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Abstract

Inhibitors of Bruton’s tyrosine kinase (BTK), a major kinase in the B-cell receptor (BCR) signaling pathway, mediating B-cell
proliferation and apoptosis, have substantially altered the management, clinical course, and outcome of patients with B-cell
malignancies. This is especially true for patients with previously limited treatment options due to disease characteristics or
coexisting diseases. Ibrutinib was the first orally available, nonselective and irreversible inhibitor of BTK approved for the
treatment of patients with various B-cell malignancies. Newer and more selective BTK inhibitors are currently in clinical
development, including acalabrutinib, which is currently US FDA approved for previously treated mantle cell lymphoma.
Significant efforts are underway to investigate the optimal combinations, timing, and sequencing of BTK inhibitors with
other regimens and targeted agents, and to capitalize on the immunomodulatory modes of action of BTK inhibitors to cor-
rect tumor-induced immune defects and to achieve long-lasting tumor control. This review describes the major milestones in
the clinical development of BTK inhibitors in chronic lymphocytic leukemia and other B-cell malignancies, highlights the
most recent long-term follow-up results, and evaluates the role of BTK inhibitors and their combination with other agents
in B-cell malignancies and other indications.

Bruton’s tyrosine kinase (BTK) inhibitors are an effec-
tive treatment strategy and have been paradigm shifting
for a number of B-cell malignancies.

Specific side effects with ibrutinib, including arrhyth-
mias and bleeding, have been challenging in clinical
practice and occasionally require discontinuation of
the drug or addition of other supportive care.

Second-generation irreversible BTK inhibitors are cur-
rently in development and may offer a safer alternative
for some patients.
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In the last 2 decades, the hematology community has wit-
nessed several paradigm shifts in the treatment of patients
with B-cell malignancies and especially chronic lymphocytic
leukemia (CLL). First, the addition of the cluster of differen-
tiation (CD)-20-targeting monoclonal antibody rituximab to
chemotherapy [fludarabine and cyclophosphamide (FCR)]
improved progression-free survival (PFS) and overall sur-
vival (OS) in previously untreated CLL patients. Later, this
regimen was found to lead to extremely durable remissions
in a subset of patients, especially those without TP53 abnor-
malities and with mutated immunoglobulin heavy chain var-
iable (IgHV) gene status [1-3]. A direct comparison between
frontline FCR and a combination of bendamustine with
rituximab (BR) demonstrated longer median PFS after FCR
treatment, especially in IgHV-unmutated patients [4]. How-
ever, FCR also led to higher rates of adverse events, such as
cytopenias, infection and potentially secondary malignan-
cies, especially in older patients. Based on these findings,
FCR remained the front-line standard of care for younger
and fit CLL patients with favorable prognostics. For elderly
patients and those with co-existing morbidities, BR and the
combination of chlorambucil with obinutuzumab, a type-2
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CD20 antibody, were widely considered reasonable options
[5]. These approaches were again revolutionized with the
advent of novel agents targeting components of the B-cell
receptor signaling pathway and inhibitors of the BCL2
apoptotic pathway, especially in patients who were too frail
for conventional chemoimmunotherapy or those with poor
prognostic and high-risk features of disease. Risk categories
in CLL are generally defined by genetic criteria, response,
and duration of response (DOR) to previous treatment [6].
Patients with TP53 abnormalities, refractoriness to purine
analog-based regimens, or very short response and lack of
complete remission (CR) after prior chemoimmunotherapy
are known to have the highest risk of adverse outcome with
conventional chemoimmunotherapy and require alternative
treatment options. While allogeneic transplantation was
commonly considered the only available potentially cura-
tive treatment option for such high-risk CLL patients, these
patients are now generally treated with the oral Bruton’s
tyrosine kinase (BTK) inhibitor ibrutinib [7, 8]. In addition
to CLL, ibrutinib has added significant options to the treat-
ment of patients with previously treated mantle cell lym-
phoma (MCL), Waldenstrom’s macroglobulinemia (WM),
and marginal zone lymphoma (MZL). To capitalize on the
efficacy of ibrutinib, several second-generation BTK inhibi-
tors have been developed. Among these, the highly selective
BTK inhibitor acalabrutinib has demonstrated significant
activity in patients with CLL and MCL. This review briefly
summarizes the biological function of BTK in B cells and
other immune cells, describes the major milestones in the
clinical development of BTK inhibitors in CLL and other
B-cell malignancies, highlights the most recent long-term
follow-up results and critically evaluates the role of BTK
inhibitors and their combination with other agents in B-cell
malignancies and other indications.

