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Abstract In recent years, a revolution in the manage-
ment of chronic lymphocytic leukemia (CLL) has cen-
tered on the targeting of the B cell receptor (BCR) sig-
naling pathway. Our improved understanding of the bi-
ology of cell signaling in CLL and the development of
oral kinase inhibitors directed at the BCR pathway has
led to the approval of two new agents and has the po-
tential to radically change the treatment of CLL in both
the relapsed/refractory and upfront settings. In this re-
view, we will describe the underlying biology of the
BCR signaling pathway. We will discuss the landmark
clinical trials resulting in the approval of the Bruton
tyrosine kinase (BTK) inhibitor ibrutinib and the
PI3Kδ inhibitor idelalisib. We will highlight ongoing
trials that are evaluating the use of combinations of
these agents with standard chemotherapy. We will eval-
uate some of the emerging data regarding toxicity, po-
tential off-target effects, and mechanisms of resistance
to BCR signaling pathway blockade. Finally, we will
highlight some of the next-generation BCR pathway in-
hibitors currently in development.
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Introduction

For many patients, CLL is a disease of slow accumu-
lation [1]. Patients progress through a somewhat reli-
able course as defined many years ago by the Rai
staging system [2]. Initial, isolated lymphocytosis pro-
gresses into lymphadenopathy with eventual spleno-
megaly and cytopenias. Traditionally, patients were ini-
tiated on therapy only when their disease burden
generated symptoms or when symptoms were immi-
nent. Therapy with standard chemo-immunotherapeutic
regimens, including rituximab-bendamustine (BR) and
rituximab-cyclophosphamide-fludarabine (FCR), resulted
in significant clinical responses for the majority of pa-
tients [3–7]. However, the above regimens have toxicity
and, for the most part, patients would eventually re-
lapse. For a subset of patients with high-risk disease
as indicated by the presence of an unmutated IGHV
gene or the presence of high-risk cytogenetic features
(17p deletion and 11q deletion), responses to traditional
chemo-immunotherapy have the potential to be less pro-
nounced or more short lived [8, 9]. Patients with mu-
tated IGHV respond particularly well to treatment with
FCR [10]. In a recent update of the CLL 8 trial, com-
paring FCR to fludarabine and cyclophosphamide, me-
dian survival following treatment with FCR has not
been met and overall survival at 5 years is 86.3%. A
second experience with FCR noted progression-free sur-
vival (PFS) of 30.9% at a median follow-up of
12.8 years [11•]. In the population of patients with mu-
tated IGHV, the PFS at the same time point was 53.9%.
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In addition, a plateau was seen on the PFS curve in
patients with mutated IGHV, with no patients relapsing
after 10.4 years, suggesting the potential of cure.

A better understanding of the underlying biology of the
BCR signaling pathway and its importance in CLL survival
suggested the possibility of targeted therapy for CLL.

BCR pathway signaling is activated through antigenic
stimulation of the extracellular domain of the BCR (Fig. 1).
Upon activation of the BCR, CD79a and CD79b are recruited,
with activation of spleen tyrosine kinase (SYK) and LYN
k ina s e . SYK and LYN k ina s e s pho spho ry l a t e
immunoreceptor tyrosine-based activation motifs (ITAMs)
leading to an activation cascade that activates BTK and
PI3Kδ. BTK, once activated, phosphorylates and activates
phospholipase C gamma 2 (PLCγ2) and through downstream
mediators, results in the release of intracellular calcium stores,
the propagation of the BCR signal, and upregulation of tran-
scription factors such as nuclear factor κB (NF-κB) [12, 13].
The ultimate result of this signaling pathway is the activation
of a number of cellular processes including integrin activation,
chemokine-mediated migration, and proliferation of B cells.
The above process in normal, healthy B cells allows for hu-
moral response to antigens recognized by the BCR. In CLL,
there appears to be dysregulated signaling through the BCR
pathway resulting in improved tumor survival and prolifera-
tion [14, 15]. While there do not appear to be direct activating
mutations of the BCR pathway in CLL, it remains unclear
whether the inappropriate BCR signaling in CLL is a result
of the recognition of an antigen by the BCR orwhether there is
non-antigen-dependent BCR pathway activity [16, 17]. In
contrast, activating mutations have been identified in the
BCR signaling pathway in patients with diffuse large B cell
lymphoma (DLBCL). These mutations, including mutations
of the ITAM signaling modules of CD79a and CD79b, are
frequently seen in activated B cell (ABC) DLBCL but rarely
in germinal center B cell DLBCL [18]. In DLBCL, these
mutations associate with response to BTK inhibitors, but most
if not all CLLs appear to be dependent on this pathway even
without mutations. Given this dependence of CLL on the
BCR signaling pathway, a number of small-molecule inhibi-
tors of kinases within the pathway have been explored as
therapeutic agents in CLL.

The Road to Approval

There are currently two approved agents for the man-
agement of CLL that target the BCR signaling pathway.
Ibrutinib, an inhibitor of BTK, has been approved for
use in patients with CLL and in patients with CLL with
a 17p deletion. In addition, ibrutinib has been approved
for treatment of patients with mantle cell lymphoma,
Waldenstrom’s macroglobulinemia, and marginal zone

lymphoma. Idelalisib has been approved in combination
with rituximab for patients with CLL for whom rituxi-
mab would be considered appropriate therapy due to
other comorbidities, and for patients with small lympho-
cytic lymphoma (SLL) who have received at least two
prior systemic therapies. Idelalisib is also indicated for
patients with relapsed follicular B cell non-Hodgkin
lymphoma who have received at least two prior system-
ic therapies.

