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Abstract

Small molecule inhibitors targeting dysregulated pathways (RAS/RAF/MEK, PI3K/AKT/mTOR, JAK/STAT) have
significantly improved clinical outcomes in cancer patients. Recently Bruton’s tyrosine kinase (BTK), a crucial terminal
kinase enzyme in the B-cell antigen receptor (BCR) signaling pathway, has emerged as an attractive target for
therapeutic intervention in human malignancies and autoimmune disorders. Ibrutinib, a novel first-in-human
BTK-inhibitor, has demonstrated clinical effectiveness and tolerability in early clinical trials and has progressed
into phase III trials. However, additional research is necessary to identify the optimal dosing schedule, as well as
patients most likely to benefit from BTK inhibition. This review summarizes preclinical and clinical development
of ibrutinib and other novel BTK inhibitors (GDC-0834, CGI-560, CGI-1746, HM-71224, CC-292, and ONO-4059,
CNX-774, LFM-A13) in the treatment of B-cell malignancies and autoimmune disorders.
Introduction
Identifying novel mediators that regulate the growth and
death of cancer cells has facilitated the development of
more effective anti-cancer agents that have revolutionized
treatment options and clinical outcomes in cancer pa-
tients [1-4]. For instance, rituximab, a first-in-class chimeric
monoclonal antibody (MoAb) targeting CD 20 molecule,
has had clear impact on response rates and survival out-
comes, and has become a standard component of treatment
regimens for many patients with B-cell non-Hodgkin’s
lymphomas (NHLs) [5-7]. MoAbs targeting CD 19 molecule
are also rapidly moving through clinical trials [8]. In recent
times, Bruton’s tyrosine kinase (BTK), a crucial terminal
kinase enzyme in the B-cell antigen receptor (BCR) signaling
pathway has emerged as a novel target [9]. This downstream
signal transduction protein is a critical effector molecule that
governs normal B-cell development, differentiation and func-
tioning, and has also been implicated in initiation, survival
and progression of mature B-cell lymphoproliferative
disorders [10].
Ibrutinib, a novel BTK-targeting inhibitor, has shown

significant activities across a variety of B-cell neoplastic
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disorders and autoimmune diseases in preclinical models
and clinical trials [11]. However, additional research is ne-
cessary to identify the optimal dosing schedule, as well as
patients most likely to benefit from BTK inhibition. This
review provides a general overview of three main topics:
1) BTK signaling pathway in B-cell lymphopoiesis with
emphasis on its role in the pathogenetic mechanisms that
underlie B-cell lymphoproliferative disorders; 2) Novel
BTK inhibitors in preclinical and clinical development.
and 3) Preclinical models and clinical experiences with
ibrutinib and other BTK inhibitors in the treatment of
various B-cell disorders and autoimmune disorders.

BTK signaling pathway, B-cell lymphopoiesis, and
tumorigenesis
BTK, also known as agammaglobulinemia tyrosine kinase
(ATK) or B-cell progenitor kinase (BPK), is a non-receptor
tyrosine kinase that was initially identified as the defective
protein in human X-linked agammaglobulinemia (XLA)
[12,13]. The protein is predominantly expressed in B-
lymphocytes at various stages of development (except in
terminally differentiated plasma cells), and less commonly
in myeloid and erythroid progenitor cells [14]. It is encoded
by the XLA gene that maps to a 37 kb DNA fragment on
chromosome Xq22 [15,16]. BTK is a member of the Tec
family of protein tyrosine kinases. The Tec family has five
members and is the second largest family of cytoplasmic
tyrosine kinases. BTK has domains of pleckstrin homology
l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.

mailto:delong_liu@nymc.edu
http://creativecommons.org/licenses/by/2.0


Akinleye et al. Journal of Hematology & Oncology 2013, 6:59 Page 2 of 9
http://www.jhoonline.org/content/6/1/59
(PH), Tec homology (TH), Src homology 3 (SH3), Src
homology 2 (SH2), and tyrosine kinase or Src homology 1
(TK or SH1) (Figure 1) [17]. The PH domain contains
the binding site for transcription factor BAP-135/TFII-I
[18], harbors the inhibitory segment for downregulators
such as PIN 1, IBTK (inhibitor of BTK) [19], and also
mediates BTK’s interaction with second messenger phos-
phatidylinositol 3,4,5-trisphosphates (PIP3) [20]. Adjacent
to the PH domain is a segment of 80 amino acid residues
denoted as the TH domain. The TH domain houses
conserved regions designated as BTK motif (zinc cofactor
binding site) and proline-rich stretch [21], and serves as a
major determinant binding site for protein kinase C-beta
(PKC-β) [22]. Initial activation (trans-phosphorylation)
of BTK takes place in the activation loop located in the
SH1/TK domain; however further activation occurs within
the SH3 and SH2 domains, which contains major auto-
phosphorylation sites [23,24]. These Src homologous
domains also contain the nuclear localization signals (NLS)
and nuclear export sequence (NES) required for nucleocyto-
plasmic shuttling of BTK [25]. In addition to the activa-
tion loop, the ATP binding site, the catalytic apparatus,
and the allosteric inhibitory segments are also situated
in the SH1/TK domain [26].
BTK functions downstream of multiple receptors in-

cluding growth factors, B-cell antigen, chemokine, and
innate immune receptors, and thereby initiates a diverse
range of cellular processes, such as cell proliferation,
survival, differentiation, motility, angiogenesis, cytokine
production, and antigen presentation [27-30]. In steady-
state conditions, BTK is predominantly cytosolic, un-
phosphorylated and catalytically inactive [20]. BTK acti-
vation is a complex process and a critical step in this
process requires translocation of BTK to the plasma
membrane [20].
Figure 1 BTK structure. BTK belongs to the Tec family of protein tyrosine kina
SH3 (Src homology 3) SH2 (Src homology 2), and SH 1/TK (Src homology1/Tyro
upstream molecules are shown in the diagram.
Upon engagement by their corresponding ligands, acti-
vated receptors recruit and phosphorylate intracellular
signal transducer enzyme, phosphatidylinositol 3-kinase
(PI3K), which then acts on membrane-bound phos-
phatidylinositol 4,5-bisphosphate (PIP2) to generate sec-
ond messenger phosphatidylinositol 3,4,5-trisphosphates
(PIP3) [20]. PIP3 binds to BTK’s PH domain and recruits
BTK to the plasma membrane, where BTK is initially
trans-phosphorylated at Tyr-551residue by Syk and Lyn
kinases [31]. BTK then undergoes autophosphorylation
reaction at Tyr-223 residue to become physiologically
active [24]. Activated BTK can interact with adapter
protein BLNK/SLP65 through its SH2 domain. The com-
plex can then activate phospholipase C (PLC)-γ2 [32],
triggering a cascade of events that culminates in sustained
intracellular calcium influx and indirect activation of
downstream transcriptional signaling such as MEK/ERK, p38
MAPK, and JNK/SAPK pathways (Figure 2) [27,28,33-35].
Other downstream substrates of BTK include transcrip-
tion factors BAP-135/TFII-I, NFκB, ARID3A, STAT3 and
NFAT, where BTK plays a critical role in direct transcrip-
tion regulation and the expression of hundreds of genes
[29,31,34,36]. Under certain physiological conditions, BTK
can translocate to the nucleus and activate the transcrip-
tion of specific target genes [25], but BTK itself does not
bind directly to the DNA.
PKC-β can directly phosphorylate BTK’s TH domain

at Ser-180, resulting in shuttling of BTK back to the
cytoplasmic compartment [22]. Interactions with PIN1,
SH3BP5, CAV1 and IBTK also lead to dramatic down-
regulation of the kinase activity of BTK [19,37-39].
BTK plays indispensable roles in B-cell lymphopoiesis.