2 Bruton’s Tyrosine Kinase (BTK)
is an Essential Component of B-Cell
Receptor Signaling and Mediates Effector
Functions in Non-Malignant Immune
and Stromal Cells

The physiological role of BTK in mediating B-cell receptor
(BCR) signaling and how this is altered in B-cell malig-
nancies has been extensively described in other reviews [9,
10]. Briefly, engagement of the BCR by antigen induces the
activation of a network of kinases and phosphatases that tune
and amplify the incoming signal. Tyrosine kinases such as
LYN, SYK and BTK and various adapter molecules medi-
ate the activation of downstream signaling pathways that
are essential for B-cell proliferation and apoptosis, such as
phosphoinositide-3-kinase (PI3K)/protein kinase B (AKT),
nuclear factor (NF)-kB and extracellular-signal-regulated
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kinase/mitogen-activated protein kinase [extracellular sig-
nal-regulated kinases (ERK)/MAPK]. CLL cells have been
shown to exhibit heterogeneous but constitutively active
BCR signaling, as a result of both a biased BCR repertoire
and chronic antigenic stimulation, resulting in the over-acti-
vation of pro-proliferative and anti-apoptotic pathways. It is
well-established that CLL pathogenesis is also determined
by various and complex interactions with non-malignant
immune cells such as T, myeloid and NK cells and stromal
components [11]. Importantly, BTK and other Tec kinase
family members such as Tec, ITK, RLK and BMX are essen-
tial regulators of key immune functions in both innate and
adaptive immune cells and mediate signaling via G-protein-
coupled, integrin, cytokine/chemokine, Toll-like, T-cell and
Fcy receptors [12]. As a result, BTK inhibition in CLL has
been described by various studies to alter cellular migra-
tion and homing abilities, T- and myeloid-cell differentiation
and activation, and antimicrobial and other innate immu-
nity functions such as phagocytosis and pro-inflammatory
cytokine production [13—16]. These findings emphasize that
pharmacologic inhibition of BTK holds the potential to not
only control aberrant BCR signaling in malignant cells but
also correct CLL-induced immune dysfunction. This is of
utmost clinical relevance, as global immune dysfunction
leading to increased rates of infections is the major cause of
increased morbidity and mortality especially among patients
with CLL [17].

3 Landmark Trials in the Clinical
Development of Single-Agent BTK
Inhibitors for the Treatment of B-Cell
Malignancies

3.1 Currently Approved Indications of Ibrutinib

The first-in class oral BTK inhibitor ibrutinib (trade name
IMBRUVICA®) is currently approved for use as a single
agent for patients with CLL/small lymphocytic leukemia
(SLL), MCL after at least one prior therapy, WM, MZL
requiring systemic therapy and after previous treatment with
at least one anti-CD20-based regimen, and chronic graft ver-
sus host disease (cGVHD) after failure of one or more lines
of systemic therapy [18].

3.2 lbrutinib in Relapsed/Refractory Hematological
Malignancies

During the first phase I trial enrolling patients with relapsed/
refractory (R/R) non-Hodgkin lymphomas (NHL), CLL or
WM for whom at least one previous therapy had failed,
ibrutinib was administered orally once daily at 1.25, 2.5, 5,
8.3, or 12.5 mg/kg on a 35-day cycle, with 28 days on and
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7 days off treatment, or continuously at 8.3 mg/kg or 560 mg
per day until disease progression, unacceptable toxicity or
the decision to end therapy [19]. Treatment was generally
well-tolerated, even with prolonged dosing, and objective
response rates were observed in 60% of patients, encourag-
ing further clinical development.

3.3 lbrutinib in Marginal Zone Lymphoma

In patients with previously treated MZL, the efficacy and
safety of single-agent ibrutinib 560 mg daily was exam-
ined in a multicenter, open-label, phase II study [20]. The
overall response rate (ORR) was 48% and median PFS was
14.2 months, with a favorable benefit-risk profile, support-
ing the use of ibrutinib in a patient cohort where no gold-
standard treatment exists.

3.4 Ibrutinib in Waldenstrom’s Macroglobulinemia

In 63 patients with WM who had received at least one pre-
vious line of treatment, ibrutinib 420 mg daily was highly
active and associated with an ORR of 91%, especially in
patients with MYD88 and CXCR4 mutations, which are rec-
ognized drivers of malignant cell growth via increased BTK
signaling [21]. In a population of 31 patients with WM with
rituximab-refractory disease, the ORR was 90% and the esti-
mated 18-month OS rate was 97%, highlighting single-agent
ibrutinib as a new treatment approach in this disease [22].
A recently published study prospectively evaluated single-
agent ibrutinib in symptomatic, treatment-naive patients
with WM and mutations in MYDS88 and/or CXCR4 [23]. The
ORR was 100% and 18-month PFS was 92%, demonstrat-
ing that front-line ibrutinib might be an effective treatment
option in patients with symptomatic WM and MYDS88 and
CXCR4 mutations.

3.5 lbrutinib in Mantle Cell Lymphoma (MCL)

The international, multicenter, open-label, phase II trial that
led to the accelerated approval of ibrutinib in patients with
R/R MCL demonstrated a high ORR of 68%, with 21% com-
plete response rates and a median DOR of 17.5 months [24].
A recent analysis pooled the findings from several available
trials of patients with R/R MCL after 3.5 years of follow-
up and reported an ORR of 69.7% [25]. Of note, 26.5% of
patients achieved CR, especially if just one prior line of
treatment had been administered.

