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Abstract. It is becoming increasingly evident that B‑cell 
receptor (BCR) signaling is central to the development and 
function of B cells. BCR signaling has emerged as a pivotal 
pathway and a key driver of numerous B‑cell lymphomas. 
Disruption of BCR signaling can be lethal to malignant B cells. 
Recently, kinase inhibitors that target BCR signaling have 
induced notable clinical responses. These inhibitors include 
spleen tyrosine kinase, mammalian target of rapamycin, phos-
phoinositide 3'‑kinase and Bruton's tyrosine kinase (BTK). 
Ibrutinib, an oral irreversible BTK inhibitor, has emerged as a 
promising targeted therapy for patients with B‑cell malignan-
cies. The present review discusses the current understanding of 
BTK‑mediated BCR signaling in the biology and pathobiology 
of normal and malignant B cells, and the cellular interaction 
with the tumor microenvironment. The data on ibrutinib in the 
preclinical and clinical settings is also discussed, and perspec-
tives for the future use of ibrutinib are outlined.

Contents

1.	 Introduction
2.	 Overview of the BCR signaling pathway and BTK
3.	 Preclinical data on ibrutinib in the treatment of B‑cell
	 malignancies
4.	 Clinical trials of ibrutinib in the treatment of B‑cell
	 malignancies using monotherapy and combination 
	 regimens
5.	 Conclusions

1. Introduction

B‑cell malignancies are a heterogeneous group of disorders 
and treatment of these conditions has essentially remained 
the same for >30 years, with the exception of the inclusion 
of monoclonal anti‑cluster of differentiation (CD)20 agents in 
combination strategies (1,2). A pivotal moment in the develop-
ment of novel drugs for this group of disorders arose with the 
introduction of the first biologic targeted agent, the anti‑CD20 
monoclonal antibody rituximab, with improved outcomes in 
almost every B‑cell disorder in which it was applied (3,4). 
However, although improved survival was obtained for the 
B‑cell lymphoma patients, the majority continued to relapse 
following standard chemo‑immunotherapy, and currently, 
>15,000 patients still succumb to B‑cell malignancies each 
year in the United States. Over the past few years, marked 
progress has been made in understanding a number of the 
key pathways that drive proliferation, survival and resistance 
in lymphoma and leukemia (5‑7). Our understanding of onco-
genic mechanisms has recently been greatly accelerated by 
the advent of functional and structural genomics. The identi-
fication and validation of a number of essential pathways that 
drive malignant B‑cell lymphoma progression have allowed 
medical chemists to create highly specific small‑molecule 
inhibitors (8,9). In addition, the effect that the tumor micro-
environment (TME) has on tumor survival, proliferation 
and therapy resistance is being increasingly understood and 
appreciated (10).

Among the most widely studied oncogenic pathways in 
B‑cell lymphomas is the B‑cell receptor (BCR) signaling 
pathway, which has emerged as a crucial player in the survival, 
proliferation and trafficking of malignant B cells  (11,12). 
Inhibitors of the key kinases in the BCR signaling pathway, 
including spleen tyrosine kinase (SYK), mammalian target 
of rapamycin (mTOR), phosphoinositide 3'‑kinase (PI3K) and 
Bruton's tyrosine kinase (BTK), have become a focus of notable 
clinical interest due to their striking clinical responses (13,14). 
A certain degree of the efficacy of these agents is due to the 
attenuation of BCR‑dependent lymphoma‑TME interactions. 
The present review discusses the pivotal role of BCR signaling 
in the integration of intrinsic and extrinsic determinants of 
TME‑mediated lymphoma survival and drug resistance, and 
examines the use of the BTK inhibitor, ibrutinib, as an example 
of a promising targeted therapy and future treatment strategy.
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2. Overview of the BCR signaling pathway and BTK