Ibrutinib

Ibrutinib irreversibly binds to the activation site of the BTK
enzyme at the cysteine-481 amino acid [19]. Preclinical stud-
ies demonstrated that treatment with ibrutinib led to decreased
CLL proliferation and tumor migration. More recent data sug-
gest that treatment with ibrutinib decreases the ability of CLL
to utilize free fatty acids for growth and proliferation [20].
RNA sequencing on CD19+ tumor cells from patients with
CLL treated with ibrutinib performed before therapy, 1 month
and 6 months after starting treatment, demonstrated that 653
genes were differentially expressed on treatment compared to
baseline, with more profound changes seen at the later time
point [21]. Nine pathways were significantly inhibited by
ibrutinib, including pathways involved in cytokine signaling,
cell adhesion, systemic lupus, p53 response,MAPK signaling,

Fig. 1 BCR pathway signaling is activated through antigenic stimulation
of the extracellular domain of the BCR with recruitment of CD79a and
CD79b and activation SYK and LYN, leading to a downstream activation
cascade that activates BTK and PI3Kδ and ultimately the upregulation of
transcription factors, such as nuclear factor κB (NF-κB). The result of this
signaling pathway is the activation of a number of cellular processes
including integrin activation, chemokine-mediated migration, and
proliferation of B cells. Idelalisib and Ibrutinib are orally available
inhibitors of PI3Kδ and BTK, respectively, resulting in interruption of
this pathway
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cell cycle, focal adhesion, calcium signaling, and Wnt
signaling.

An initial phase 1 study of ibrutinib demonstrated only
moderate toxicity and significant efficacy [22•]. Fifty-six pa-
tients with a variety of B cell malignancies were treated over
seven cohorts. The majority of adverse events were of grade 1
or 2. Grade 3 or 4 cytopenias included neutropenia (12.5%),
thrombocytopenia (7.2%), and anemia (7.1%). Only two
dose-limiting toxicities occurred. One patient with a known
history of drug sensitivity had a grade 3 allergic reaction. One
patient had a dose interruption of more than 7 days because of
transient grade 2 neutropenia. Of the 50 patients evaluable for
tumor response, 60% achieved an objective response. Eleven
of 16 (69%) patients with CLL or SLL had responses. A CLL-
specific phase 1b-2 study investigating the safety and efficacy
of ibrutinib in 85 patients demonstrated a similar toxicity pro-
file and a more dramatic response rate [23•]. Again, the ma-
jority of adverse events were grade 1 or 2 and included diar-
rhea, fatigue, and upper respiratory infection. Most adverse
events resolved without suspension of therapy. Ten patients
(12%) had a grade 2 or higher pneumonia. Infections were
more common earlier in therapy. The overall response rate
was 71%, and 15–20% of patients had a partial response with
persistent lymphocytosis. RESONATE, a subsequent random-
ized phase III registration trial, demonstrated the superiority of
ibrutinib to ofatumumab [24•, 25•]. Three hundred ninety-one
patients with relapsed or refractory CLL were randomized 1:1
to receive ibrutinib or ofatumumab. At a median follow-up of
9.4 months, median PFS had not been reached with ibrutinib
as compared to a median PFS of 8.1 months for treatment with
ofatumumab (HR 0.22, p < 0.001). Ibrutinib also demonstrat-
ed an overall survival benefit, with a hazard ratio for death of
0.43 for treatment with ibrutinib (p = 0.005).

Ibrutinib has been investigated as an agent for patients with
CLL harboring abnormalities in TP53. A single-agent, phase
II trial enrolled 51 patients with relapsed or refractory disease
that had abnormalities in TP53 [26]. Thirty-three previously
untreated patients and 15 with relapsed or refractory disease
were evaluable for response at 24 weeks. Ninety-seven per-
cent of the untreated patients achieved an objective response.
Eighty percent of the patients with relapsed or refractory dis-
ease responded. At 24 months, PFS was 82%. RESONATE
17, a single-agent, phase II registration study investigated the
role of ibrutinib for patients with relapsed or refractory CLL
with a 17p deletion [27]. One hundred forty-five patients were
enrolled. Patients had a median age of 64 years, two prior
therapies, and a median follow-up of 11.5 months. Eighty-
three percent of patients had an overall responsewith 24month
PFS of 63%.

In the upfront setting, a small cohort of elderly patients was
investigated as part of the original CLL-specific phase Ib/II
trial [28]. Thirty-one patients, a minority with high-risk dis-
ease as defined by abnormalities in 17p (6%) or 11q (3%),

were enrolled with a response rate of 77% and a 24-month
PFS of 96.3%. In RESONATE-2, ibrutinib was compared to
chlorambucil in a randomized, open-label trial in patients
older than 65, with CLL without deletion 17p, and requiring
initial therapy [29]. Although older, this patient population
was quite healthy, with only 31–33% having an elevated co-
morbidity (CIRS) score >6. At a median follow-up of
18.4 months, treatment with ibrutinib resulted in a significant
improvement in PFS relative to chlorambucil (not reached vs.
18.9 months) with a decrease in the risk of death or progres-
sion of 84%. In addition, overall survival at 24 months was
significantly different, favoring ibrutinib (98 vs. 85%,
p = 0.001). At the time of publication, 87% of patients in the
ibrutinib arm continue on therapy. Updated efficacy was re-
cently reported and notes that at a median time on study of
28.6 months, ibrutinib continues to have significant efficacy
with 88% reduction in risk of progression or death compared
to chlorambucil [30]. In addition, the quality of responses has
improved over timewith 18% of patients now achieving a CR.
Furthermore, treatment-limiting adverse events have de-
creased in frequency with extended follow-up. Seventy-nine
percent of this elderly patient population continues on therapy.
Taken together, these studies represent the foundation for the
approval of ibrutinib and lay the groundwork for future com-
bination strategies.