3.6 Ibrutinib in Chronic Lymphocytic Leukemia
(CLL)

Results from the first phase Ib/II study of ibrutinib in both
treatment-naive (TN) elderly (aged > 65 years) and R/R
CLL patients yielded acceptable toxicities and similar
ORRs in patients receiving 420 mg and 840 mg [26]. This
was particularly remarkable as elderly patients with CLL
represent a unique cohort with an unmet clinical need,
as conventional treatment approaches are often too toxic
[27]. In the cohort of 31 previously untreated CLL/SLL
patients aged > 65 years (median 71), ibrutinib produced
only moderate toxicity and an objective response in 89%
[28]. Importantly, CR rates increased over time to 29% in
TN patients and to 10% in R/R patients. In TN patients,
median PFS was not reached, and the 5-year PFS was 92%.
In R/R patients, PFS was 51 months, and the 5-year PFS
was 44%. Of note, a shorter median PFS of 26 months
was observed for patients with del(17p) and in those with
unmutated IgHV (43 months), indicating that ibrutinib
might not be able to overcome the adverse prognostic
role of known high-risk cytogenetic or biological factors.
However, subsequently published clinical trials focusing
on specific outcomes of single-agent ibrutinib treatment
in patients with TP53 abnormalities supported the use of
single-agent ibrutinib in patients with CLL with high-
risk cytogenetic characteristics in a front-line and relapse
treatment setting. A phase II single-arm study evaluated
the safety and activity of ibrutinib in previously untreated
and R/R CLL patients with TP53 aberrations treated at
the National Institutes of Health (NIH) Clinical Center
[29]. Patients received ibrutinib 420 mg once daily until
disease progression or the occurrence of intolerable tox-
icities. After a median follow-up of 24 months, the ORR
was 97% in TN and 80% in R/R patients. With extended
5-year follow-up, depth of response improved over time,
and 5-year PFS was 74% in TN and 19.4% in R/R CLL
patients, with an OS rate of 85% and 54%, respectively
[30]. Another multicenter, international, open-label,
single-arm study confirmed high ORR and a favorable
toxicity profile in 145 previously treated patients with
CLL/SLL with del(17p) receiving ibrutinib 420 mg once
daily [31]. After a median follow-up of 27.6 months, the
investigator-assessed ORR was 83%, and 24-month PFS
and OS were 63% and 75%, respectively. Together, the
response and PFS rates in these trials were substantially
higher than those reported after treatment with FCR [1],
leading to the integration of BTK inhibitors into treatment
recommendations for patients with 7P53 abnormalities.
An integrated analysis of 230 patients with R/R with TP53
abnormalities treated within the several trials of ibrutinib
single agents described [26, 31-33] reported an ORR of
85% and estimated 30-month PFS and OS rates of 57%
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and 69%, respectively, confirming that ibrutinib surpasses
other currently available treatment regimens in this high-
risk patient population [34].

3.7 Phase lll Clinical Trials of Single-Agent Ibrutinib
in MCL and CLL

The efficacy of ibrutinib as single-agent treatment has also
been assessed in several phase III clinical trials. Patients
with R/R MCL were randomized to receive either oral ibru-
tinib 560 mg or intravenous temsirolimus [35]. Patients
with MCL treated with ibrutinib had significantly improved
PFS, lower toxicity and fewer discontinuations of study
medication due to adverse events than those treated with
temsirolimus. Several major phase III trials of single-agent
ibrutinib in CLL have been reported. The RESONATE trial
randomized patients with R/R CLL/SLL to receive daily
ibrutinib or the anti-CD20 antibody ofatumumab [32]. After
a median follow-up of 9.4 months, ibrutinib significantly
improved ORR, PFS and OS, even in patients with del(17p)
and those with resistance to purine analogues. The RESO-
NATE-2 trial randomized 269 previously untreated CLL/
SLL patients aged > 65 years without del(17p) to treatment
with single-agent ibrutinib or chlorambucil [36]. After a
median follow-up of 18.4 months, ibrutinib significantly
improved ORR, PFS and OS versus chlorambucil. Recently
published extended follow-up data demonstrated sustained
responses and PFS benefits in the ibrutinib treatment arm as
well as a substantial increase in CR rates with longer dura-
tion of treatment [37]. The most recently published phase III
ALLIANCE trial compared the efficacy of ibrutinib versus
BR versus ibrutinib combined with rituximab in treatment-
naive CLL patients > 65 years, including those with high-
risk features [38]. Similar to previous studies, the addition
of ibrutinib significantly improved PFS and ORR compared
with chemoimmunotherapy with BR alone, whereas there
were no significant differences in PFS between the two
ibrutinib-containing treatment arms. A summary of phase
III clinical trials in CLL is provided in Table 1.

