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Abstract

Bruton’s tyrosine kinase (BTK) inhibitor is a promising novel agent that has potential efficiency in B-cell malignancies. It
took approximately 20 years from target discovery to new drug approval. The first-in-class drug ibrutinib creates possibilities
for an era of chemotherapy-free management of B-cell malignancies, and it is so popular that gross sales have rapidly grown
to more than 230 billion dollars in just 6 years, with annual sales exceeding 80 billion dollars; it also became one of the five
top-selling medicines in the world. Numerous clinical trials of BTK inhibitors in cancers were initiated in the last decade,
and ~73 trials were intensively announced or updated with extended follow-up data in the most recent 3 years. In this review,
we summarized the significant milestones in the preclinical discovery and clinical development of BTK inhibitors to better
understand the clinical and commercial potential as well as the directions being taken. Furthermore, it also contributes

impactful lessons regarding the discovery and development of other novel therapies.

Introduction

B-cell malignancies include non-Hodgkin lymphomas
(NHLs) and chronic lymphocytic leukaemia. Approxi-
mately 93% of NHLs are derived from B cells, and B-cell
malignancies comprise the most common haematologic
malignancy with an estimated 98,280 new cases and 24,000
deaths in the US in 2020 [1, 2]. The most common subtypes
include chronic lymphocytic leukaemia/small lymphocytic
lymphoma (CLL/SLL), diffuse large B-cell lymphoma
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(DLBCL), follicular lymphoma (FL), multiple myeloma
(MM), marginal zone lymphoma (MZL), mantle cell lym-
phoma (MCL) and Waldenstrém’s macroglobulinemia
(WM). NHL is the third indication (9%) followed by solid
tumours (23%) and non-small cell lung cancer (17%) for
new drug clinical trials in mainland China from 2009 to
2018 [3]. Notably, B-cell malignancies had one of the
highest clinical trial transition success rates among cancers.
The successful probability rates from the phase I trial to
FDA approval in NHL, MM, and CLL were ~8.5%, 9.7%,
and 7.3%, respectively, compared with 5.7% in total solid
tumours [4]. As such, tremendous progress regarding the
therapy of B-lymphoid malignancies has been achieved and
dramatically improved patient outcomes, especially for frail
elderly patients in the past two decades.

Inhibitors targeting Bruton’s tyrosine kinase (BTK) are
novel agents for NHL, and it has created possibilities for an
era of chemotherapy-free management of B-cell malig-
nancies. Since the structure and function of BTK was well
defined in 1993 [5], there were numerous investigations
from industry and academia to develop BTK inhibitors as
antitumour agents or beyond (Fig. 1). Ibrutinib was the first
effective and selective BTK inhibitor approved by the FDA
as a breakthrough therapy in 2013. Its approval has had
epoch-making significance. Because toxic chemotherapy is
the main option for CLL/SLL before its initiation, it brings
the concept of chemotherapy-free management to B-cell
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First description of an XL A patients 2011/1/28 Ibru; Phase I'II initiated

2007/12/12 Tbru; Drug discovered

e

2009/2/13 Ibru; Phase I initiated

Identification of BTK as the gene defective in XLA 2012/6/22 Tbru; Phase I initiated

2013/11/13 Ibru; Accelerated Approval; R/R MCL

g

2014/1/17 Acala; Phase Iinitiated
2014/2/13 Ibru; Accelerated Approval; R/R CLL/SL
2014/8/27 Zanu; Phase Iinitiated

2014/12/20 Acala; Phase IT initiated

2015/1/29 Ibru; Approval; WM
2015/7/2 Acala; Phase Il initiated

2020/4/21 Ibrutinib-rituximab; Naive CLL/SLL
2017/1/19 TIbru; Approval; R/R MZL
2017/1/25 Zanu; Phase Il initiated
2017/8/2 Ibru; R/R cGVHD; the first FDA-approved
therapy for cGVHD
2017/10/31 Acala; Accelerated approval; R/R MICL

ﬁafm

2019/11/14 Zanu; accelerated approval; R/R MCL
2019/11/21 Acala; Naive CLL/SLL

2016/3/4 Tbru; Approval; Naive CLL/SLL

Fig. 1 Key milestones in the target discovery and clinical development of BTK inhibitors, with United States’ FDA approved indications.
The BTK gene is first identified in 1993, and the BTK inhibitor ibrutinib is designed for clinical trials in 2009. It takes approximately 20 years from
target discovery to new drug approval. As follows, the second-generation BTK inhibitors of acalabrutinib and zanubrutinib were launched in 2014,

and approved by FDA in 2017 and 2019, respectively.