Idelalisib

Idelalisib is an oral, bioavailable, small-molecule inhibitor of
PI3K p110δ, an isoform expressed selectively in hematopoi-
etic cells [31]. The initial efficacy of idelalisib in CLL was
demonstrated in a phase I trial-treating patients with relapsed
or refractory CLL [32•]. Fifty-four patients with adverse char-
acteristics, including bulky lymphadenopathy, extensive prior
therapy, refractory disease, unmutated IGHV, and deletion of
17p or TP53 mutations, were included. The most common
grade 3 adverse events included pneumonia in 20% of patients
and neutropenic fever in 11% of patients. Eighty-one percent
of patients had a nodal response.Median PFSwas 15.8months
but at the recommended phase 2 dose of 150 mg BID or
higher, it was 32 months. A randomized phase III trial com-
pared the combination of idelalisib and rituximab to rituximab
plus placebo in patients with CLL with comorbid conditions
that prevented treatment with standard chemotherapy regi-
mens [33•]. Two hundred twenty patients with CLL with ma-
jor coexisting illnesses were randomized to therapy. Overall
response rate in the combination arm was significantly better
than in the rituximab placebo arm (81 vs. 13%; odds ratio, 29–
92%; p < 0.001). Median PFSwas not met in the idelalisib and
rituximab arm and was 5.5 months in the rituximab alone arm
(hazard ratio for progression or death in the idelalisib group,
0.15; p < 0.001). Overall survival at 12months was 92% in the
combination arm and 80% in the rituximab arm (p = 0.02).
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Serious adverse events were similar between the two groups,
40% in combination therapy and 35% in patients receiving
rituximab alone. A phase II study investigated the role of
idelalisib in the treatment of non-Hodgkin lymphoma, includ-
ing SLL, in patients who were refractory to rituximab and an
alkylating agent [34]. The overall response rate was 58%, all
of which were partial responses. The median survival for all
patients was 20.3 months, and the overall survival at 1 year
was estimated to be 80%.

Combination Studies

Based on the above success, many trials investigating the
combinations of ibrutinib and idelalisib with standard
chemo-immunotherapy and other targeted agents are currently
enrolling or were recently reported.

Ibrutinib was combined with the chemo-immunotherapeutic
regimens BR and FCR as treatment for patients with relapsed or
refractory CLL in a multicenter phase Ib trial [35]. Thirty pa-
tients received BR-ibrutinib and three patients received FCR-
ibrutinib. The overall response rate for BR-ibrutinib was
93.3%, and all three of the FCR-ibrutinib patients obtained a
complete remission.

The Helios trial compared rituximab and bendamustine to
the combination of ibrutinib, rituximab, and bendamustine in a
randomized, double blind, placebo controlled trial [36]. Five
hundred seventy-eight patients with CLL or SLL that had pre-
viously been treated were enrolled to therapy (289 in each
group) with a primary endpoint of PFS. At a median follow-
up of 17 months, PFS was significantly improved with
ibrutinib, rituximab, and bendamustine combination therapy
relative to the control arm (PFS not reached vs. 13.3 months,
hazard ration 0.203, 95% CI 0.15–0.276; p < 0.0001). PFS at
18months was 79% in the ibrutinib-BR arm and 24% in the BR
arm (p < 0.0001). The most common grade 3 or higher adverse
event was neutropenia, which was 54% in the ibrutinib BR arm
and 51% in the BR arm. Thrombocytopenia was 15% in both
arms.

Patients on the Helios, RESONATE, and RESONATE 2
trials were examined for the impact of deletion 11q on clinical
outcomes [37]. No difference in response or overall survival
was observed in patients receiving ibrutinib, even though 11q
deletion is traditionally considered a marker of high-risk dis-
ease. In patients not receiving ibrutinib, the presence of
deletion11q was associated with a shorter PFS.

Ibrutinib and rituximab were studied in a phase II single
arm trial in patients with CLLwith high-risk characteristics, as
characterized by deletion 17p, deletion 11q, the presence of a
TP53 mutation, or a PFS of less than 36 months from prior
chemo-immunotherapy [38]. Forty patients were enrolled, 20
of whom had deletion 17p or TP53 mutations, 13 with dele-
tion 11q, and seven with a short PFS. The overall response rate
was 95%, and the 18-month PFS in all patients was 78%.

Ibrutinib has been combined with the PI3Kδ inhibitor TGR-
1202 in a strategy that targets both BTK and PI3Kδ [39]. This
phase Ib/II trial enrolled 17 patients with CLL and 11 patients
with mantle cell lymphoma. The phase I portion of the trial was
well tolerated with no dose-limiting toxicities. In the CLL pop-
ulation, the overall response rate was 82%. All patients with
prior PI3K inhibitor exposure responded to therapy as did one
of the two patients with prior ibrutinib exposure. The overall
response rate in mantle cell lymphoma was 67%.

Given the efficacy and tolerability of ibrutinib FCR seen in
the three patients treated on the above phase 1b study, a phase
II trial is investigating ibrutinib in combination with FCR as
upfront therapy [40]. Thirty-five patients, 65 years old and
younger, were enrolled to therapy. Twenty-eight patients have
undergone primary endpoint restaging. The overall response
rate was 100%. Of the 26 patients for whom bone marrow
biopsy results were available, the rate of CR with bone mar-
row negative for minimal residual disease is 39%, and 13 of
the 17 patients with a partial response were also found to have
no evidence of minimal residual disease on bone marrow bi-
opsy. The overall rate of MRD negativity in the bone marrow
at end of therapy was >80%. Hematologic and infectious tox-
icity was low, possibly related to the mandatory use of growth
factors and infectious prophylaxis.

A phase Ib/II trial is investigating the combination of
ibrutinib, obinutuzumab, and venetoclax in patients with re-
lapsed and refractory CLL [41]. This non-chemotherapy-
containing regimen targets CLL at the BCR pathway
(ibrutinib), CD20 (obinutuzumab), and via inhibition of a me-
diator of apoptosis (venetoclax). Twelve patients have been
treated in the phase Ib portion of the trial. Toxicities for the
combination were consistent with those reported for the single
agents, and no dose-limiting toxicities have been observed,
such that each drug can be given at its full single-agent dose.
Of the six patients evaluable for response, five have had a
partial response and one patient has had a complete response.