Normal B  cells utilize the BCR pathway to promote the 
proliferation, differentiation and function of cells, including 
antibody production (15,16). A simplified version of the BCR 
pathway and its role in lymphoma cell interactions with TME 
is illustrated in Fig. 1. Recently, BCR signaling has emerged as 
a pivotal pathway and is likely to be a key driver of a number 
of B‑cell lymphomas (17). Kinase inhibitors that target BCR 
signaling have induced striking clinical responses (18). When 
it is activated, BCR recruits SYK kinase from the cytoplasm to 
the perimembrane location to become BCR signalosome (19). 
SRC then phosphorylates SYK, and is auto‑phosphorylated 
and activated prior to interacting with and catalyzing the phos-
phorylation of several other signaling molecules, including 
PLCγ2 (a lipase), BTK and B‑cell linker protein (an adaptor 
molecule) (20‑22). Phosphatidylinositol 4,5‑bisphosphate is 
cleaved into diacylglycerol and inositol triphosphate by acti-
vated PLCγ2, which results in the mobilization of calcium and 
the activation of a number of downstream signaling pathways, 
such as the AKT, mitogen‑activated protein kinase (MAPK) 
and nuclear factor‑κB (NF‑κB) pathways (23). A number of 
transcriptional factors are activated through these pathways, 
and eventually, the cells undergo metabolic adaptation, 
resulting in increased cell proliferation, survival and differ-
entiation into plasma or memory B cells, as well as antibody 
production (24,25). Most recently, inhibitors of BCR signaling 
have become an area of substantial clinical interest, particu-
larly in chronic lymphocytic leukemia (CLL), which is likely 
attributed to its role in BCR‑ and chemokine‑controlled inte-
grin‑mediated adhesion and the homing of malignant B cells to 
lymph node and bone marrow microenvironments that support 
growth and survival (26,27). Collectively, these data support 
the fact that BCR activation not only controls intrinsic survival 
pathways associated with B lymphoma cells, but that it also 
regulates stroma‑mediated extrinsic lymphoma cell survival, 
and lymphoma cell homing and interplay with the microen-
vironment. Targeting the BCR signal pathway molecules will 
block the growth and survival signals emanating from cell 

intrinsic mutations and the microenvironment, and is therefore 
a promising therapeutic strategy for lymphoma therapy.

BTK is a member of the tyrosine‑protein (Tec) family 
of kinases, expressed in hematopoietic cells, particularly 
in B cells, but not in T cells or normal plasma cells  (28). 
BTK is activated by the upstream Src‑family and leads to 
the downstream activation of essential cell survival path-
ways, such as NF‑κB and MAPK. Furthermore, it plays an 
important role in the signaling pathways of C‑X‑C motif 
chemokine ligand 12‑chemokine (C‑X‑C motif) receptor 4; 
(CXCL12‑CXCR4), B‑cell activating factor (BAFF) receptor, 
Fcγ receptor (FcγR), Toll‑like receptor and receptor activator 
of NF‑κB, which prompt B‑cell migration, adhesion, self‑toler-
ance, inmmune activation and cytokine secretion  (29‑32). 
Deficient BTK is associated with its loss of function and 
reduced mature B cell numbers, and results in X‑linked agam-
maglobulinemia. Ibrutinib, an oral irreversible BTK inhibitor, 
is designed to bond to a Cys481 residue within the BTK active 
site, preventing the Tyr223 phosphorylation required for its 
activation (33). The drug was approved by the Food and Drug 
Administration in February 2013 for several clinical trials 
on various forms of B‑cell malignancies. Notably, marked 
efficacy for ibrutinib has been noted thus far, particularly in 
CLL/small lymphocytic lymphoma (SLL) and mantel cell 
lymphoma (MCL).