It orchestrates orderly development and differentiation
of immature B-cells to mature forms through activation
of positive cell cycle regulators and differentiation factors
ses and is composed of the PH (pleckstrin homology), TH (Tec homology),
sine kinase) domains. Binding sites for BTK substrates, inhibitors, and



Figure 2 BTK signaling pathway. BTK translocates to the plasma membrane by interacting with PIP3 to become membrane-bound where it
undergoes sequential activation through trans-phosphorylation by Lyn and Syk kinases, followed by autophosphorylation. The downstream
substrates of activated BTK and their associated signaling cascades are indicated.
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[17,28], and also controls proliferation and survival of
B-cells by regulating expression of pro- and anti-apoptotic
proteins [40-42].
Aberrant activation of the BTK-dependent pathways has

been implicated in maintaining malignant phenotype in a
wide variety of malignancies. Basal growth, survival, and
cancer progression in mature B-cell lymphoproliferative
disorders appear to be promoted by dysregulated BTK
activity [10,43,44]. Constitutive BTK activation repre-
sents an absolute prerequisite for CLL development and
enhances leukemogenesis in mouse models of CLL [45].
In addition, altered BCR-BTK signaling promotes cell
survival in the activated B-cell-like (ABC) subtype of
DLBCL [46]. Somatic gain-of-function mutations in BTK
have also been identified in colorectal carcinoma [47],
acute lymphoblastic leukemia (ALL) [48], and chronic
myeloid leukemia (CML) [49].
BTK inhibitors (BTKi) in clinical trials and
preclinical development
Small molecules with BTK-inhibitory property have
emerged as promising therapeutic agents for the treat-
ment of hematological malignancies and autoimmune
disorders [50-52]. As such, a number of compounds,
such as ibrutinib, GDC-0834, HM-71224, CC-292, and
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ONO-4059, have progressed through advanced preclinical
development to clinical trials [http://clinicaltrials.gov].

Ibrutinib
Preclinical studies of ibrutinib
Ibrutinib (formerly PCI-32765) is an orally bioavailable,
first-in-class, highly potent small molecule inhibitor
with subnanomolar activity (IC50, 0.5 nM) against BTK
(Table 1) [11]. It selectively binds to Cys-481 residue in
the allosteric inhibitory segment of BTK (TK/SH1 domain),
and irreversibly blocks its enzymatic activity [53]. The
compound also abrogates the full activation of BTK by
inhibiting its autophosphorylation at Tyr-223 [11]. In-
vitro studies showed that ibrutinib induces dose- and
time-dependent cytotoxicity in CLL tumor cell lines via
activation of caspase-3 dependent apoptotic pathway [9].
Ibrutinib also inhibits DNA replication [54], suppresses
TLR signaling-mediated proliferation [9], and blocks
pro-survival pathways in CLL cells by downregulating
CCL3 and CCL4 expression [54]. More so, the com-
pound antagonizes BTK-dependent chemotaxis to CXCL12
and CXCL13 [55]. Ibrutinib interferes with proliferation
and survival in B-ALL cell lines including Ph+/BCR-ABL1
positive cells [56]. In a xenografted TCL1 mouse model
of CLL, ibrutinib dosed at 25 mg/kg/day delayed disease
progression [54]. In-vivo studies by Honigberg et al.
using MRL-Fas (lpr) lupus mouse models demonstrated
that ibrutinib-induced BTK inhibition is associated with
reduced autoantibody production and suppression of
kidney disease development [11].

Clinical trials of ibrutinib
Ibrutinib is highly efficacious and safe, and has now
entered phase III clinical trials for a variety of B-cell
neoplasms. In an initial, multi-institutional phase I dose-
escalating study, two dosing schedules of ibrutinib was
tested in patients with relapsed or refractory FL, SLL/CLL,
Table 1 BTK Inhibitors in preclinical and clinical development

BTK inhibitor Stage of development

Ibrutinib Phase II/III CLL/SLL, M

GDC-0834 Phase I Rhe

RN-486 Preclinical Rheum

CGI-560 Preclinical

CGI-1746 Preclinical Rhe

HM-71224 Phase I Rhe

CC-292 Phase I

ONO-4059 Phase I

CNX-774 Preclinical Autoimmu

LFM-A13 Preclinical

NR not reported.
MCL, MZL, DLBCL, and WM who had failed at least one
previous therapy [57]. Fifty-six patients received oral
ibrutinib at doses of 1.25, 2.5, 5, 8.3, or 12.5 mg/kg daily
on a 28 days on, 7 days off schedule (35-day cycle), or
continuous daily dosing of 8.3 mg/kg or 560 mg until
disease progression (PD) or unacceptable toxicity. After
a median of 5 cycles of treatment, only two dose-
limiting toxicities (DLTs) occurred and ibrutinib was
found to be safe and well tolerated. The most common
adverse effects were grade 1 or 2 non-hematologic
toxicities, which included rash, nausea, fatigue, diarrhea,
muscle spasms/myalgia and arthalgia. Hematologic toxic-
ities were less common, and included grade 3 to 4 neu-
tropenia (12.5%), thrombocytopenia (7.2%), and anemia
(7.1%). In CLL patients, ibrutinib treatment is character-
istically associated with rapid resolution of enlarged lymph
nodes along with a surge in peripheral blood lymphocytosis.
Of 50 patients evaluated for response, an overall response
rate (ORR) of 60% was achieved across all histological types
with the best efficacy demonstrated in patients with MCL
(78%) and SLL/CLL (79%). The responses lasted for at least
10 months. Notably, a median progression free survival
(PFS) of 13.6 months was also achieved [57]. Though
both intermittent and continuous dosing schedules dem-
onstrated similar efficacy and toxicity profiles, the study
favored continuous dosing for phase II studies due to
possibility of reversed biologic activity with intermittent
therapy.
Given the high efficacy of ibrutinib in the precedent

phase I study, a larger study was done to investigate the
activity of single-agent ibrutinib in 111 heavily-pretreated
patients with relapsed or refractory MCL [58]. Patients
received a daily dose of 560 mg orally in a continuous
28-day cycles until disease progression or unacceptable
toxicities. After a median follow-up of 15.3 months, the
ORR was 68% (21% CR, 47% PR) with median response
duration of 17.5 months, and was independent of
Disease(s) IC50 Reference