Given the significant activity of idelalisib in combination
with rituximab, its use in combination with a number of dif-
ferent agents has been investigated.

Idelalisib in combination with rituximab and bendamustine
as compared to rituximab and bendamustine was investigated
in a randomized, phase III, placebo-controlled, double blind
trial, treating patients with relapsed or refractory CLL [42].
Four hundred sixteen patients were enrolled. At a median
follow-up of 14 months, the median PFS was 20.8 months in
the idelalisib-containing arm and 11.1 months in the placebo
arm (p < 0.0001). An increased risk of grade 3 or higher infec-
tions was seen in the idelalisib-containing arm (39 vs. 25%).
Treatment emergent deaths were seen in 11% of patients in the
idelalisib-containing arm and 7% in the control arm. Updated
efficacy data recently demonstrated that the combination of
idelalisib BR had improved overall survival relative to BR
(not reached vs. 41 months, p = 0.036) (43).
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Beyond Response: Toxicity, Off-target Effects,
and Resistance

Treatment-related Lymphocytosis

During the initial trials with ibrutinib and idelalisib, signifi-
cant, transient lymphocytosis was noted following the initia-
tion of therapy. The lymphocytosis appears to be mediated by
the migration of CLL from the protected lymph node and bone
marrow niches via alterations in CXCL12 and CXCR4. CLL
that has migrated to the peripheral blood has shortened sur-
vival relative to disease in one of the protected niches, and this
phenomenon contributes to the efficacy of BCR pathway in-
hibition [44, 45]. In reaction to this effect, the CLL response
criteria have been revised to accept that lymphocytosis follow-
ing BCR pathway inhibition is not diagnostic of resistant dis-
ease, and a new category of response for patients with a lym-
phocytosis and partial nodal response, PR-L, is now included
[46–48].

Ibrutinib-specific Toxicity

BTK is important for signaling via the collagen receptor gly-
coprotein VI in platelets [49, 50]. Patients with X-linked
agammaglobulinemia have a mutation in BTK resulting in a
block in B cell development result ing in severe
hypogammaglobulinemia and also difficulty with platelet ag-
gregation in response to collagen. TEC is a kinase related to
BTK, which is also inhibited by ibrutinib. TEC is involved in
G protein-coupled receptor and integrin-mediated signaling in
human blood platelets [51]. Bleeding has been a recurrent
toxicity with ibrutinib therapy. In the initial phase I/II study
in non-Hodgkin lymphoma, no clear increase in bleeding risk
was seen [22•]. With increased enrollment on further studies,
the increased rate of bleeding became clear. Based on the
increased bleeding risk, patients receiving treatment with war-
farin have been excluded from trials, and it is recommended to
hold ibrutinib for 3–7 days prior to and following any surgery.

In the randomized trial comparing ibrutinib monotherapy
to ofatumumab, a significant difference in bleeding-related
adverse events of any grade was observed (44 vs. 12%)
[24•]. However, major hemorrhage was reported in only two
patients on ibrutinib and three patients receiving ofatumumab.
In the upfront trial randomizing 269 patients to ibrutinib or
chlorambucil, 4% of the patients in the ibrutinib group had a
grade 3 or higher hemorrhage or central nervous system hem-
orrhage of any grade [29]. A retrospective, single-center study
investigated the incidence of bleeding in patients treated with
ibrutinib [52]. Seventy-one patients were available for analy-
sis. Seventy percent of patients were noted to be treated with
an antiplatelet agent, mostly aspirin, 7% of patients were treat-
ed with an anticoagulant, and 13% of patients were treated
with combination antiplatelet and anticoagulant medications.

In addition, any medications that interacted with cytochrome
P450 3A4 (CYP3A4), which metabolizes ibrutinib, were re-
corded. Bleeding of any grade occurred in 56% of patients and
major bleeding in 18% of patients. Of the nine patients receiv-
ing combined antiplatelet and anticoagulant therapy, 78% suf-
fered a major bleeding event. Of the ten patients on ibrutinib
not receiving antiplatelet, anticoagulation, or CYP3A4
interacting agents, no patients had a major bleeding event.
This study highlights the real-world experience and risk of
bleeding while on ibrutinib, as well as the need for caution
when combining with anticoagulation. A second retrospective
study examined bleeding events in 437 patients receiving
ibrutinib [53]. 33.6% of patients were on aspirin. Major bleed-
ing was seen in 14 patients (3.2%). Half of the bleeding events
were seen in patients not receiving other antihemostatic med-
ications. Approximately, one third of the patients who devel-
oped major bleeding resumed ibrutinib without a recurrent
major bleeding event. Light transmission aggregometry on
23 patients receiving ibrutinib demonstrated reductions in
collagen-mediated platelet aggregation with a significant as-
sociation between the degree of inhibition and the occurrence
of clinical bleeding or bruising [54]. The collagen defect re-
versed following cessation of ibrutinib therapy.

An additional Ibrutinib-specific toxicity that became clear
in the phase III trial of ibrutinib vs. ofatumumab was the
increased risk for the development of atrial fibrillation.
Atrial fibrillation developed in ten patients receiving ibrutinib
but only one patient receiving ofatumamab at the time of the
first report of the RESONATE trial [24•]. The risk benefit-
ratio of continued treatment for any patients receiving
ibrutinib who develop atrial fibrillation must be considered.
A recent analysis from four of the randomized trials of
ibrutinib showed that the incidence was highest in the first
6 months but that new cases continued at a lower rate indef-
initely. In this study, most patients were able to resume
ibrutinib but the small subset with atrial fibrillation recurrence
frequently had to stop ibrutinib [55]. A retrospective analysis
of 56 patients who developed atrial fibrillation or atrial flutter
while on ibrutinib found that 22 of the 56 patients stopped
ibrutinib at the time of atrial fibrillation. Only three of the 22
patients who initially interrupted ibrutinib were able to suc-
cessfully restart treatment. Of these 22 patients, seven (32%)
died of progression or other complications. Those patients
who interrupted ibrutinib at the time of atrial fibrillation onset
had an inferior PFS relative to those patients who remained on
ibrutinib (19 vs. 27 months, p = 0.023) [56], although no
difference in OS was seen. This highlights the difference be-
tween the relatively healthy patient population treated on clin-
ical trials relative to the real-world experience and points to
the need for better data to manage atrial fibrillation secondary
to ibrutinib.