3. Preclinical data on ibrutinib in the treatment of B‑cell 
malignancies

In  vitro experiments revealed that ibrutinib significantly 
inhibited CLL cell survival, DNA synthesis and migration 
in response to tissue homing chemokines (CXCL12 and 
CXCL13), and that it effectively blocked survival signals, 
which are provided externally to CLL cells from the microen-
vironment [CD40L, BAFF, interleukin (IL)‑6, IL‑4 and tumor 
necrosis factor‑α] (34,35). Ibrutinib also downregulated the 
BCR‑dependent chemokines [chemokine (C‑C motif) ligand 3 
(CCL3) and CCL4] by CLL cell secretion (36,37). Ibrutinib 
strongly inhibited the survival of malignant cells, including 

Figure 1. BCR is a central mediator of malignant B‑cell homing, survival and microenvironment‑mediated drug resistance. BCR, B‑cell receptor; SYK, spleen 
tyrosine kinase; BTK, Bruton's tyrosine kinase; PI3K, phosphoinositide 3'‑kinase; SH2, Src Homology 2; CXCR4, chemokine (C‑X‑C motif) receptor 4; 
CXCL12/SDF1, C‑X‑C motif chemokine ligand 12/stromal cell‑derived factor 1; VCAM, vascular cell adhesion protein 1; FOXO1, forkhead box protein O1; 
P, phosphate; B‑NHL‑TM, B‑cell‑non‑Hodgkin's lymphoma and tumor microenvironment interaction.
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CLL, MCL, diffuse large B‑cell lymphoma (DLBCL), follicular 
lymphoma (FL) and multiple myeloma (MM) cells, in in vivo 
and in vitro experiments (38‑40). In addition, ibrutinib and 
bortezomib synergistically kill activated B cell‑like‑DLBCL 
(ABC‑DLBCL) or germinal‑center B‑cell‑like DLBCL 
(GC‑DLBCL) cells and MCL cells, including those highly 
resistant to bortezomib, but not normal cells (41). Furthermore, 
Rushworth et al (42) reported for the first time that ibrutinib 
treatment significantly augments the cytotoxic activity of 
bortezomib and lenalidomide chemotherapies by inhibiting 
the NF‑κB pathway in malignant plasma cells from patients 
with MM, which may provide a theoretical basis for future 
combination therapy. Notably, ibrutinib was also shown to 
disrupt the chemokine‑induced adhesion and migration of 
primary chronic leukemia B cells (43).

In a mouse xenograft in vivo model, ibrutinib inhibited 
CLL progression. As in humans, the mice exhibited tran-
sient lymphocytosis at day 4 and a reduction in tumor size, 
demonstrating that CLL cells can be mobilized into peripheral 
blood from lymphoid tissue by ibrutinib (33). This is likely 
as the protection from the TME is prevented and indicates 
that ibrutinib may overcome the drug resistance mediated by 
the microenvironment. As canine non‑Hodgkin's lymphoma 
(NHL) shares a number of characteristics with human NHL, 
including diagnostic classifications and response to cyclophos-
phamide, doxorubicin, vincristine and prednisone/prednisolone 
regimen‑based chemotherapy (44), Honigberg et al (45) treated 
treatment‑naïve (TN) and relapsed dogs with ibrutinib using 
the capsule formulation prepared for human clinical trials. The 
study showed that ibrutinib led to objective clinical responses 
[3 partial response (PR) and 3 stable disease (SD)] in spon-
taneous canine B‑cell lymphomas by response evaluation 
criteria. Total Btk levels varied significantly across samples, 
which may suggest heterogeneity in biopsy sampling in tumor 
cells.

Taken together, these ex vivo and in vivo studies demon-
strated that BCR/BTK is a central mediator of malignant 
B‑cell homing, survival and microenvironment‑mediated 
drug resistance. Further support for this conclusion may be 
observed in the marked responses of B‑cell disorders treated 
with ibrutinib alone or in combination with cytotoxic agents.