CL, WM, ABC-DLBCL, MM 0.5 nM [54,57,58,60]

umatoid Arthritis 5.9 nM [70,71]

atoid Arthritis, SLE 4.0 nM [72,73]

NR 400 nM [74]

umatoid Arthritis 1.9 nM [74]

umatoid Arthritis NR [75]

CLL/B-NHL < 0.5 nM [76-78]

CLL 2.2 nM [79]

ne Diseases, B-cell NHL < 1 nM [80]

B-cell NHL 17.2 μM [81-83]

http://clinicaltrials.gov
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patients’ baseline characteristics or risk factors. Though
the median OS was not reached, the median PFS was
13.9 months. Based on these collective efficacy data,
ibrutinib was granted a ‘breakthrough therapy’ designa-
tion by the FDA in February 2013 for patients with
relapsed/refractory MCL, and a phase III registration trial
(RAY) of ibrutinib monotherapy versus temsirolimus has
been initiated in the same patient population.
Long-term tolerability and sustained antitumor activity

of ibrutinib in heavily pretreated patients with refractory/
relapsed FL have also been reported. Kunkel and col-
leagues showed that ibrutinib was well-tolerated and
active, with an ORR was 55% (3 CR) and median PFS
was 13.4 months [59]. Most common treatment-related
side effects were dry mouth, constipation and diarrhea.
Encouraging results from the phase I study in CLL pa-

tients prompted a phase Ib/II trial, where patients with
relapsed/refractory CLL/SLL (n=85), predominantly with
high-risk disease, received oral ibrutinib at either 420 mg
or 840 mg daily until disease progression or unacceptable
toxicity [60]. Tolerability profile was acceptable as most
adverse events were grade 1 or 2 diarrhea, fatigue, and
URI that resolved spontaneously. Higher drug discon-
tinuation rate occurred in the 840 mg cohort compared
with the 420 mg cohort (12% versus 4%). The ORR was
71% in both cohorts, and not dependent on clinical and
genomic risk factors (such as 17p deletion) present
before treatment. The characteristic drug-induced re-
distribution lymphocytosis that accompanies lymph node
reduction was observed generally by day 7, peaked at
median of 4 weeks of treatment, and then slowly declined.
The responses were durable with the estimated 26-month
PFS and OS rates being 75% and 83% respectively. Of note,
this study initially included thirty-one treatment-naïve CLL
patients older than 65 years, where ibrutinib was investi-
gated as an upfront therapy. After a median follow-up of
16.6 months, the overall response rate was 71% (CR 10%)
suggesting that ibrutinib could be a reasonable choice for
newly diagnosed elderly patients with CLL [61,62].
Patients’ enrollment is underway for two phase III

registration trials of single-agent ibrutinib in CLL/SLL
patients to further demonstrate its impact on clinical
outcomes. In RESONATE 1, ibrutinib is being compared
with ofatumumab in patients with relapsed/refractory CLL/
SLL, whereas RESONATE 2 is to investigate ibrutinib as
frontline therapy for newly diagnosed elderly patients
with CLL/SLL in comparison with chlorambucil. In-
terim analyses from these trials are expected during the
1st quarter 2014.
Updated interim results from an ongoing open label

phase II trial showed that ibrutinib is active in patients
with activated B cell-like (ABC) subtype of DLBCL har-
boring both CD79B and MYD88 L265P mutations [63].
Heavily pretreated patients (n=70) with relapsed/refractory
DLBCL received oral ibrutinib 560 mg daily until disease
progression or onset of unacceptable toxicities. The ORR
was significantly greater in patients with the ABC subtype
compared to those with the GCB subtype (41% versus 5%,
p=0.007), suggesting preferential antitumor activity in ABC
DLBCL. The median OS was 9.7 months for the ABC
subtype, compared to 3.35 months for the GCB sub-
type. Similarly, ibrutinib has potential antitumor activ-
ities in multiple myeloma (MM), targeting both tumor
cells and their supporting microenvironment. Vij and
colleagues reported early reductions in plasma levels
of growth factors (e.g. VEGF, EGF, and FGF), cytokines
(e.g. TNFα), chemokines (CCL3, CCL4, Groα), and markers
of bone turnover (e.g. sclerostin, RANKL) in patients with
relapsed/refractory MM treated with ibrutinib 420 mg
once daily [64].
Clinical trials of ibrutinib in combination regimens
The promising results of single agent ibrutinib have led
investigators to explore its synergistic efficacy in com-
bination with established chemoimmunotherapy regimens
with the goal of enhancing and achieving durable re-
sponses. Treatment with ibrutinib plus ACY1215, a
selective histone deacetylase 6 (HDAC6) inhibitor, pro-
duced a direct synergistic antitumor effect in MCL tumor
cell lines accompanied by a 3-fold increase in induction of
apoptosis [65]. One of the first clinical studies addressing
this purpose was a phase II study that showed ibrutinib
plus rituximab (IR) was profoundly effective (ORR=85%),
and shortened the duration of re-distribution lymphocyto-
sis in CLL patients with high-risk features [66]. Adding
ibrutinib to BR (bendamustine and rituximab) appear to
produce a better clinical response (ORR=93%) than IR in
relapsed/refractory CLL patients [67]. In a recent report
of another ongoing phase Ib/II study, administration of
ibrutinib in combination with ofatumumab demonstrated
potent anti-leukemic activity and tolerable toxicity profile
in heavily-pretreated patients with relapsed/refractory
CLL/SLL [68]. Blum et al. also demonstrated excellent
response rates in MCL patients treated with a combin-
ation of ibrutinib plus rituximab and bendamustine
[69]. In light of these encouraging results, two phase III
trials are currently accruing participants to investigate
the combination of ibrutinib plus bendamustine and ri-
tuximab versus placebo plus bendamustine and rituximab
in subjects with newly diagnosed MCL (SHINE), as well
as in patients with refractory/relapsed CLL (HELIOS).
Additional preclinical experiments and clinical trials are
currently underway to further explore this strategy in
other B-cell disorders [NCT01829568, NCT01569750,
NCT01479842].
Given the current data, ibrutinib appears to be one of

the most active single agents for CLL/SLL and MCL.
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GDC-0834
GDC-0834 is a potent, highly selective, reversible BTK
inhibitor with nanomolar activity in enzyme kinetics
studies. A carboxamide derivative, GDC-0834 is being
developed as a potential therapeutic agent for rheumatoid
arthritis (RA) [70]. The compound demonstrates effective
activity against BCR- and CD40-dependent B-cell prolifera-
tion and activation, and potently inhibits immune complex-
mediated inflammatory cytokine elaboration in monocytes.
In collagen-induced arthritis (CIA) rat models, treatment
with oral GDC-0834 dosed at 30-100 mg/kg demonstrated
robust anti-arthritis effect characterized by significant dose-
dependent reduction in ankle swelling, and accompanied
by potent inhibition of autophosphorylation of BTK [70].
Pharmacokinetics (PK) results of a recent phase I study of
GDC-0834 in healthy volunteers showed that the drug is
heavily metabolized by the liver to an inactive metabolite
via amide hydrolysis [71]. GDC-0834 is undergoing further
clinical development to assess its safety and tolerability in
patients with inflammatory arthritis.