Long-term follow-up of patients receiving ibrutinib on the
RESONATE and RESONATE-2 studies summarized the rate

Curr Oncol Rep (2017) 19: 61 Page 5 of 13 61



of adverse events over time and includes up to 5 years of
follow-up of 330 patients [57]. The majority of adverse events
were grade 1 or 2. Grade 3 events included diarrhea (5%),
arthralgia (2%), hypertension (7%), rash (4%), bleeding
(6%, including two events of grade 4 bleeding and one grade
5 bleeding event), fatigue (3%), and atrial fibrillation (5%).

Patients on ibrutinib receiving antiplatelet or anticoagulant
therapies for atrial fibrillation should be monitored for signs of
bleeding. Atrial fibrillation should be managed appropriately
and if it persists, consider the risks and benefits of ibrutinib
therapy. As we gain more data and experience on the risks of
bleeding and atrial fibrillation, formal recommendations may
become more explicit. Currently, this decision is made on a
per patient basis.

Ibrutinib Effects on Immunity

While ibrutinib is a potent inhibitor of Bruton tyrosine kinase,
it also has significant binding to 19 other kinases with an IC50
less than 100 nM. One clinically significant off-target effect
appears to be mediated by inhibition of the IL-2 inducible
(ITK) kinase [58]. Studies using samples from CLL patients
treated with ibrutinib and preclinical models have demonstrat-
ed that ibrutinib binds to and inhibits ITK resulting in a selec-
tive advantage for Th1-based immune responses relative to
Th2 immunity. In addition, it has been shown that long-term
treatment with ibrutinib results in improvement in CLL-
mediated Tcell immune suppression. At baseline, Tcells from
patients with CLL demonstrate minimal proliferation in re-
sponse to stimulation with CD3/CD28 beads. After 5–11 cy-
cles of ibrutinib, this proliferative defect is largely reversed,
and T cell proliferation kinetics are similar to those of young
healthy donors [59]. This improved proliferation resulted in
improved ex vivo expansion of T cells generated for CAR-T
infusion. This may be mediated by downregulation of PD1
and other markers of T cell exhaustion. In mouse models of
mantle cell lymphoma, concurrent treatment with ibrutinib
potentiated CAR T cell response and survival [60].
Treatment with ibrutinib prior to T cell leukapheresis appears
to improve the CAR T phenotype, as measured by increased
levels of immunoregulatory cytokines, though it may also
increase the risk for toxicity mediated by cytokine release
syndrome [61]. The effects of ibrutinib on T cells were com-
pared to the effects of acalabrutinib, a BTK inhibitor which
does not inhibit ITK [62]. Ibrutinib, but not acalabrutinib, was
found to expand activated T cell populations. Both ibrutinib
and acalabrutinib decreased the expression of PD-1 on Tcells,
most significantly on central memory T cells. Working with
samples from patients on the HELIOS trial, treatment with
ibrutinib has been found to result in a decrease in Th17
CD4+ cells, which have the potential to be autoimmune and
protumorigenic, as well as a decrease in the percentage of Treg
cells, with an overall increase in T cell activation [63].

Treatment with ibrutinib decreased serum levels of a number
of inflammatory cytokines including IL6, IL8, IFN gamma,
and TNF alpha. This may represent a reversal of the T cell
pseudoexhaustion seen in CLL [64]. Ibrutinib inhibits
rituximab-induced NK cell cytokine secretion in a dose-
dependent manner resulting in decreased ADCC-mediated cy-
totoxicity [65]. This effect on ADCC appears to be mediated
by inhibition of ITK, as inhibition of NK function was not
seen following exposure to CGI1746, a BTK specific inhibi-
tor. It also appears that ibrutnib can inhibit macrophage func-
tion [66]. These effects on ADCC and macrophage function
could have implications for trials combining ibrutinib with
agents that are dependent on ADCC, mostly antibodies, al-
though to date, no evidence of antagonism in vivo has been
observed.

The effects of ibrutinib therapy on response to pneumococ-
cal conjugate vaccine PCV13 were investigated in a prospec-
tive study [67]. Four CLL patients receiving treatment with
ibrutinib and four CLL patients not on therapy were adminis-
tered PCV13. Zero of the four patients receiving ibrutinib
generated a twofold or greater increase in three or more pneu-
mococcal serotypes, while all four of the CLL control patients
generated a response, suggesting that ibrutinib may have sig-
nificant effects on humoral immunity. A mouse model of au-
toimmune hemolytic anemia was used to demonstrate the ef-
fects of BTK inhibition on antibody production [68].
Following treatment with BTK inhibition, mice were injected
with rat red blood cells weekly for 4 weeks to induce an
antibody response. Mice treated with acalabrutinib had signif-
icantly less autoantibody than mice treated with a control
compound (p = 0.001), suggesting the possible use of BTK
inhibition for the clinical management of autoimmune hemo-
lytic anemia. A number of case reports demonstrate improve-
ment in autoimmune hemolytic anemia in CLL patients treat-
ed with ibrutinib [69–72].