4. Clinical trials of ibrutinib in the treatment of B‑cell ma‑
lignancies using monotherapy and combination regimens

In a multi‑cohort phase Ib/II trial of ibrutinib in TN or 
relapsed/refractory (RR) CLL/SLL patients, 83% of patients 
with RR disease and 96% of treatment‑naïve patients, 
including those with high‑risk disease, were estimated to 
experience overall survival (OS) times of 26 months  (46). 
The study demonstrated that ibrutinib may be the first‑line 
treatment for previously untreated CLL patients. Notably, 
the high‑ and low‑dose groups achieved the same efficacy in 
this trial, which suggested that the efficacy was not positively 
correlated with the dose of ibrutinib but may be associated with 
the complete suppression of BTK. Advani et al (47) confirmed 
this hypothesis and presented a study in which patients with 
RR B‑cell lymphoma and CLL received escalating oral doses 
of ibrutinib (1.25‑12.5 mg/kg per day). BTK occupancy >95% 
was observed in dose level cohorts II to V (2.5‑12.5 mg/kg per 

day), and each of these cohorts experienced similar response 
rates, consistent with the efficacy derived from BTK inhibi-
tion. Notably, during the first treatment cycle, all CLL patients 
experienced rapid reductions in lymphadenopathy accompa-
nied by an increase in absolute lymphocyte count, indicating 
that the malignant cells were moving from the lymph nodes 
into the peripheral blood. The results suggested that old 
response criteria for progressive disease based on lymphocy-
tosis may have to be modified, since lymphocytosis associated 
with inhibitors targeting the BCR pathway is clearly not a sign 
of disease progression. To this end, National Comprehensive 
Cancer Network guidelines have eliminated progressive 
lymphocytosis as a sign of disease progression when spleen 
and lymph node sizes are reduced (48).

Following this, to confirm the efficacy of ibrutinib in 
patients with RR MCL, Wang et al (49) conducted a phase Ⅱ 
study, with 109 RR MCL patients (63 bortezomib‑naïve and 
46 bortezomib‑exposed). The overall response rate (ORR) 
is 68% according to the International Working Group 
response criteria  (49), and in the study by Wang et al, the 
ORR was 65% in the bortezomib‑naive cohort and 72% in 
the bortezomib‑exposed cohort. The data from this phase II 
trial showed that the single agent ibrutinib is highly active in 
R/R MCL. Moreover, patients who received ibrutinib therapy 
following bortezomib treatment experienced improved treat-
ment efficacy, suggesting that combining the drug with other 
therapies deserves further study, which may be of great patient 
benefit. Staudt et al (50) reported a study in which 8 patients 
with RR ABC DLBCL were enrolled, with a complete 
response (CR) recorded in 2 patients (25%), SD in 3 patients 
(37%) and progressive disease in 3 patients (38%). Notably, 
1 patient with primary refractory disease achieved SD with 
ibrutinib, associated with a 25% tumor reduction, and is 
currently in CR following allogeneic bone marrow transplan-
tation. CD79B mutations, which cause chronic BCR signaling 
in ABC DLBCL, were revealed in 2 patients; 1 patient with 
SD who achieved a 25% tumor response and another who 
achieved a CR. However, ibrutinib was shown to significantly 
improve survival only in ABC DLBCL but not GC DLBCL 
patients. Another phase 2 study also indicated that ibrutinib 
showed preferential response activity in ABC versus GCB 
DLBCL (Table I) (51). Thus, chronic active BCR signaling 
maybe a significant therapeutic target in ABC DLBCL 
or other B‑cell malignancies. In FL, when ibrutinib was 
administered orally with dose escalation in 16 patients with 
FL (52), the ORR was 54.5% (3 CR and 3 PR), the duration 
of response was 12.3 months and the median progression‑free 
survival time was 13.4 months, showing promising treatment 
efficacy for this disease. These clinical experiments showed 
that the side effects of ibrutinib are well tolerated. Grade 1 or 
2 diarrhea, fatigue and nausea have been the most frequently 
reported adverse events (AEs). Grade 3 AEs included anemia, 
anxiety, hypersensitivity, hypokalemia, hypophosphatemia 
and decreased neutrophil count, while grade 4 hypokalemia 
was also considered to be associated with ibrutinib (53,54). 
As more experience is gained with this agent, the patients 
who will benefit the most will be chosen. Further research is 
required not only to identify the response biomarkers and the 
mechanism of resistance, but also to understand how these 
agents may be rationally combined.
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The most comprehensive study of ibrutinib has been 
performed in CLL. Results from a phase 1/2 trial suggested 
that high‑  and low‑risk CLL patients respond equally as 
well to ibrutinib (55). CLL patients treated with single‑agent 
ibrutinib therapy characteristically exhibit delayed responses 
or SD. To accelerate and improve these responses, a phase 2 
single‑center clinical trial of ibrutinib plus rituximab was 
conducted, which accrued 40 patients. In total, 32 patients with 
unmutated immunoglobulin heavy chain variable, 20 patients 
with del17p or tumor protein p53 mutation (4 without prior 