RN-486
A potent and competitive small molecule with reversible
BTK-inhibitory property, RN-486 demonstrates sub-
nanomolar and highly specific activity against purified
BTK in enzymatic assays. It blocks BCR-mediated CD69
expression in B-cells in a dose-dependent manner. Pre-
clinical studies also showed that RN-486 efficiently in-
hibits FcR-mediated TNF-α production in monocytes,
and abrogates FcεR-mediated mast cell degranulation [72].
The anti-rheumatic potential of RN-486 has been investi-
gated in preclinical studies. In two murine models of RA,
the compound demonstrates potent anti-inflammatory
and disease-modifying effects characterized by reduction
in pannus formation, cartilage damage and bone resorption
[72]. It also abrogates type I and type III hypersensitivity
responses in rats. RN-486 suppresses IgG anti-dsDNA
secretion, blocks CD69 expression in response to BCR
crosslinking, and completely inhibits progression of glom-
erular nephritis in systemic lupus erythematosus (SLE)
prone NZB/W mouse models [73].

CGI-560
CGI-560, a benzamide derivative, is a highly selective
(>10 fold) but modestly potent small molecule inhibitor of
BTK with an IC50 of 400 nM in enzymology assays [74].
Optimization of CGI-560 property by medicinal chemistry
led to the discovery of another benzamide analogue (CGI-
1746) with exquisite potency and unique BTK-inhibitory
activity [74].

CGI-1746
An exquisitely selective and ATP-competitive small
molecule inhibitor with unique BTK-inhibitory property,
CGI-1746 potently inhibits both auto- and trans-
phosphorylation of BTK. It binds and occupies an SH3
binding pocket within the un-phosphorylated BTK and
stabilizes it in this inactive enzyme conformation state
[74]. In cellular assays, the compound blocks BCR-mediated
B-cell proliferation and suppresses FcγRIII-induced TNFα,
IL-1β and IL-6 production in macrophages. CGI-1746
demonstrated robust anti-arthritic activity in experimen-
tal mouse models evident by diminished cytokine and
autoantibody levels in the joints [74].

HM-71224
HM-71224 is a novel, oral, small molecule BTK inhibitor
that is being developed by Hanmi pharmaceuticals [75].
The compound has progressed into phase I clinical testing,
and its PD, PK, safety, and tolerability are being assessed
in healthy volunteers in Korea and the Netherlands
[NCT01765478].

CC-292
CC-292 (formerly AVL-292) is an orally bioavailable acryl-
amide derivative with potent, irreversible anti-BTK activity
(IC50 <0.5 nM) in biochemical kinase assays. The small
molecule inhibitor abolishes BCR signaling in Ramos
human Burkitt's lymphoma cell line by covalently bind-
ing to BTK, and selectively inhibits its autophosphorylation
as well as activation of PLCγ2 and other downstream sub-
strates of BTK [76]. When dosed orally five times a week
for 6 weeks, CC-292 decreased tumor burden in pre-
clinical xenografts MM mouse models of human
Luc-GFP+-MM.1S myeloma cell line [77]. In established
CIA mouse models, treatment with CC-292 dosed at 3,
10 and 30 mg/kg produced dose-dependent resolution
of clinical signs and histopathologic features of inflam-
matory joint disease including reduction in joint swell-
ings and redness, and regression of pannus formation
[76]. Clinical progress has been seen with CC-292. In
normal healthy volunteers who received 2 mg/kg CC-292,
PK analysis showed that the compound was rapidly
absorbed, achieving peak plasma concentrations within
30–120 minutes, and demonstrating a median terminal
elimination half-life of 1.9 hours. Analysis of BTK activity
in same study subjects indicated that the drug remained
active for a prolonged duration after its plasma levels had
declined to undetectable levels [76]. Given these data, CC-
292 was advanced to phase Ib clinical testing in patients
with B-cell disorders. Updated results from a dose-finding
study of CC-292 in patients (n=86) with relapsed or re-
fractory CLL and B-NHL revealed that the agent was
generally well-tolerated at doses ranging from 125-1000
mg daily, and at 375 and 500 mg twice daily [78]. The
most common treatment-emergent adverse effects were
diarrhea, fatigue, headaches and muscle spasms. Three
DLTs including thrombocytopenia, pneumonitis, and altered
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mental status were reported. Of 50 CLL patients evaluated
for response, seventeen (34%) achieved PR. Multiple on-
going phase I studies are expected to provide additional
safety results on CC-292 as a single agent or combin-
ation with other agents in patients with a wide variety
of B-cell lymphoproliferative disorders [NCT01766583,
NCT01744626, NCT01732861].

ONO-4059
ONO-4059 is a highly selective, orally bioavailable in-
hibitor of BTK kinase activity with a potency (IC50) of
2.2 nM. The compound covalently binds to BTK, and
reversibly blocks BCR signaling and B-cell proliferation
and activation. Like CC-262, ONO-4059 demonstrated
therapeutic efficacy in a mouse CIA model by suppress-
ing generation of inflammatory chemokines and cyto-
kines including IL-6, IL-8, and TNFα by monocytes, and
accompanied by regression of cartilage erosion, bone
damage, and pannus formation [79]. The data indicate
that ONO-4059 may have a potential benefit for the
treatment of patients with RA. In view of its anti-
proliferative activity in B-cells, ONO-4059 has progressed
into phase I clinical trials in CLL/NHL patients with
relapsed/refractory disease.

CNX-774
CNX-774 is another orally available, small molecule
inhibitor with irreversible BTK-inhibitory property. CNX-
774 is highly selective for BTK, and forms a ligand-
directed covalent bond with the Cys-481 residue within
the ATP binding site of the enzyme. In biochemical and
cellular assays, CNX-774 demonstrates potent inhibitory
activity towards BTK with an IC50 of <1nM and 1-10nM
respectively [80]. The compound has progressed to ad-
vanced preclinical development and additional in-vitro
and in-vivo data are awaited.

LFM-A13
LFM-A13 is a novel, first-in-class, dual BTK/Polo-like ki-
nases (PLK) inhibitor with anti-proliferative, pro-apoptotic,
and chemosensitising effects in leukemia/lymphoma and
breast cancer cells [4,81,82]. A leflunomide metabolite
analogue, LFM-A13 binds favorably to the catalytic site
within the kinase domain of BTK, and exhibits an inhibi-
tory potency (IC50) of 17.2microM in cell-free kinase
assays [83]. The compound is highly selective for BTK,
and specifically inhibits cellular BTK activity in chicken
lymphoma B18.2 B-cells and human NALM-6 leukemic
pre-B cells in a dose-dependent fashion [83]. In human
Ph+ ALL-1 and NALM-6 pre-B ALL cell line, treatment
with LFM-A13 enhances the sensitivity of the cells to
both ceramide- and vincristine-induced apoptosis [83].
Dosed at levels ranging from 10 to 80 mg/kg, LFM-A13
was not toxic to xenografted murine leukemia model
[81]. The compound down-regulates BTK signaling in
myeloma cells evident by reduced in vivo homing of
myeloma cells to bone, prevention of myeloma-induced
bone resorption, and moderate suppression of myeloma
growth in primary myeloma-bearing SCID-rab mice [84].
These preclinical data provide the rationale for future clin-
ical development of LFM-A13 as a new therapeutic agent
for B-cell lymphoproliferative disorders.