4 Finding the Most Suitable Partner:
Landmark Clinical Trials of Ibrutinib
Combinations

4.1 Ibrutinib Plus Anti-CD20 Antibodies

Several attempts have been made to improve the efficacy of
ibrutinib single-agent treatment by adding another agent for
synergistic or complementary action. The first report of ibru-
tinib combination therapy was published in 2014 [39]. This
phase II trial evaluated the combination of ibrutinib with
rituximab in 40 patients with high-risk CLL, demonstrating
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that the addition of rituximab led to 18-month PFS rates of
78% in all patients and 73% in those with TP53 abnormali-
ties. After extended follow-up (median 47 months), median
PFS was 45 months and median OS was not reached [40].
The ORR was 95%, with 23% of patients attaining CR. Of
note, PFS was shorter in patients with del(17p). However,
data from the recently published ALLIANCE phase III
clinical trial demonstrated that the addition of rituximab to
ibrutinib did not improve PFS or ORR over single-agent
ibrutinib in TN older CLL patients (2-year PFS ibrutinib
87% vs. ibrutinib/rituximab 88%; ORR ibrutinib 93%; 95%
confidence interval [CI] 88-96; ibrutinib/rituximab 94%;
95% CI 89-97) [38]. Of note, the percentage of patients with
undetectable minimal residual disease (MRD) was signifi-
cantly higher with chemoimmunotherapy than with any of
the ibrutinib-containing regimens. Moreover, BR chemo-
immunotherapy was associated with higher rates of grade
3 or higher hematologic adverse events but lower rates of
grade 3 or higher non-hematologic adverse events such as
atrial fibrillation (AF) and hypertension than were ibruti-
nib-containing regimens. In younger TN patients with CLL
aged <70 years and excluding those with del(17p), ibrutinib
and rituximab were recently described as resulting in supe-
rior PFS (hazard ratio (HR) 0.352; 95% CI 0.223-0.558;
p<0.0001) and OS (HR 0.168; 95% CI 0.053-0.538;
p=0.0003) rates compared with FCR chemoimmunother-
apy, challenging the current gold-standard treatment for
younger fit patients with CLL [41]. Moreover, grade 3 and
4 treatment-related adverse events such as neutropenia and
infectious complications occurred more frequently in FCR-
treated patients (p =0.0042).

The combination of ibrutinib with rituximab was also
assessed in patients with WM and MCL. In 150 sympto-
matic patients with both TN and pre-treated WM, ibruti-
nib 4+ rituximab yielded a significant PFS benefit over pla-
cebo + rituximab (30-month PFS 82 vs. 28%), independent
of MYDS8 or CXCR4 genotype [42]. While ibrutinib + ritux-
imab produced superior responses, it was also associated
with a higher rate of AF and hypertension adverse events.
Another trial treated 50 patients with R/R MCL with con-
tinuous ibrutinib 560 mg/day and rituximab once weekly for
the first cycle, then once per month until cycle 8, and then
once every other cycle for up to 2 years [43]. At a median
follow-up of 16.5 months, 88% of patients achieved an
objective response, and 44% a CR. Adverse events such as
grade 3 AF and grade 4 diarrhea and neutropenia led to dis-
continuation of therapy in only a small number of patients,
supporting further investigation of this combination in a
phase III trial.

Ibrutinib was also investigated in combination with the
anti-CD20 antibody ofatumumab in 71 R/R patients with
CLL/SLL, prolymphocytic leukemia, or Richter’s transfor-
mation [44]. This trial used three different administration
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sequences to evaluate the effect of ibrutinib lead-in versus
concurrent start versus ofatumumab lead-in. Interestingly,
ORR and 12-month PFS were highest among those with
ibrutinib lead-in, with generally good tolerability and clini-
cal activity in all administration schedules. The efficacy of
a combination of ibrutinib with the anti-CD20 antibody obi-
nutuzumab (I-G) versus chlorambucil + obinutuzumab (clb-
G) for TN patients with CLL/SLL was recently examined
in the phase III iLLUMINATE trial [45]. I-G significantly
prolonged PFS compared with clb-G regardless of high-risk
genomic features, led to an ORR of around 90% and pro-
duced MRD-negativity in 35% of patients (vs. 25% clb-G-
treated patients). A summary of phase III clinical trials in
CLL is provided in Table 1.

4.2 lbrutinib Plus Chemoimmunotherapy

The international, double-blind phase III HELIOS trial com-
pared ibrutinib combined with bendamustine and rituximab
(I-BR) versus placebo and BR in 578 previously treated
patients with CLL/SLL [46]. Of note, patients with del(17p)
were excluded because of their known intrinsic resistance to
BR therapy. At a median follow-up of 17 months, PFS was
significantly improved in the ibrutinib group compared with
the placebo group, and 18-month PFS was 79% in the ibru-
tinib and 24% in the placebo group, with no excess toxicity,
suggesting that the addition of ibrutinib to BR resulted in
significant improvements in outcome over chemoimmuno-
therapy alone. Recently published updated results (median
follow-up 34.8 months) confirmed improved survival out-
comes and deepening of responses with [-BR compared with
BR alone, with 36-month PFS rates of 68 versus 14% [47].
As described, ibrutinib alone and ibrutinib + rituximab were
compared with BR only in the phase III ALLIANCE trial,
and showed significant improvements in PFS and ORR in
ibrutinib-containing regimens [38]. While MRD-negative
responses were significantly less frequent in ibrutinib treat-
ment arms in the ALLIANCE trial, MRD-negative response
rates were 26% for I-BR versus 6% for BR in the HELIOS
trial, suggesting that synergistic action between BR-chemo-
immunotherapy and ibrutinib is needed to improve molecu-
lar remissions. A summary of phase III clinical trials in CLL
is provided in Table 1.