therapy) and 13 patients with del11q were enrolled. From the 
20 patients in whom an early response assessment could be 
evaluated at 3 months, 17 patients achieved a partial remis-
sion for an ORR of 85%, and 3 achieved a PR. However, in 
this combination trial, it was noted that the re‑distribution 
lymphocytosis peaked earlier and with a shorter dura-
tion compared with single‑agent ibrutinib (42), which was 
possibly due to the addition of rituximab. Treatment was 
well tolerated, with diarrhea, bone pain and fatigue as the 
most frequent side effects. In addition, another study (56) 
showed that ibrutinib in combination with ofatumumab is 
well‑tolerated and highly active in patients with RR CLL 
(ORR, 100%) irrespective of prognostic markers (Table II). A 
further study (57) was performed to test ibrutinib in combina-
tion with a bendamustine and rituximab regimen (BR) or a 
fludarabine/Cytoxan/Rituxan regimen (FCR) in patients with 
RR CLL. The results indicated that at a median follow‑up 
time of 4.9 months, 16 patients had completed BR therapy 
and 14 patients were still receiving BR therapy, with an ORR 
of 93% (28/30 patients; CR, 13% and PR 80%). The responses 
appeared to be independent of high‑risk clinical or genomic 
features. The majority of patients (77%) remained a part of 
the study at the time the data was presented. While only 
3 patients were included in the FCR+ibrutinib cohort, the 
therapy was well tolerated, with only one serious AE, which 
was neutropenic fever. The ORR was 100% (3/3) and the 
2 confirmed minimal residual disease (MRD)‑negative cases 
achieved CRs (57).

Although the number of patients receiving combination 
therapy and the number of associated clinical experiments is 
small, the benefits that CLL patients have gained is clear. Next, 

Table I. Basic characteristics of lymphoma and efficacy of ibrutinib.

Diseases	 Patients, n	 Age, years	 Doses	 AE	 ORR	 Study phase

CLL	   61	 ≥65	 420 or	 Diarrhea, fatigue,	 70%	 Ⅰb/Ⅱ 
			   840 mg	 rash; serious AEs	 (420‑mg cohort)
				    occurred in 10% 	 63%	
				    of patients	 (840‑mg cohort)
MCL	 109	 68 (40‑84)a	 560 mg	 Diarrhea, fatigue,	 65% 	 Ⅱ
			   (po qd)	 upper respiratory	 (bortezomib‑naïve)
				    tract infection,	 67%
				    dyspneaoedema 	 (bortezomib‑exposed)
				    peripheral, grade 5
				    pneumonia
DLBCL	   70	 60 (41‑71)a	 560 mg	 AEs consistent	 40%	 Ⅱ
			   (po qd)	 with that reported	 (ABC subtype)
				    in other ibrutinib	 5%
				    studies	 (GCB subype)
FL	   16	 60 (41‑71)a	 1.25‑12.5	 Diarrhea, fatigue	 54.5%	 Ⅰ
			   mg/kg	 nausea, coughing

Patients with relapsed or refractory MCL who were either bortezomib‑naïve or bortezomib‑exposed (prior treatment with at least 2 cycles of 
bortezomib) were eligible for study. PCI‑32765 (ibrutinib) was administered orally at 560 mg daily (in continuous 28‑day cycles) until disease 
progression halted. The tumor response was evaluated every 2  cycles and classified by the 2007 non‑Hodgkin's lymphoma International 
Working Group response criteria (48). aMedian (range). CLL, chronic lymphocytic leukemia; MCL, mantel cell lymphoma; DLBCL, diffuse 
large B‑cell lymphoma; FL, follicular lymphoma; po, by mouth; qd, every day; AE, adverse event; ORR, overall response rate; ABC, activated 
B cell; GCB, germinal‑center B‑cell.
  