Conclusion and future directions
Ibrutinib, a novel BTK-targeting inhibitor, has shown
significant activities across a variety of B-cell neoplastic
disorders and autoimmune diseases in preclinical models
and clinical trials. The data from clinical trials on CLL
and mantle cell lymphoma are particularly encouraging.
Novel BTK inhibitors, GDC-0834, HM-71224, CC-292,
and ONO-4059, CNX-774, LFM-A13, are under active
preclinical and clinical investigation. Among these, LFM-
A13 represents a first-in-class dual BTK-PLK inhibitor.
These novel inhibitors will provide new targeted therapy
not only for B-cell lymphomas, but also for autoimmune
disorders. Further research into combination of novel
small molecule inhibitors against different signaling path-
ways as well as combination of these inhibitors with other
biological and biochemical compounds will likely enhance
their clinical efficacy [34,85].

Competing interest
DL is a clinical investigator participating in SHINE and HELIO trials sponsored
by Janssen. The remaining authors have no conflicts of interest.

Authors’ contributions
DL and AA were responsible for study design, data collection and drafting
the manuscript. NM designed the figures. All authors have participated in
manuscript development, revisions and approved the final manuscript.

Acknowledgement
Yamei Chen is supported by a grant from Xiamen Zhongshan Hospital,
Fujian, China and by NYMC Blood Disease Fund.

Author details
1Division of Hematology/Oncology, Department of Medicine, New York
Medical College, Valhalla, New York 10595, USA. 2Department of
Hematology, Xiamen Zhongshan Hospital, Xiamen University, Xiamen, China.
3Institute of Hematology, Zhengzhou University Affiliated Tumor Hospital,
Zhengzhou, China.

Received: 27 July 2013 Accepted: 18 August 2013
Published: 19 August 2013

References
1. Liu L, Wu N, Li J: Novel targeted agents for gastric cancer. J Hematol

Oncol 2012, 5(1):31.
2. Lamba G, Ambrale S, Lee B, Gupta R, Rafiyath S, Liu D: Recent advances

and novel agents for gastrointestinal stromal tumor (GIST). J Hematol
Oncol 2012, 5(1):21.

3. Lee B, Mukhi N, Liu D: Current management and novel agents for
malignant melanoma. J Hematol Oncol 2012, 5(1):3.

4. WeiSZ L, Efferth T: Polo-like kinase 1 as target for cancer therapy. Exp J
Hematol Oncol 2012, 1(1):38.

5. McLaughlin P, Grillo-Lopez AJ, Link BK, Levy R, Czuczman MS, Williams ME,
Heyman MR, Bence-Bruckler I, White CA, Cabanillas F, et al: Rituximab
chimeric anti-CD20 monoclonal antibody therapy for relapsed indolent



Akinleye et al. Journal of Hematology & Oncology 2013, 6:59 Page 8 of 9
http://www.jhoonline.org/content/6/1/59
lymphoma: half of patients respond to a four-dose treatment program.
J Clin Oncol 1998, 16(8):2825–2833.

6. Colombat P, Salles G, Brousse N, Eftekhari P, Soubeyran P, Delwail V,
Deconinck E, Haioun C, Foussard C, Sebban C, et al: Rituximab (anti-CD20
monoclonal antibody) as single first-line therapy for patients with
follicular lymphoma with a low tumor burden: clinical and molecular
evaluation. Blood 2001, 97(1):101–106.

7. Cang S, Mukhi N, Wang K, Liu D: Novel CD20 monoclonal antibodies for
lymphoma therapy. J Hematol Oncol 2012, 5:64.

8. Wang K, Wei G, Liu D: CD19: a biomarker for B cell development,
lymphoma diagnosis and therapy. Exp J Hematol Oncol 2012, 1(1):36.

9. Herman SE, Gordon AL, Hertlein E, Ramanunni A, Zhang X, Jaglowski S,
Flynn J, Jones J, Blum KA, Buggy JJ, et al: Bruton tyrosine kinase
represents a promising therapeutic target for treatment of chronic
lymphocytic leukemia and is effectively targeted by PCI-32765. Blood 2011,
117(23):6287–6296.

10. Kuppers R: Mechanisms of B-cell lymphoma pathogenesis. Nat Rev Cancer
2005, 5(4):251–262.

11. Honigberg LA, Smith AM, Sirisawad M, Verner E, Loury D, Chang B, Li S, Pan Z,
Thamm DH, Miller RA, et al: The Bruton tyrosine kinase inhibitor PCI-32765
blocks B-cell activation and is efficacious in models of autoimmune disease
and B-cell malignancy. Proc Natl Acad Sci U S A 2010, 107(29):13075–13080.

12. Tsukada S, Saffran DC, Rawlings DJ, Parolini O, Allen RC, Klisak I, Sparkes RS,
Kubagawa H, Mohandas T, Quan S, et al: Deficient expression of a B cell
cytoplasmic tyrosine kinase in human X-linked agammaglobulinemia.
Cell 1993, 72(2):279–290.

13. Vetrie D, Vorechovsky I, Sideras P, Holland J, Davies A, Flinter F,
Hammarstrom L, Kinnon C, Levinsky R, Bobrow M, et al: The gene involved
in X-linked agammaglobulinaemia is a member of the src family of
protein-tyrosine kinases. Nature 1993, 361(6409):226–233.

14. de Weers M, Verschuren MC, Kraakman ME, Mensink RG, Schuurman RK,
van Dongen JJ, Hendriks RW: The Bruton’s tyrosine kinase gene is
expressed throughout B cell differentiation, from early precursor B cell
stages preceding immunoglobulin gene rearrangement up to mature B
cell stages. Eur J Immunol 1993, 23(12):3109–3114.

15. Timmers E, de Weers M, Alt FW, Hendriks RW, Schuurman RK: X-linked
agammaglobulinemia. Clin Immunol Immunopathol 1991, 61(2 Pt 2):S83–S93.

16. Hagemann TL, Chen Y, Rosen FS, Kwan SP: Genomic organization of the
Btk gene and exon scanning for mutations in patients with X-linked
agammaglobulinemia. Hum Mol Genet 1994, 3(10):1743–1749.

17. Kawakami Y, Kitaura J, Hata D, Yao L, Kawakami T: Functions of Bruton’s
tyrosine kinase in mast and B cells. J Leukoc Biol 1999, 65(3):286–290.