Idelalisib-specific Toxicity

Following the initial trials investigating the use of idelalisib in
relapsed and refractory CLL, a series of upfront trials were
terminated secondary to the observation of increased risk of
death related to infection for patients randomized to combina-
tions containing idelalisib. This experience was communicat-
ed to health care professionals via an FDA alert, and a black
box warning is now included in the idelalisib product insert.
(http://www.fda.gov/Drugs/DrugSafety/ucm490618.htm).
The majority of the deaths were due to bacterial sepsis
sometimes associated with neutropenia, but PJP and CMV
infections were also seen, leading to the recommendation
that patients receiving idelalisib should be on PJP
prophylaxis and should have regular monitoring for the
development of CMV infection.
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In addition to the increased rate of death related to infec-
tion, increased likely autoimmune toxicity related to lympho-
cytic infiltrates was observed in the upfront setting. A phase II
study investigating the combination of idelalisib and
ofatumumab as upfront therapy for CLL enrolled 24 patients.
Nineteen (79%) experienced a grade 1 or higher elevation in
transaminases, and 13 subjects (54%) experience grade 3 or
higher transaminitis [73]. The development of transaminitis
occurred before the initiation of ofatumumab, at a median time
of 28 days. Two patients with transaminitis had liver biopsies
performed, which demonstrated an activated perforin-positive
CD8-positive lymphocytic infiltrate. All episodes of
transaminitis resolved with drug hold or the initiation of im-
munosuppression; the latter was required if idelalisib was to
be restarted. This autoimmune hepatitis was associated with
younger patient age, mutated immunoglobulin heavy chains,
and reduced circulating Tregs after receiving idelalisib.
Similar findings in relapsed patients with colitis on idelalisib
have been reported. Twelve of 29 samples had an inflamma-
tory and ischemic pattern, with a mixed appearance with both
apoptotic and ischemic and inflammatory features. Five of the
colon samples were found to have CMV involvement and one
sample had HHV6 [74], but no viral infections were associat-
ed with the hepatitis.

One potential mechanism for the development of the he-
patic lymphocytic infiltrate is the effects of PI3K inhibition on
regulatory T cells (Tregs). PI3K activity has been shown to be
critical to Treg development and function. Initial studies with
PI3K deficient mice demonstrated decreased numbers of
Tregs and decreased Treg function as demonstrated by their
inability to protect against experimental colitis in adoptive
transfer experiments [75]. Similar lack of Treg function was
seen when PI3K deficiency was limited to T cells. Mice lack-
ing PI3K function in their T cells develop a spontaneous
Sjogren’s syndrome-like disease and have decreased numbers
of peripheral Tregs [76]. Ex vivo investigation into the mech-
anism bywhich PI3K promotes Treg function has demonstrat-
ed that blockade of PI3K prevents IL-2, IL-4, IL-7, and IL-15
maintenance of regulatory function in Tregs [77]. It has been
further shown that PI3K pathway inhibitors decrease Treg
production of granzyme B, a mechanism by which Tregs se-
lectively induce apoptosis in antigen-presenting B cells and
effector T cells and a key mechanism for Treg-mediated sup-
pression of tumor clearance [77]. Mice with an inactivating
knock-in mutation in the p110δ isoform of PI3K have de-
creased Treg number and are more effective at clearing
Leishmania major infections. Increased clearance of
Leishmania was abrogated by the adoptive transfer of wild
type Tregs [78]. Furthermore, Tregs from mice with a
kinase-dead mutant p110δ PI3K have inferior suppressive ca-
pacity relative to wild type Tregs [79]. Given the increased
risk of infection and risk of death related to infection coupled
with significant idelalisib-mediated liver, colonic, and

pulmonary injury, the use of idelalisib in CLL continues to
be defined. Given the favorable toxicity profile of ibrutinib
relative to idelalisib, clinical practice has favored ibrutinib in
the majority of clinical settings. In patients with a high risk of
bleeding, idelalisib may be the preferred agent. Idelalisib use
after prior ibrutinib is also appropriate, although prospective
data on its activity in these patients is lacking.

Resistance

While responses to ibrutinib are seen in the majority of pa-
tients, over time, patients relapse. One mechanism of resis-
tance that has been identified is the development of mutations
in the BCR signaling pathway that affect ibrutinib binding to
BTK and downstream signaling [80]. Whole-exome sequenc-
ing of six patients with acquired resistance to ibrutinib identi-
fied a cysteine to serine mutation at the ibrutinib-binding site
of BTK in five patients. Functional studies demonstrated that
this mutation resulted in a decrease of the affinity of ibrutinib
for BTK (dissociation constant, 0.2 vs. 10.4 nM). In addition
to the mutations in BTK, three mutations in two patients were
identified in PLCγ2. Both of these appeared to be gain of
function mutations, resulting in autonomous BCR pathway
activity. Baseline samples did not have the above mutations,
consistent with treatment-related acquisition. Further analysis
of the PLCγ2 mutations demonstrated BTK independent ac-
tivation following BCR engagement, consistent with the de-
velopment of a BTK bypass pathway [81]. Analyzing previ-
ously banked samples from 15 patients with a clinical relapse
related to either a BTK or PLCγ2 mutation demonstrated that
the resistant clone was able to be identified a median of 9.3
(95% CI 7.6–11.7) months prior to clinical relapse [82].
In vitro studies of Ramos cell lines exposed to ibrutinib de-
veloped resistance through BCL2 upregulation and interferon
response genes [83]. In Namalwa cell lines conditioned by
exposure to increasing doses of ibrutinib, BCR signaling path-
way genes were overexpressed, suggesting constitutive acti-
vation of BTK and downstream kinases as a potential mech-
anism of resistance.

