloleucel, a third anti-CD19-directed
CART, 7 of 8 patients with CLL had response. The median
event-free survival for these patients was 40.5 months. The
percentage of treatments leading to a duration of response
>3 years was 50% (95% Cl, 16% to 84%).%” Data regarding
prior therapy and resistance mutation status were not
reported. A related immunotherapy termed chimeric antigen
receptor natural killer (CAR-NK) cell therapy uses a similar
process of retroviral vector insertion of an anti-CD19 CAR
into donor NK cells before infusion into the patient.®® Early
data from a phase 1/2 study demonstrated the anti-CD19
CAR-NK induced a complete response in 3 of the 5 heavily
treated (all with prior ibrutinib) patients with CLL. One of
these patients that did not achieve a CLL response also had
Richter transformation and achieved complete response of
the Richter transformation. Follow-up of this study was a
short 13.8 months, and no details of BTK resistance muta-
tions were available.®® In this initial study, most patients also
received alternative therapies after attaining response to the
CAR-NK' cell therapy, making evaluation of durability of
remission problematic. A follow-up clinical trial will be
required to assure the benefit of this therapy in the absence
of follow-up treatments.

Clinical case: management algorithm
for BTKi resistance

The patient was switched to venetoclax therapy. He had an initial
response to therapy, which lasted ~18 months and then had
symptomatic relapse. He was referred for a clinical trial with CART.

Figure 3 shows an algorithm with our recommended man-
agement of a patient with CLL with BTKi resistance. In gen-
eral, once clinical BTKi resistance is detected, the patient
should be enrolled on a clinical trial, if eligible. If the patient
is not yet venetoclax refractory, the combination of veneto-
clax and rituximab should be considered. If the patient is
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refractory to both the currently approved BTKi's and veneto-
clax, the patient should be considered for allogeneic HSCT
or a clinical trial with CART therapy. If the patient is not a
candidate for HSCT or CART therapy, idelalisib or duvelisib
should be considered.

Summary

Although BTKi’s have significantly changed the treatment
landscape for patients with B-cell malignancies, BTKi resis-
tance remains a clinical problem. A major consequence of
BTKi resistance is shortened survival. BTKi resistance has
been associated with several genetic and clinical risk fac-
tors, which have been incorporated into predictive models
for clinical use.*?**% Mutations in BTK and PLCy2 are the
most common and most robustly researched mechanism
leading to BTKi resistance. Many other potential mecha-
nisms have been described, and ongoing research will clar-
ify the relevance of these mechanisms. The introduction of
venetoclax has improved the survival for patients with
BTKi-resistant disease. Ongoing clinical trials of third-
generation noncovalent BTKi’s and cellular therapies, such
as CART, provide much hope for these patients. In sum-
mary, continued additional research is needed to further
prolong the survival of patients with BTKi-resistant B-cell
malignancies.
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