18. Rajaiya J, Nixon JC, Ayers N, Desgranges ZP, Roy AL, Webb CF: Induction of
immunoglobulin heavy-chain transcription through the transcription
factor Bright requires TFII-I. Mol Cell Biol 2006, 26(12):4758–4768.

19. Liu W, Quinto I, Chen X, Palmieri C, Rabin RL, Schwartz OM, Nelson DL,
Scala G: Direct inhibition of Bruton’s tyrosine kinase by IBtk, a Btk-binding
protein. Nat Immunol 2001, 2(10):939–946.

20. Varnai P, Rother KI, Balla T: Phosphatidylinositol 3-kinase-dependent
membrane association of the Bruton’s tyrosine kinase pleckstrin
homology domain visualized in single living cells. J Biol Chem 1999,
274(16):10983–10989.

21. Vihinen M, Nilsson L, Smith CI: Tec homology (TH) adjacent to the PH
domain. FEBS letters 1994, 350(2–3):263–265.

22. Kang SW, Wahl MI, Chu J, Kitaura J, Kawakami Y, Kato RM, Tabuchi R,
Tarakhovsky A, Kawakami T, Turck CW, et al: PKCbeta modulates antigen
receptor signaling via regulation of Btk membrane localization. EMBO J
2001, 20(20):5692–5702.

23. Nore BF, Mattsson PT, Antonsson P, Backesjo CM, Westlund A, Lennartsson J,
Hansson H, Low P, Ronnstrand L, Smith CI: Identification of phosphorylation
sites within the SH3 domains of Tec family tyrosine kinases. Biochim Biophys
Acta 2003, 1645(2):123–132.

24. Park H, Wahl MI, Afar DE, Turck CW, Rawlings DJ, Tam C, Scharenberg AM,
Kinet JP, Witte ON: Regulation of Btk function by a major autophosphorylation
site within the SH3 domain. Immunity 1996, 4(5):515–525.

25. Mohamed AJ, Vargas L, Nore BF, Backesjo CM, Christensson B, Smith CI:
Nucleocytoplasmic shuttling of Bruton’s tyrosine kinase. J Biol Chem 2000,
275(51):40614–40619.

26. Oppermann FS, Gnad F, Olsen JV, Hornberger R, Greff Z, Keri G, Mann M,
Daub H: Large-scale proteomics analysis of the human kinome. Mol Cell
Proteomics 2009, 8(7):1751–1764.
27. Mohamed AJ, Yu L, Backesjo CM, Vargas L, Faryal R, Aints A, Christensson B,
Berglof A, Vihinen M, Nore BF, et al: Bruton’s tyrosine kinase (Btk):
function, regulation, and transformation with special emphasis on the
PH domain. Immunol Rev 2009, 228(1):58–73.

28. Satterthwaite AB, Li Z, Witte ON: Btk function in B cell development and
response. Semin Immunol 1998, 10(4):309–316.

29. Horwood NJ, Page TH, McDaid JP, Palmer CD, Campbell J, Mahon T,
Brennan FM, Webster D, Foxwell BM: Bruton’s tyrosine kinase is required
for TLR2 and TLR4-induced TNF, but not IL-6, production. J Immunol
2006, 176(6):3635–3641.

30. Sharma S, Orlowski G, Song W: Btk regulates B cell receptor-mediated
antigen processing and presentation by controlling actin cytoskeleton
dynamics in B cells. J Immunol 2009, 182(1):329–339.

31. Yang W, Desiderio S: BAP-135, a target for Bruton’s tyrosine kinase in
response to B cell receptor engagement. Proc Natl Acad Sci U S A 1997,
94(2):604–609.

32. Rodriguez R, Matsuda M, Perisic O, Bravo J, Paul A, Jones NP, Light Y,
Swann K, Williams RL, Katan M: Tyrosine residues in phospholipase
Cgamma 2 essential for the enzyme function in B-cell signaling. J Biol
Chem 2001, 276(51):47982–47992.

33. Akinleye A, Furqan M, Mukhi N, Ravella P, Liu D: MEK and the inhibitors:
from bench to bedside. J Hematol Oncol 2013, 6(1):27.

34. Furqan M, Mukhi N, Lee B, Liu D: Dysregulation of JAK-STAT pathway in
hematological malignancies and JAK inhibitors for clinical application.
Biomarker Research 2013, 1(1):5.

35. Huang T, Karsy M, Zhuge J, Zhong M, Liu D: B-Raf and the inhibitors: from
bench to bedside. J Hematol Oncol 2013, 6(1):30.

36. Doyle SL, Jefferies CA, Feighery C, O’Neill LA: Signaling by Toll-like
receptors 8 and 9 requires Bruton’s tyrosine kinase. J Biol Chem 2007,
282(51):36953–36960.

37. Yamadori T, Baba Y, Matsushita M, Hashimoto S, Kurosaki M, Kurosaki T,
Kishimoto T, Tsukada S: Bruton’s tyrosine kinase activity is negatively
regulated by Sab, the Btk-SH3 domain-binding protein. Proc Natl Acad Sci
U S A 1999, 96(11):6341–6346.

38. Vargas L, Nore BF, Berglof A, Heinonen JE, Mattsson PT, Smith CI, Mohamed AJ:
Functional interaction of caveolin-1 with Bruton’s tyrosine kinase and Bmx.
J Biol Chem 2002, 277(11):9351–9357.

39. Yu L, Mohamed AJ, Vargas L, Berglof A, Finn G, Lu KP, Smith CI: Regulation
of Bruton tyrosine kinase by the peptidylprolyl isomerase Pin1. J Biol
Chem 2006, 281(26):18201–18207.

40. Uckun FM: Bruton’s tyrosine kinase (BTK) as a dual-function regulator of
apoptosis. Biochem Pharmacol 1998, 56(6):683–691.

41. Kersseboom R, Middendorp S, Dingjan GM, Dahlenborg K, Reth M, Jumaa H,
Hendriks RW: Bruton’s tyrosine kinase cooperates with the B cell linker
protein SLP-65 as a tumor suppressor in Pre-B cells. J Exp Med 2003,
198(1):91–98.

42. Vassilev A, Ozer Z, Navara C, Mahajan S, Uckun FM: Bruton’s tyrosine kinase
as an inhibitor of the Fas/CD95 death-inducing signaling complex. J Biol
Chem 1999, 274(3):1646–1656.

43. Gururajan M, Jennings CD, Bondada S: Cutting edge: constitutive B cell
receptor signaling is critical for basal growth of B lymphoma. J Immunol
2006, 176(10):5715–5719.

44. Buggy JJ, Elias L: Bruton tyrosine kinase (BTK) and its role in B-cell
malignancy. Int Rev Immunol 2012, 31(2):119–132.

45. Kil LP, de Bruijn MJ, van Hulst JA, Langerak AW, Yuvaraj S, Hendriks RW: Bruton’s
tyrosine kinase mediated signaling enhances leukemogenesis in a mouse
model for chronic lymphocytic leukemia. Am J Blood Res 2013, 3(1):71–83.