malignancies. It was so popular that the gross sales rapidly
grew to more than 230 billion dollars in just 6 years, with
annual sales exceeding 80 billion dollars, and it became one
of the five top-selling medicines in the world. Subsequently,
the second-generation BTK inhibitors acalabrutinib and
zanubrutinib, which tried to reduce off-target effects, were
approved in 2017 and 2019, respectively. Over the past
decade, numerous preclinical and clinical studies are eval-
uating the efficacy of BTK inhibitors as single agents or in
combination with other standard chemotherapy, immu-
notherapy, or targeted agents in various cancers to broaden
indications and expand markets. Given that it often takes
approximately 3—6 years from developing an investigational
new drug to yielding new drug applications, the results were
intensively announced or updated in the most recent 3
years. Thus, we systematically reviewed available BTK
inhibitor preclinical and clinical data to provide insight on
changes in the drug development process of BTK inhibitors
and identify unmet clinical needs.

BTK is a critical molecule that interconnects BCR
signalling, Toll-like receptor (TLR) signalling, and
chemokine receptor signalling

In 1993, Vetrie identified that the primary immunodefi-
ciency disease X-linked agammaglobulinemia (XLA) is
caused by gene mutations and named this gene in Xq22.1
BTK. BTK consists of 659 amino acids and five domains:
the pleckstrin homology (PH) domain, the proline-rich TEC
homology (TH) domain, the SRC homology (SH) domains
SH3 and SH2, and the catalytic domain from the N-
terminus to the C-terminus (Fig. 2). The PH domain can
bind to phosphatidylinositol lipids, such as PIP3, and recruit
proteins to the cell membrane. The TH domain contains a
zinc-finger motif that is important for optimal activity and
stability of the protein. The SH domains are involved in

Ibrutinib
Acalabrutinib
Zanubrutinib
Y233 C481 Y351
TH SH3 SH2 @ "
N C
1 138 215 280 377 659

Fig. 2 Structure of BTK. BTK is consisted by 659 amino acids,
contains five domains, from N-terminal to C-terminal, domains are
listed as the Pleckstrin homology (PH) domain, proline-rich TEC
homology (TH) domain, SRC homology (SH) domain SH3, SH2, and
the catalytic domain. Now, three approved BTK inhibitors are mainly
targeted in the catalytic domain of the BTK.

protein—protein interactions and bind to phosphorylated
tyrosinase and proline-rich regions. The catalytic kinase
domain Y551 site can be phosphorylated either by LYN
Proto-Oncogene (LYN) or Spleen tyrosine kinase (SYK)
and result in autophosphorylation of the SH3 domain Y233
position.

In antigen-dependent BCR signalling, BTK can be acti-
vated by PI3K or SYK. BCR is always coupled with the
Iga/IgP (also known as CD79a/b) heterodimer, which is
composed of the BCR complex. When specific antigens
bind to the BCR complex, the SRC family LYN phos-
phorylates the immunoreceptor tyrosine-based activation
motif residues on the cytoplasmic tails of CD79a/b and
activates SYK. Activated SYK promotes B-cell linker
protein (BLNK) to recruit and phosphorylate downstream
effectors BTK and PLCy2, and it can also phosphorylate
tyrosine residues in the cytoplasmic tail of CD19, which can
activate PI3K. Moreover, the cytoplasmic B-cell adapter for
PI3K (BCAP) can also recruit PI3K>!'. PI3K generates an
essential messenger for activating downstream pathways,
named PIP3, which often binds with the PH domain of BTK
and allows SYK and LYN to activate BTK by full trans-
phosphorylation of Y551 site. In the negative feedback
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regulation, LYN phosphatases SH2 domain-containing
inositol-5’-phosphatase-1 (SHIP1), which subsequently
inactivates substrate proteins such as BTK, thereby inhibits
the BTK membrane association. Downstream of BCR sig-
nalling, the primary substrate of BTK is PLCy2. BTK
phosphorylates PLCy2 at positions Y753 and Y759, gen-
erating 2 s messengers including inositol triphosphate (IP3)
and DAG, thus activating several signalling pathways. IP3
is involved in regulating intracellular Ca>" levels, thereby
activating T-cell transcription factors via calmodulin. DAG
mediates the activation of PKCp, which induces RAS
signalling-dependent phosphorylation of ERK1/2. Impor-
tantly, PKCp also activates the NF-xB pathway through a
scaffold complex that includes caspase recruitment of
CARDI11, BCL 10, and MALT]1, thereby regulating B-cell
survival, proliferation, differentiation, and antibody secre-
tion (Fig. 3) [6].