4.3 Ibrutinib Plus Other Targeted Agents

Other regimens that have already been reported in the lit-
erature include ibrutinib plus rituximab plus the immu-
nomodulatory agent lenalidomide in patients with R/R
CLL [48], which did not appear superior to prior reports of
the rituximab + lenalidomide combination or single-agent
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ibrutinib. In 50 patients with R/R MCL, ibrutinib was
administered with rituximab and lenalidomide during an
induction phase of 12 cycles of 28 days, followed by main-
tenance with ibrutinib and rituximab only (PHILEMON
trial) [49]. At a median follow-up of 17.8 months, the ORR
was 76%, including 56% of patients with CR. Toxicities
included grade 3—4 adverse neutropenia, infections and
cutaneous toxicity, and three treatment-related deaths were
reported.

Findings of a completely chemotherapy-free regimen
consisting of ibrutinib monotherapy for three cycles fol-
lowed by the addition of venetoclax, a selective, orally bio-
available inhibitor of BCL2, were recently reported for 80
patients with treatment-naive CLL [50]. After 12 months
of combination treatment, CR rates were >90%, even in
older patients and those with high-risk features, rates of
molecular response were also high. A similar approach
was used in the CLARITY trial, where venetoclax was
added after 8 weeks of ibrutinib monotherapy for the treat-
ment of patients with R/R CLL and produced a high rate
of MRD eradication, especially with a longer duration of
combination treatment [51]. A recently published study
reported the combination of ibrutinib and venetoclax in 24
patients with MCL with high-risk features [52]. Veneto-
clax was added in weekly increasing doses to 400 mg per
day after 4 weeks of ibrutinib monotherapy. This yielded
an overall CR rate of 71% and MRD clearance by flow
cytometry in 67% of patients. Common side effects were
generally limited, suggesting that this combination leads
to improved outcomes over conventional or single-agent
ibrutinib treatment strategies. Another BCL2/BTK inhi-
bition combination currently in clinical development for
patients with TN and R/R CLL is obinutuzumab, ibruti-
nib and venetoclax, which led to a high ORR of 92% and
achieved CR in almost half of all treated patients [53, 54].

Dual B-cell receptor pathway blockade was recently
reported in an ongoing phase I study of ibrutinib with
umbralisib, a PI3K-5 inhibitor (PI3K-58i), in 44 patients
with R/R CLL and MCL [55]. While no dose-limiting
toxicities were observed, additional follow-up will be
needed to determine the clinical efficacy and durability of
responses achieved with this regimen. The combination of
umbralisib and ibrutinib with ublituximab, a third-genera-
tion anti-CD20 monoclonal antibody with enhanced anti-
body-dependent cytotoxicity, resulted in an ORR of 84%
in 44 patients with R/R B-cell malignancies, supporting
further investigation of this chemotherapy-free approach
[56]. Combinations of ibrutinib with anti-CD19 chimeric
antigen-receptor T (CAR-T) cells have also been inves-
tigated in patients with CLL [57], leading to improved
responses and enhanced engraftment, probably as a result
of correction of disease-induced T-cell defects.
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5 Commonly Reported Side Effects
and Toxicities of Ibrutinib Treatment

5.1 Early Transient Lymphocytosis

Due to an efflux of cells from lymphoid tissues into blood
that is mediated via BTK- and VLA-4 dependent adhe-
sion mechanisms and increased CLL apoptosis, early
transient lymphocytosis is observed in nearly all patients
treated with ibrutinib [58, 59]. Heavy water-labelling
studies in patients undergoing ibrutinib therapy demon-
strated that ibrutinib directly reduced the birth rate of
malignant clones while increasing their death rates, both
in peripheral blood and in tissue compartments [60]. Per-
sistent lymphocytosis during ibrutinib therapy (i.e., lasting
> 12 months) was associated with activated downstream
mediators of BCR signaling such as ERK, Mitogen-acti-
vated protein kinase1/2 and AKT, whereas cells were unre-
sponsive to ex vivo BCR stimulation and carried disease-
specific features that were also already present at baseline
[61]. Importantly, PFS was not inferior when compared
with patients lacking persistent lymphocytosis, suggesting
persistence of a quiescent clone rather than evolution and
outgrowth of a clone with increased malignant potential.

5.2 Arrhythmias

One of the most commonly observed side effects of ibruti-
nib therapy are arrhythmias, especially AF, which has been
reported in up to 16% of patients. In a pooled analysis of
1505 patients with CLL or MCL enrolled in randomized
clinical trials, the incidence of AF was 6.5% at 16.6-month
and 10.4% at 36-month follow-up, with an estimated
cumulative incidence of 14% [62]. Independent risk fac-
tors for AF were ibrutinib treatment, prior history of AF
and age > 65 years. Another study of 582 patients with
hematologic malignancies treated with ibrutinib reported
an estimated cumulative incidence of 10% at 24 months
and a median time to onset of AF of 7.6 months [63]. A
prior history of AF and a high Framingham Heart Study
AF risk score (> 20) were significant risk factors for devel-
opment of AF. A recently published prospective evalua-
tion of 43 patients with CLL undergoing ibrutinib treat-
ment observed new-onset AF in 16% of patients, which
was correlated with the presence of pre-existing cardiac
conditions and risk factors and higher left atrial diameter
and area [64]. Atrial arrhythmias do not always necessitate
drug discontinuation, and many patients can continue to
safely receive the drug with rate or rhythm control along
with anticoagulation reserved for patients at high risk of
stroke. However, as more irreversible BTK inhibitors are

approved that have less risk of AF, switching patients with
AF to an alternative BTK inhibitor may become the pre-
ferred strategy.