46. Davis RE, Ngo VN, Lenz G, Tolar P, Young RM, Romesser PB, Kohlhammer H,
Lamy L, Zhao H, Yang Y, et al: Chronic active B-cell-receptor signalling in
diffuse large B-cell lymphoma. Nature 2010, 463(7277):88–92.

47. Brosens LA, Tytgat KM, Morsink FH, Sinke RJ, Ten Berge IJ, Giardiello FM,
Offerhaus GJ, Keller JJ: Multiple colorectal neoplasms in X-linked
agammaglobulinemia. Clin Gastroenterol Hepatol 2008, 6(1):115–119.

48. Goodman PA, Wood CM, Vassilev AO, Mao C, Uckun FM: Defective
expression of Bruton’s tyrosine kinase in acute lymphoblastic leukemia.
Leuk Lymphoma 2003, 44(6):1011–1018.

49. Backesjo CM, Vargas L, Superti-Furga G, Smith CI: Phosphorylation of Bruton’s
tyrosine kinase by c-Abl. Biochem Biophys Res Commun 2002, 299(3):510–515.

50. Burger JA, Buggy JJ: Emerging drug profiles: Bruton tyrosine kinase (BTK)
inhibitor ibrutinib (PCI-32765). Leuk Lymphoma 2013, 54. doi:10.3109/
10428194.10422013.10777837.

http://dx.doi.org/10.3109/10428194.10422013.10777837
http://dx.doi.org/10.3109/10428194.10422013.10777837


Akinleye et al. Journal of Hematology & Oncology 2013, 6:59 Page 9 of 9
http://www.jhoonline.org/content/6/1/59
51. Hutcheson J, Vanarsa K, Bashmakov A, Grewal S, Sajitharan D, Chang BY,
Buggy JJ, Zhou XJ, Du Y, Satterthwaite AB, et al: Modulating proximal cell
signaling by targeting Btk ameliorates humoral autoimmunity and
end-organ disease in murine lupus. Arthritis Res Ther 2012, 14(6):R243.

52. Ruderman EM, Pope RM: More than just B-cell inhibition. Arthritis Res Ther
2011, 13(4):125.

53. Pan Z, Scheerens H, Li SJ, Schultz BE, Sprengeler PA, Burrill LC, Mendonca RV,
Sweeney MD, Scott KC, Grothaus PG, et al: Discovery of selective irreversible
inhibitors for Bruton’s tyrosine kinase. ChemMedChem 2007, 2(1):58–61.

54. Ponader S, Chen SS, Buggy JJ, Balakrishnan K, Gandhi V, Wierda WG, Keating MJ,
O’Brien S, Chiorazzi N, Burger JA: The Bruton tyrosine kinase inhibitor
PCI-32765 thwarts chronic lymphocytic leukemia cell survival and
tissue homing in vitro and in vivo. Blood 2012, 119(5):1182–1189.

55. de Rooij MF, Kuil A, Geest CR, Eldering E, Chang BY, Buggy JJ, Pals ST,
Spaargaren M: The clinically active BTK inhibitor PCI-32765 targets B-cell
receptor- and chemokine-controlled adhesion and migration in chronic
lymphocytic leukemia. Blood 2012, 119(11):2590–2594.

56. Kim E, et al: Activity of Bruton’s Tyrosine Kinase (BTK) Inhibitor Ibrutinib
(PCI-32765) in B-Cell Acute Lymphoblastic Leukemia (B-ALL). Proc ASH
2012. Abstr. 2569.

57. Advani RH, Buggy JJ, Sharman JP, Smith SM, Boyd TE, Grant B, Kolibaba KS,
Furman RR, Rodriguez S, Chang BY, et al: Bruton tyrosine kinase inhibitor
ibrutinib (PCI-32765) has significant activity in patients with relapsed/
refractory B-cell malignancies. J Clin Oncol 2013, 31(1):88–94.

58. Wang ML, Rule S, Martin P, Goy A, Auer R, Kahl BS, Jurczak W, Advani RH,
Romaguera JE, Williams ME, et al: Targeting BTK with Ibrutinib in Relapsed
or Refractory Mantle-Cell Lymphoma. N Engl J Med 2013, 369(6):507–516.

59. Kunkel L, et al: The Bruton’s Tyrosine Kinase Inhibitor Ibrutinib (PCI-32765) Is
Active and Tolerated in Relapsed Follicular Lymphoma. Proc ASH 2012:2012.
Abst. 156.

60. Byrd JC, Furman RR, Coutre SE, Flinn IW, Burger JA, Blum KA, Grant B,
Sharman JP, Coleman M, Wierda WG, et al: Targeting BTK with ibrutinib in
relapsed chronic lymphocytic leukemia. N Engl J Med 2013, 369(1):32–42.

61. Byrd J, et al: The Bruton’s Tyrosine Kinase (BTK) Inhibitor Ibrutinib
(PCI-32765) Promotes High Response Rate, Durable Remissions, and Is
Tolerable in Treatment Naïve (TN) and Relapsed or Refractory (RR)
Chronic Lymphocytic Leukemia (CLL) or Small Lymphocytic Lymphoma
(SLL) Patients Including Patients with High-Risk (HR) Disease: New and
Updated Results of 116 Patients in a Phase Ib/II Study. Proc ASH 2012.
abst. 189.

62. Lu K, Wang X: Therapeutic advancement of chronic lymphocytic
leukemia. J Hematol Oncol 2012, 5(1):55.

63. Wilson W, et al: The Bruton’s Tyrosine Kinase (BTK) Inhibitor, Ibrutinib
(PCI-32765), Has Preferential Activity in the ABC Subtype of Relapsed/
Refractory De Novo Diffuse Large B-Cell Lymphoma (DLBCL): Interim Results
of a Multicenter, Open-Label, Phase 2 Study. Proc ASH 2012. Abstr. 686.

64. Vij R, et al: Early Changes in Cytokines, Chemokines and Indices of Bone
Metabolism in a Phase 2 Study of the Bruton Tyrosine Kinase (Btk)
Inhibitor, Ibrutinib (PCI-32765) in Patients with Relapsed or Relapsed/
Refractory Multiple Myeloma (MM). Proc ASH 2012. Abstr. 4039.

65. Sahakian E, et al: Combination of ACY1215, a Selective Histone
Deacetylase 6 (HDAC6) Inhibitor with the Bruton Tyrosine Kinase (BTK)
Inhibitor, Ibrutinib, Represents a Novel Therapeutic Strategy in Mantle
Cell Lymphoma (MCL). Proc ASH 2012. Abst. 1660.

66. Burger J, Wierda W, Hoellenriegel J, et al: The Btk Inhibitor Ibrutinib
(PCI-32765) in Combination with Rituximab Is Well Tolerated and
Displays Profound Activity in High-Risk Chronic Lymphocytic Leukemia
(CLL) Patients. Proc ASH. Abst.187.

67. Brown J, et al: Combination of the Bruton’s tyrosine kinase inhibitor
PCI-32765 with bendamustine/rituximab (BR) in patients with
relapsed/refractory chronic lymphocytic leukemia: Interim results of a
phase Ib/II study. EHA Meeting 2012. Abstr. 1590.