Given that BTK mutation is a common mechanism of re-
sistance to ibrutinib, alternative non-covalent BTK inhibitors
with activity against the C481S mutation are in development.
In vitro studies of the BTK inhibitor ARQ531 demonstrate
inhibition of BTK that harbors the C481S mutation [84].
Cytotoxicity with ARQ531 has been demonstrated in cells
isolated from patients with the C481S mutations. In the
TCL1 mouse model of CLL, ARQ531 demonstrated superi-
ority to ibrutinib, in prolonging median survival of the mice.
Likewise, REDX08608 is a next-generation BTK inhibitor
that binds to C481S-mutated BTK that is currently being stud-
ied preclinically [85]. SNS-062 is a potent, non-covalent BTK
inhibitor that has antitumor activity in vitro against tumor cells
harboring the C481Smutation [86]. A phase Ia, first in human
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study in healthy subjects demonstrated reasonable safety with
no grade 3 or higher toxicities observed. Common toxicities
included headache, nausea, and constipation.

Whole-exome sequencing has also been performed on pa-
tients with acquired resistance to idelalisib [87]. Eighty-eight
mutations were identified to be associated with progressive
disease. However, no recurrent mutations were identified in
more than one patient, and no mutations were identified in the
PI3K signaling pathway or any other related pathway, sug-
gesting that there is no common mutation mechanism for
idelalisib resistance. In vivo studies using the murine CLL
clone TCL1-192 have attempted to study resistance by expos-
ing the tumor to the murine-specific PI3Kδ inhibitor GS-
649443 [88]. Whole-exome sequencing of resistant TCL1-
192 cells identified 64 specific mutations. As was seen in
the samples taken from patients treated with idelalisib, no
recurrent mutations were identified. However, a subset of mu-
tations were functionally grouped into integrin and extracellu-
lar matrix signaling. All resistant tumors showed upregulation
of genes involved in the integrin receptor complex. RNAseq
analysis and Western blotting identified an upregulation of
IGF1R expression in the resistant samples. Targeting IGF1R
with linsitinib and GS-649443 resulted in improved survival
of mice with resistant TCL1-192. Taken together, these stud-
ies suggest that resistance to PI3K inhibition is not mediated
by unique, recurrent mutations in the BCR pathway but by
alterations in survival signaling with potential contribution
from various mutations.

Next-generation Inhibitors

Given the significant efficacy seen with ibrutinib and
idelalisib, a number of next-generation agents are being inves-
tigated. In an effort to decrease off-target effects of BTK inhi-
bition, many of the new inhibitors show increased specificity
for BTK.

Next-generation BTK Inhibitors

Acalabrutinib binds covalently to the same binding site as
ibrutinib but has increased specificity for BTK relative to the
other Tec kinases [89]. Acalabrutinib’s IC50 for BTK is 5.1 vs.
1.5 nM for ibrutinib, 93 nM for TEC vs. 7 nM for ibrutinib,
and greater than 1000 nM for ITK, SRC, and EGFR, against
each of which ibrutinib has <20 nM potency. A phase I/II trial
investigated the efficacy of acalabrutinib in 61 patients with
relapsed or refractory CLL [89]. The overall response rate was
95% and the remaining 5% of patients had stable disease. In
the subset of patients with 17p deletion, the response rate was
100%. One expansion cohort of the phase 1 acalabrutinib trial
investigated patients with CLL who were intolerant to
ibrutinib [90]. Thirty-three patients were enrolled. At amedian
follow-up of 9.5 months, 73% of patients continued on

treatment. The most common adverse events were grade 1
and included diarrhea (42%), headache (39%), cough (24%),
increased weight (24%), and nausea (21%). Two pneumonias,
one grade 3, and the other grade 4 were the only serious
adverse events occurring in more than one patient. No major
bleeding occurred in the six patients who had developed
bleeding while on ibrutinib. Patients discontinued
acalabrutinib for progression (15%), adverse events (6%),
and physician decision (6%). The two adverse events that
resulted in cessation of acalabrutinib were thought to be unre-
lated to acalabrutinib and were a grade 5 fungal infection and a
grade 3 metastatic endometrial cancer. An ongoing phase III
trial is comparing acalabrutinib to ibrutinib in patients with
relapsed high-risk disease defined by the presence of a dele-
tion in 17p or 11q. Acalabrutinib alone or in combination with
obinutuzumab is being compared to obinutuzumab
chlorambucil in a three-arm trial of upfront treatment for pa-
tients with CLL (NCT02475681).

ONO/GS-4059 is a selective and irreversible inhibitor of
BTK with decreased inhibition of EGFR and ITK relative to
ibrutinib [91, 92]. ONO-4059 was investigated in a phase I
study of patients with relapsed or refractory mature B cell
malignancies. Twenty-four of 25 patients with CLL responded
for an overall response rate of 96%, with an estimated PFS of
874 days. No diarrhea or cardiac events were reported but one
patient had significant bleeding. GS-4059 is also being inves-
tigated in a phase Ib trial in combination with idelalisib for
patients with relapsed or refractory B cell malignancies [93].
Twenty patients have been enrolled, eight with CLL. Ninety-
five percent of patients reported a treatment emergent AE.
Grade 3 or higher adverse events included neutropenia in five
patients (25%), diarrhea in one patient (5%), and back pain in
one patient (5%). Of the seven evaluable patients from the
dose escalation portion of the trial, three have had a greater
than 50% decrease in lymphadenopathy.

CC-292 is a rationally designed, potent, selective inhibitor
of BTK that covalently binds to cysteine 481 on BTK,
blocking the ATP-binding pocket of the enzyme [94]. A phase
I, dose escalation study was performed in patients with re-
lapsed or refractory CLL, B-NHL, or Waldenstrom’s macro-
globulinemia [95]. Over 90% BTK receptor occupancy was
observed with twice daily dosing. Eighty-four patients with
CLL were treated. Among the CLL patients treated at the four
highest dose levels, 60% of patients had a more than 50%
reduction in lymph node diameter. Treatment was well toler-
ated and the maximum tolerated dose was not defined. Dose-
limiting toxicities were seen in two patients experiencing
grade 4 thrombocytopenia, one patient with grade 3 drug re-
lated pneumonitis, and one patient with reversible, grade 3
mental status changes. Febrile neutropenia was seen in only
2% of patients. The median response duration was 11.0, 5.6,
not reached, and 8.4 months for the 750-mg and 1000-mg
once daily and 375-mg and 500-mg twice daily groups,
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respectively. The reason for the decreased durability of re-
sponse relative to ibrutinib is likely related to highly variable
pharmacokinetics and pharmacodynamics.