More concerning than the atrial arrhythmias, ibrutinib
is also associated with a markedly increased risk of ven-
tricular arrhythmia events, even after accounting for baseline
cardiovascular disease [65]. For this reason, patients who
report palpitations on ibrutinib or have documented ven-
tricular arrhythmias should discontinue ibrutinib in favor
of an alternative agent, unless under close supervision by
a cardiologist.

5.3 Bleeding-Related Adverse Events

Another commonly occurring adverse event is increased risk
of minor hemorrhage, which was reported in about half of
all patients with CLL treated in the NIH trial [66] and in
ibrutinib-treated patients with MCL [67]. The cumulative
incidence of bleeding plateaued after 6 months of treat-
ment, and pre-treatment parameters associated with a sig-
nificantly increased risk of bleeding-related events included
prolonged epinephrine closure time as well as lower levels
of von Willebrand factor activity and factor VIII. A meta-
analysis of published clinical trials of patients treated with
ibrutinib demonstrated an almost threefold higher overall
bleeding risk, but a major bleeding risk comparable to
that with other treatments [68]. Quantitative assessments
of platelet function using tools such as ristocetin-induced
platelet aggregation (RIPA) have been proposed as clinical
tools to monitor bleeding tendencies in patients receiving
BTK-inhibitor treatment [69]. Although this risk of bleeding
remains a significant clinical concern, avoidance of war-
farin and judicious use of other blood thinners in patients
receiving ibrutinib has decreased significant bleeding rates
in clinical trials.

5.4 Risk of Infections

Chronic lymphocytic leukemia is generally associated with
an increased risk of infections, and several studies indicate
that this risk remains high during the first 6 months of ibru-
tinib treatment [70, 71]. While most opportunistic infections
are not seen at high frequency with ibrutinib, invasive asper-
gillus has occurred more frequently than expected, likely due
to the role of BTK in the macrophage response necessary
for aspergillus clearance [72, 73]. Early infections were the
most common reason of non-relapse treatment discontinu-
ation in a cohort of 232 patients treated at our institution
[74]. Of note, patients with an increase in serum IgA of
>50% from baseline to 12 months have been reported to
have a significantly lower rate of infections, indicating that
long-term ibrutinib treatment fosters recovery of humoral
immune function [75]. No specific prophylaxis is currently
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recommended with ibrutinib, but ongoing studies will con-
tinue to assess the risk of specific infections and may lead
to guidelines in the future.

6 Factors Determining Response
to and Outcome of Ibrutinib Treatment

6.1 Clinical and Disease-Specific Predictors
of Response

Maturing follow-up data from several clinical trials suggests
that CR rates generally improve with extended duration of
treatment. A recently published pooled analysis of two
clinical trials analyzed the baseline factors predicting CR in
327 patients with CLL/SLL [76]. Factors that predicted an
increased likelihood of CR in a multivariate analysis were
lack of previous therapies and absence of bulky disease.
Other studies identified beta2-microglobulin normalization
within the first 6 months of ibrutinib treatment as a predic-
tor of PFS after adjusting for the effects of pre-treatment
beta2-microglobulin levels, R/R disease and presence of
del(17p) [77]. It also appears that outcomes are directly
affected by ibrutinib dose adherence. Among patients treated
in the RESONATE trial, treatment interruptions of at least 8
consecutive days was associated with shorter median PFS,
although treatment was continued at the original dose of
420 mg in >90% of patients [78]. Moreover, several studies
found that poor PFS and OS were associated with complex
karyotype and near tetraploidy [79, 80].

6.2 Development of Resistance to BTK Inhibition

A rare but serious and clinically challenging outcome of
ibrutinib treatment is development of resistance to irrevers-
ible inhibition that eventually leads to relapse. Massive
parallel sequencing at baseline and at time of relapse on
samples from six patients with acquired resistance to ibru-
tinib therapy and from nine patients with CLL with pro-
longed lymphocytosis identified a cysteine-to-serine muta-
tion in BTK (C481S) at the ibrutinib-binding site in five
ibrutinib-resistant patients [81]. In addition, distinct muta-
tions (R665W and L845F) in the immediate downstream
effector phospholipase C y2 (PLCy2) were identified in two
ibrutinib-resistant patients that led to autonomous B-cell-
receptor activity bypassing the BTK pathway [74, 81, 82].
Ibrutinib-naive patients with CLL consistently lack BTK or
PLCG2 mutations, and several studies have confirmed that
clones with these mutations arise months before relapse,
suggesting that monitoring their occurrence and evolution
might predict future relapse and guide alternative treatment
decisions [83, 84]. Deep sequencing of serial samples of
patients with high-risk CLL with complex cytogenetics
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revealed that clinical resistance might also be driven by
non-BTK/PLCG2-mutated subclones that are already pre-
sent before ibrutinib but are selected and expand during
treatment [85]. Serial exome and transcriptome sequencing
for a larger cohort of 61 ibrutinib-treated patients with CLL
demonstrated clonal shifts in 31% of patients during the first
year of therapy, which was associated with adverse outcomes
[86]. This study also identified additional previously unde-
scribed mutations in BTK and PLCG2 and alterations such
as del(8p), CARD11 G126D mutation and ITPKB somatic
substitution in 17 patients at the time of progression. Of
note, these mutations have also been described as drivers
of genomic evolution in diffuse large BCL (DLBCL) [87,
88]. Resistance mechanisms also occur in ibrutinib-treated
patients with WM, which are largely driven by subclonal
BTK Cys481 variants and BTK mutations associated with
CXCR4 mutations [89]. Interestingly, patients with WM
without BTK C481S or CXCR4 mutations exhibited ibruti-
nib resistance through Bcl2 and AKT upregulation [90]. In
MCL, ibrutinib resistance is mainly driven by interactions
between malignant cells and their non-malignant environ-
ment that promote alternative signaling via PI3K-AKT-
mammalian target of rapamycin (mTOR) and integrin-f1
[91]. Together, while BTK and PLCG2 mutations are clearly
associated with the development of resistance to ibrutinib
in CLL, other mechanisms and pathways also contribute,
especially in diseases other than CLL. Further studies are
needed to evaluate the causal and temporal relationship of
these mechanisms to understand how they can be inhibited,
preferably prior to clinical relapse [92].