68. Jaglowski S, et al: A phase Ib/II study evaluating activity and tolerability
of BTK inhibitor PCI-32765 and ofatumumab in patients with chronic
lymphocytic leukemia/small lymphocytic lymphoma (CLL/SLL) and
related diseases. J Clin Oncol 2012. Abstr. 6508.

69. Blum K, et al: A Phase I Trial of the Bruton’s Tyrosine Kinase (BTK)
Inhibitor, Ibrutinib (PCI-32765), in Combination with Rituximab (R) and
Bendamustine in Patients with Relapsed/Refractory Non-Hodgkin’s
Lymphoma (NHL). Proc ASH 2012. Abstr. 1643.
70. Liu L, Di Paolo J, Barbosa J, Rong H, Reif K, Wong H: Antiarthritis effect of a
novel Bruton’s tyrosine kinase (BTK) inhibitor in rat collagen-induced
arthritis and mechanism-based pharmacokinetic/pharmacodynamic
modeling: relationships between inhibition of BTK phosphorylation and
efficacy. J Pharmacol Exp Ther 2011, 338(1):154–163.

71. Liu L, Halladay JS, Shin Y, Wong S, Coraggio M, La H, Baumgardner M, Le H,
Gopaul S, Boggs J, et al: Significant species difference in amide hydrolysis
of GDC-0834, a novel potent and selective Bruton’s tyrosine kinase
inhibitor. Drug Metab Dispos 2011, 39(10):1840–1849.

72. Xu D, Kim Y, Postelnek J, Vu MD, Hu DQ, Liao C, Bradshaw M, Hsu J, Zhang J,
Pashine A, et al: RN486, a selective Bruton’s tyrosine kinase inhibitor,
abrogates immune hypersensitivity responses and arthritis in rodents.
J Pharmacol Exp Ther 2012, 341(1):90–103.

73. Mina-Osorio P, Lastant J, Keirstead N, Whittard T, Ayala J, Stefanova S,
Garrido R, Dimaano N, Hilton H, Giron M, et al: Suppression of
glomerulonephritis in lupus prone NZB/W mice by RN486, a selective
inhibitor of Bruton’s Tyrosine Kinase. Arthritis Rheum 2013. doi:10.1002/art.38047.

74. Di Paolo JA, Huang T, Balazs M, Barbosa J, Barck KH, Bravo BJ, Carano RA,
Darrow J, Davies DR, DeForge LE, et al: Specific Btk inhibition suppresses B
cell- and myeloid cell-mediated arthritis. Nat Chem Biol 2011, 7(1):41–50.

75. Bodiam S, et al: THE ONES TO WATCH: A PHARMA MATTERS REPORT.
THOMSON REUTERS; 2013.

76. Evans EK, Tester R, Aslanian S, Karp R, Sheets M, Labenski MT, Witowski SR,
Lounsbury H, Chaturvedi P, Mazdiyasni H, et al: Inhibition of Btk with CC-292
Provides Early Pharmacodynamic Assessment of Activity in Mice and
Humans. J Pharmacol Exp Ther 2013, 346. doi:10.1124/jpet.1113.203489. Epub.

77. Homare E, et al: CC-292, A Novel Bruton’s Tyrosine Kinase Inhibitor Alone
And In Combination With Carfilzomib Impacts Bone Resorption In
Multiple Myeloma By Blocking Osteoclast Sealing Zone Formation.
EHA 2013 Congress 2013. abstr.S543.

78. Brown J, et al: Phase 1 Study of single agent CC-292, a highly selective
Bruton’s Tyrosine Kinase (BTK) inhibitor, in relapsed/refractory Chronic
Lymphocytic Leukemia (CLL) and B-Cell Non-Hodgkin Lymphoma (B-
NHL). EHA 2013 Congress 2013. Abstr. 3793.

79. Yoshizawa T, et al: Development of a Bruton’s Tyrosine Kinase (Btk)
Inhibitor, ONO-4059: Efficacy in a Collagen Induced Arthritis (CIA) Model
Indicates Potential Treatment for Rheumatoid Arthritis (RA). Arthritis and
rheumatism 2012, 64 Suppl 10:1660.

80. Labenski M, et al: In vitro reactivity assessment of covalent drugs
targeting Bruton’s tyrosine kinase. 17th North Am Meet Int Soc Study
Xenobiot (ISSX) 2011. Abst. P211.

81. Uckun FM, Zheng Y, Cetkovic-Cvrlje M, Vassilev A, Lisowski E, Waurzyniak B,
Chen H, Carpenter R, Chen CL: In vivo pharmacokinetic features, toxicity
profile, and chemosensitizing activity of alpha-cyano-beta-hydroxy-beta-
methyl-N-(2,5-dibromophenyl)propenamide (LFM-A13), a novel
antileukemic agent targeting Bruton’s tyrosine kinase. Clin Cancer Res
2002, 8(5):1224–1233.

82. Uckun FM, Dibirdik I, Qazi S, Vassilev A, Ma H, Mao C, Benyumov A, Emami KH:
Anti-breast cancer activity of LFM-A13, a potent inhibitor of Polo-like
kinase (PLK). Bioorg Med Chem 2007, 15(2):800–814.

83. Mahajan S, Ghosh S, Sudbeck EA, Zheng Y, Downs S, Hupke M, Uckun FM:
Rational design and synthesis of a novel anti-leukemic agent targeting
Bruton’s tyrosine kinase (BTK), LFM-A13 [alpha-cyano-beta-hydroxy-beta-
methyl-N-(2, 5-dibromophenyl)propenamide]. J Biol Chem 1999,
274(14):9587–9599.

84. Bam R, Ling W, Khan S, Pennisi A, Venkateshaiah SU, Li X, van Rhee F,
Usmani S, Barlogie B, Shaughnessy J, et al: Role of Bruton’s tyrosine kinase
in myeloma cell migration and induction of bone disease. Am J Hematol
2013, 88(6):463–471.

85. Brower V: BRAF inhibitors: research accelerates in wake of positive
findings. J Natl Cancer Inst 2010, 102(4):214–215.

doi:10.1186/1756-8722-6-59
Cite this article as: Akinleye et al.: Ibrutinib and novel BTK inhibitors in
clinical development. Journal of Hematology & Oncology 2013 6:59.

http://dx.doi.org/10.1002/art.38047
http://dx.doi.org/10.1124/jpet.1113.203489

	Abstract
	Introduction
	BTK signaling pathway, B-cell lymphopoiesis, and tumorigenesis

	BTK inhibitors (BTKi) in clinical trials and preclinical development
	Ibrutinib
	Preclinical studies of ibrutinib
	Clinical trials of ibrutinib
	Clinical trials of ibrutinib in combination regimens

	GDC-0834
	RN-486
	CGI-560
	CGI-1746
	HM-71224
	CC-292
	ONO-4059
	CNX-774
	LFM-A13
	Conclusion and future directions
	Competing interest
	Authors’ contributions
	Acknowledgement
	Author details
	References