BGB-3111 is a potent, highly specific, irreversible BTK
inhibitor with increased selectivity relative to ibrutinib for
BTK as compared to other members of the Tec kinase family,
including ITK [96]. A phase I trial in patients with relapsed B
cell malignancies, including 45 with CLL or SLL demonstrat-
ed median BTK occupancy of 99.5% with twice daily dosing.
The response rate is 90%, with an additional 7% of patients
having stable disease. No patients developed progression or
Richter’s transformation. Three serious adverse events were
reported, including one patient with grade 2 cardiac failure,
one episode of grade 2 pleural effusion, and one case of grade
3 purpura (which was the only major bleeding event).

Next-generation PI3K Inhibitors

Pilaralisib (previously SAR245408) is a highly selective, re-
versible, and potent inhibitor of class I PI3k α, β, γ, and δ
isoforms. In a phase I trial in patients with relapsed or refrac-
tory CLL and NHL [97], ten patients with CLL and 15 pa-
tients with NHL were treated. Five patients with CLL (50%)
and three patients with NHL (20%) had a partial response. The
most frequent adverse events were diarrhea (92%), pyrexia
(52%), and fatigue (44%). Twenty percent of patients had
grade 3 or higher diarrhea.

Copanlisib is another pan PI3K inhibitor with increased
inhibition of α and δ subunits [98]. A phase II study investi-
gated the efficacy of copanlisib in patients with CLL and
NHL. Thirty-three patients were enrolled, including 13 with
CLL. Across all disease groups, the overall response rate was
47%. The overall response rate for CLLwas 38%, all of which
were partial responses. The most common adverse events
were hyperglycemia (70%), hypertension (70%) of which
49%were grade 3, fatigue (64%), diarrhea (36%), neutropenia
(36%), and anemia (33%).

Duvelisib (previously IPI-145) is a dual PI3K p110 δγ
inhibitor that was investigated in a phase I dose escalation trial
in 54 patients [99]. Eighty-three percent of patients achieved a
greater than 50% decrease in adenopathy by imaging, and best
overall response rate by IWCLL criteria was 55% in 49
evaluable patients and included one complete response. The
most common adverse events, of grade 3 or greater, included
neutropenia (31%), febrile neutropenia (15%), and pneumonia
(11%). Duvelisib has also been investigated in the upfront
setting in combination with FCR for younger patients with
CLL [100]. The initial analysis of a phase I trial evaluating
this combination enrolled 12 patients with an overall response
rate of 100% and a complete remission rate of 33%.
Interestingly, the rate of MRD negativity in the bone marrow
was 89% in the nine patients evaluated. The combination of
duvelisib, rituximab, and bendamustine was investigated in 48

patients with relapsed NHL [101]. Eighteen CLL patients
were treated in the dose expansion arm with an overall re-
sponse rate of 92%.

TGR-1202 is a next-generation, once daily, oral PI3Kδ
inhibitor. A phase 1 study in patients with CLL and NHL
demonstrated reasonable safety and significant efficacy
[102]. Toxicities included nausea (44%, grade 3/4 0%), diar-
rhea (36%; grade 3 or higher 1%), and fatigue (31%; grade 3
or higher 3%). Of note, the incidence of hepatotoxicity and
colitis appeared to be significantly less than that reported with
idelalisib. TGR-1202 has been used in combination with the
CD20 antibody obinutuzumab and chlorambucil as treatment
for patients with CLL [103]. Safety and efficacy were reported
on 18 patients. The most common adverse events of grade 3 or
4 were neutropenia (61%), thrombocytopenia (33%), and el-
evations in transaminases (28%). Thirteen of 14 treatment
naïve patients responded, four of which were complete re-
sponses. Two of three previously treated patients achieved a
response. TGR-1202 has also been combined with ibrutinib as
outlined above.

Conclusion

Inhibition of the BCR signaling pathway is now a standard
part of the CLL armamentarium for the management of both
upfront disease as well as the relapsed and refractory setting.
Inhibitors of both BTK and PI3K have significant efficacy as
single agents and when combined with chemo-immunothera-
py. Clear differences in the toxicity profile between the two
approved agents suggest that ibrutinib is the favored agent for
the majority of patients. However, given the increased risk of
bleeding and incidence of atrial fibrillation with ibrutinib, pa-
tients on blood thinners or at risk for atrial fibrillation may be
initially treated with idelalisib as long as they are previously
treated. Recent clinical trial data have demonstrated increased
risk of death secondary to infections when idelalisib is used
frontline. In addition, idelalisib has been shown to promote the
development of immune-mediated hepatitis, colitis, and pneu-
monitis. With the understanding of the potential for these tox-
icities, it is important to monitor patients carefully, provide
infectious prophylaxis, follow regular CMV PCRs, and man-
age neutropenia aggressively with growth factor support. The
management and prevention of the autoimmune toxicities are
summarized in a set of clinical guidelines [104].

Emerging understanding of the off-target effects of both
BTK and PI3Kδ inhibition suggests the potential for more
effective combinatorial strategies. In particular, compelling
evidence suggests that BTK inhibition may have a role as an
immune modulator that enhances the efficacy of immune ther-
apy such as CAR T cells. While the current research environ-
ment surrounding idelalisib is complicated by the recent ob-
servation of increased infectious risk and immune-mediated
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toxicity, there remains the potential that these effects can be re-
directed to assist immune-mediated treatments or even allow
PI3K delta inhibitors to be used primarily as immunomodula-
tory therapies in solid tumors.
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