6.3 Management and Outcome of Patients
after Ibrutinib Discontinuation

The management of patients who no longer respond to
ibrutinib or for whom this therapy fails is very challenging,
especially for those who develop resistance via Richter’s
transformation [35, 74, 83, 84, 93]. Richter’s transformation
is the transformation of CLL to aggressive lymphoma, and
several studies have reported that this generally occurs early
during the first 12 months of ibrutinib treatment, affecting
around 5% of patients [40, 74, 83, 84]. Current recommen-
dations on treatment algorithms and clinical management
are largely focused on identifying suitable patients for allo-
geneic transplant or treatment with other targeted agents
[7, 94, 95]. Several salvage strategies are currently being
explored, and it appears that treatment with venetoclax has
effective and durable clinical activity and might serve as a
bridging strategy for transplant [96, 97]. A recent interim
report of a phase II trial of venetoclax in 127 patients with
CLL progressing after ibrutinib demonstrated an ORR of
65% [96]: 19% of patients died, with progression being the
cause of death in about half of these patients. Durable and
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deep remissions were also observed in 24 patients with CLL
treated with CD19 CAR-T cells [98]. After lymphodepleting
chemotherapy, anti-CD19 CAR-T cells were administered at
different dose levels. At 4 weeks after CAR-T cell infusion,
the ORR was 71%. Remarkably, all patients who responded
according to International Workshop on CLL criteria and
in whom malignant immunoglobulin H (IgH) clones were
eradicated were free of disease after 6.6 months of follow-
up. Additional strategies such as CD19/CD3-bispecific anti-
bodies [99] and inhibitors of immune checkpoints [100], to
name a few, are currently in preclinical and clinical develop-
ment, but a comprehensive discussion is outside the scope
of this article.

7 Second-Generation Irreversible BTK
Inhibitors

Given the irreversible inhibition of non-BTK kinase targets
by ibrutinib, several more selective inhibitors of BTK have
been developed to increase the safety and efficacy of this
treatment. The highly selective BTK inhibitor acalabrutinib
(ACP-196) led to a 95% ORR in all 61 included patients
with R/R CLL [101]. While it was also highly effective in
patients with CLL with del(17p), CRs were limited. In 124
patients with R/R MCL, oral acalabrutinib 100 mg twice
daily led to an ORR of 81% and CR in 40% of patients
after a median follow-up of 15.2 months with a favorable
safety profile [102]. As a result, acalabrutinib (trade name
CALQUENE®) has been granted accelerated approval for
patients with MCL who have received at least one prior
therapy [103]. Several combination strategies are currently
being explored in preclinical models, which include combi-
nation with other targeted agents such as venetoclax [104]
or PI3K-9 inhibition [105]. Another highly selective BTK
inhibitor with promising clinical activity is ONO/GS-4059
(tirabrutinib). Phase I data demonstrated very rapid objec-
tive responses in 96% of patients in the CLL and in 92% in
the MCL group [106]. While much lower responses were
seen in non-germinal center DLBCL, severe hematologic
toxicity was rare and transient in all 90 enrolled patients.
With extended 3-year follow-up, median PFS and OS rates
of 38.5 and 44.9 months were reported, and no cases of
Richter transformation had occurred in patients with CLL,
contrasting the clinical patterns observed with ibrutinib
[107]. Results of a phase I trial of BGB-3111 (zanubrutinib)
in patients with R/R B-cell malignancies, so far only pre-
sented in abstract form, demonstrated an ORR of 90%, and
no unanticipated safety concerns were reported. Importantly,
this drug is shown to have excellent occupancy of BTK in
both the peripheral blood and the lymph nodes [108]. In
contrast, CC-292 yielded a much lower ORR of 53% and
substantially less durability in patients with CLL/SLL, with

the underlying reasons not completely understood [109].
Various clinical trials are underway in CLL and other B-cell
malignancies to directly compare different BTK inhibitors.