Table II. Comparison of the efficacy of ibrutinib in mono-
therapy and combination therapy.

Study	 n	 ORR, %	 CR, %	 PFS

Single agent
  RR	 61	   67	   4	 88% at 18 months
  TN	 31	   74	 10	 96% at 15 months
Combination
  PCI+BR	 30	   93	 13	 90% at 11 months
  PCI+FCR	   3	 100	 67	 100% at 11 monthsa

  PCI+ofatumumab	 27	 100	   4	 89% at 11 monthsa

ORR, overall response rate; CR, complete response; PFS, progres-
sion‑free survival; RR, relapsed/refractory; TN, treatment‑naïve;  
PCI, ibrutinib; BR, bendamustine and rituximab regimen; 
FCR, fludarabine/Cytoxan/Rituxan regimen. aThe clinical trial 
(NCT01217749) (57).
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the optimal combination strategies must be chosen according 
to the accurate molecular classification of patients or other 
criteria, such as disease progression, leading to personalized 
therapy. The clinical data on combination therapy using ibru-
tinib in patients with MCL, DLBCL, MM and FL is limited; 
however, these pre‑clinical experiments on CLL provide the 
rationale for using a combination strategy for other types of 
B cell malignancies.

5. Conclusions

Over the last three years, the progress in the study of patho-
logical BCR signaling in lymphoma has resulted in the rapid 
development of BCR pathway inhibitors. The compounds that 
have been developed furthest in the clinic are the inhibitors of 
SYK, mTOR, PI3K‑δ and BTK. To date, marked success has 
been achieved by these therapeutic agents in the treatment of 
patients with B cell malignancies who, in a number of cases, 
were resistant to conventional chemotherapeutic agents. 
Furthermore, the side effect profile of BCR‑targeted thera-
pies appears to be easily manageable. However, despite high 
ORRs for BCR pathway inhibitors, a substantial minority of 
patients is unresponsive or shows progression relatively soon 
after the commencement of therapy. Therefore, the identifi-
cation of molecular mechanisms that may predict and sustain 
the response to BCR pathway inhibitors would be beneficial 
in order to overcome drug resistance. The BCR inhibitors, 
as discussed for the aforementioned BTK inhibitor, target 
the extracellular and intracellular determinants of the bone 
marrow niche. The aim of associated studies is to identify 
the appropriate factors to target within the complex network 
of the tumor cell microenvironment. To this end, therapies 
that are able to overcome the coordinated effort between 
lymphoma cells and the microenvironment are required. 
In this way, the sequence of events (de novo and acquired) 
facilitating MRD and ending in therapy resistance may 
be interrupted. Going forward, it is important to note that 
with the significant heterogeneity of signaling factors and 
transduction pathways within the TME (bone marrow and 
lymph node) niche, the designing of combination therapies 
with targeted agents is required. To this end, the targeting 
of multiple pathways, either simultaneously or in sequence, 
may be the only measure by which to overcome the sanctuary 
of the TME milieu, since these pathways act in concert in 
lymphomagenesis. It will be critical to merit the combined 
targeting of downstream (BCR) signaling pathways to main-
tain the advantage of direct modulation of the cell survival 
and proliferation machinery, with targeting of upstream or 
parallel pathways to circumvent the compensatory survival 
pathway. As a result, the success of BCR inhibitor therapy 
in B‑cell lymphoma therapy will be dependent on the use of 
rational combinations of targeted agents, and good knowledge 
of the nature of signaling pathways and their interactions 
with the TME.
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