8 How to Capitalize on the Success of BTK
Inhibitors

8.1 In Currently Approved Indications

As discussed, clinical studies have largely been focused on
the efficacy and long-term outcomes of single-agent ibruti-
nib and ibrutinib combination treatments in patient cohorts
with distinct risk categories to overcome the lack of dura-
ble responses or high toxicities of conventional therapies.
Another important question that warrants additional clinical
studies is how to sequence BTK inhibitors with other agents.
A retrospective analysis of 683 patients with CLL treated
with ibrutinib, idelalisib or venetoclax at different institu-
tions reported significantly better PFS in patients treated
with ibrutinib as first kinase inhibitor compared with ide-
lalisib, both in a relapsed and TN setting and in patients
with del(17p) and complex cytogenetics [97]. Importantly,
upon failure of first kinase inhibitor treatment, chemoim-
munotherapy was inferior to both alternative kinase inhibitor
and venetoclax. Prospective clinical trials testing sequencing
strategies to optimize these treatment algorithms are cur-
rently being evaluated within the CLL2-BXX phase II trials
by the German CLL Study Group (GCLLSG) [110]. These
trials are evaluating sequential regimens of bendamustine
followed by obinutuzumab and ibrutinib, bendamustine fol-
lowed by venetoclax and obinutuzumab induction and main-
tenance (CLL2-BAG), bendamustine followed by idelalisib
and obinutuzumab induction and maintenance (CLL2-BCG),
and bendamustine followed by ofatumumab and ibrutinib
(CLL2-BIO). The current recommendation is to treat fit
patients without significant comorbidities but with known
TP53 abnormalities with ibrutinib upfront, whereas ibrutinib
should be given to all fit patients without TP53 abnormali-
ties for whom first-line chemoimmunotherapy or other tar-
geted agents failed [8]. The optimal combination partners for
these treatment approaches remain to be determined, and, as
discussed, several regimens are currently in clinical develop-
ment. Older or frail patients with significant comorbidities,
evaluated by a comprehensive geriatric assessment, should
first receive optimal supporting therapies such as vaccina-
tions or antimicrobial prophylaxes [111]. Upon development
of symptomatic disease, single-agent ibrutinib and chemo-
immunotherapy combinations of CD20-antibodies and chlo-
rambucil are reasonable treatment options [8, 111]. In addi-
tion to B-cell malignancies, ibrutinib is also approved for
the treatment of steroid-resistant GYHD. A comprehensive
discussion of the milestones in the development of ibrutinib
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in this setting, underlying mechanisms of action and cur-
rent clinical trials can be found elsewhere and is beyond the
scope of the current review [112].

8.2 Possible Further Indications

Ibrutinib is being explored and has shown promising thera-
peutic efficacy in a variety of additional indications. First,
it appears that BTK inhibition might be a suitable strat-
egy to elicit graft-versus-leukemia effects after allogeneic
transplantation [113]. BTK inhibition also shows promising
activity in other previously unexamined B-cell malignancies
such as primary lymphomas of the central nervous system
[114], whereas its single-agent efficacy has, at most, been
moderate in patients with relapsed follicular lymphoma
[115]. Responses have also been reported in patients with
advanced solid tumors such as lung, breast, gastrointestinal
and genitourinary cancers [116], both as a single agent and
in combination. While off-target effects of BTK inhibition
largely account for the toxicities and side effects described, it
has also been proven beneficial in the restoration of cellular
functions of immune cells that also express BTK or other
Tec family kinase members [117]. As a result, BTK inhibitor
treatment has been reported to correct CLL-induced T-cell
and myeloid skewing and defects in patients treated with
ibrutinib or acalabrutinib [118, 119]. Several efforts are
underway to apply the immunomodulatory mode of action
of BTK inhibitors to settings of autoimmune diseases and
infection, which have been reviewed elsewhere [116].

9 Summary

Bruton’s tyrosine kinase inhibitors and other targeted agents
have substantially altered the management, clinical course
and outcomes for patients with B-cell malignancies, espe-
cially for those with previously limited treatment options due
to disease characteristics or coexisting diseases. In addition,
recently published phase III clinical studies highlighted that
ibrutinib-based regimens are also superior to chemoimmu-
notherapy in previously untreated patients, especially those
with CLL. However, many questions remain unanswered,
including optimal combination regimens, sequencing of
agents and combinations, and duration of ibrutinib-based
therapy, especially with regards to MRD eradication. Moreo-
ver, a better understanding of how corrected immune func-
tions of non-malignant cells contribute to long-term tumor
control and potentially eradication will be needed. This will
also necessitate ongoing revisions of the currently available
prognostic models such as the GCLLSG prognostic index
in CLL or the International Prognostic Index in lympho-
mas. Moreover, long-term and continuing treatment will
pose additional challenges such as changes in the biological
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behavior of tumors, treatment-related mutations or adap-
tive mechanisms, or the development of long-term seri-
ous events such as treatment-related secondary neoplasms.
Lastly, while being paradigm changing and a substantial
improvement to the quality of life of patients with B-cell
malignancies, the use of BTK inhibitors and other targeted
agents comes at a high economic cost, and their availability
might therefore be limited to certain geographical regions
or healthcare settings.
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