In chemokine receptor signalling, CXCL12, which is
highly expressed in the bone marrow and germinal centres,
can bind with CXCR4 and induce BTK activation by direct
interactions between BTK and the CXCR4-linked hetero-
trimeric G protein subunits. G proteins contain afy subunits.
Both Ga and Gfy subunits can directly bind to BTK in the
PH domain and TH domain. In addition, Gfy subunits can
also bind to the catalytic domain of BTK. Subsequently,
activated BTK phosphorylates PLCy2, ERK1/2, JNK, and
AKT, thus regulating cell adhesion and migration [7].

In antigen-independent TLR signalling, most TLRs
recruit MYDS8S8 in response to the TLR ligand bacterial

Fig. 3 A schematic map of
BTK in BCR signalling, TCR
signalling, and chemokine
receptor signalling pathway.
BTK is a crucial component of
antigendependent BCR
signaling that regulates B cell
proliferation and survival.
Meanwhile, BTK also
participates in antigen-
independent Toll-like receptor
signaling and chemokine
receptor signaling, regulates

B cell adhesion, migration, and
tumor microenvironment forces.
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lipopolysaccharide. BTK can directly interact with five
different molecules: the intercellular domains of most
TLRs, the downstream adaptors MYD88 and MYDS88
adaptor-like protein (MAL), IL-1R-associated kinase 1
(IRAK1) and TIR-domain-containing adapter-inducing
interferon-p (TRIF), thus inducing the downstream tran-
scription of NF-kB, activator protein 1 (AP1) and interferon
regulatory factor (IRF3) activation, which promotes cell
proliferation, antibody secretion, class switch recombination
and the production of pro-inflammatory cytokines [7, 8].

History of the discovery and characteristics of BTK
inhibitors

Ibrutinib is a first-in-class inhibitor of BTK. After the first
failed BTK inhibitor LFM-A13 was invented in 1999 [9],
the compound PCI-32765, which was designed by Celera
Genomics scientists, was initially chosen for preclinical
development of in vivo models of rheumatoid arthritis in
2007 [10]. The efficacy of ibrutinib in B-cell lymphoma
was first reported by Honigberg et al. [11]. The results
showed that orally administered ibrutinib induced a
response in three out of eight dogs with spontaneous B-cell
non-Hodgkin lymphoma. Subsequently, to overcome off-
target side effects and the emerging resistances of ibrutinib,
some selective second-generation BTK inhibitors were
developed. Acalabrutinib, also known as ACP-196, is a
novel second-generation BTK inhibitor, which was
designed by Acerta Pharma [12]. Similar to ibrutinib,
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Harrington et al. elected a canine model of B-cell NHL to
evaluate the pharmacodynamic effects of acalabrutinib
in vitro and vivo [13]. It demonstrated that acalabrutinib
potently inhibited BTK activation, thus inhibiting the pro-
liferation of CLBL1 cells, a canine B-cell lymphoma cell
line. The overall response rate (ORR) was 25%, with a
median PES of 22.5 days in 20 dogs. Zanubrutinib, also
known as BGB-3111, is a next-generation BTK inhibitor
developed by BeiGene in 2012 [14]. It was designed with
the concept of a structure—activity relationship-driven drug
design strategy, and compound 31a synthesized in a series
of pseudo-pyrimidinone compounds was selected as a
potential candidate due to its high potency, selectivity,
pharmacokinetics in vitro, and excellent pharmacodynamics
in an OCI-LY10 DLBCL xenograft model [15].

There are similarities and differences among these three
approved BTK inhibitors (Table 1): all inhibitors are irre-
versibly covalently bound to cysteine 481 in the ATP
binding pocket of BTK; ibrutinib is the most potent BTK
inhibitor followed by zanubrutinib and acalabrutinib based
on biochemical binding kinetics, but differences in bio-
chemical potency were partly lost in cellular assays using
human peripheral blood mononuclear cells or human white

blood cells (all less than 10nM); acalabrutinib had the
lowest off-target rate and the highest selectivity followed by
zanubrutinib and ibrutinib [16]. The difference in pharma-
codynamics and pharmacokinetics may influence the
dosage, efficiency, and adverse events (AEs) of inhibitors in
clinical practice. Acalabrutinib had a shorter half-life than
ibrutinib, which is administered once a day, and the BTK
occupancy was higher with twice daily than with once-daily
dosing (95.3% vs 87.6%), which means that the drug
requires twice daily dosing [17]. In zanubrutinib, sustained
complete inhibition with more than 95% BTK occupancy in
lymph nodes was more frequent with 160 mg twice daily
than with 320 mg once daily. Therefore, 160 mg twice daily
was selected as a recommended dose for further investiga-
tion [18]. A balance between fast absorption and fast
elimination can bring rapid target inhibition and reduce the
potential risk of off-target issues or drug interactions. The
shorter half-life and selective properties of acalabrutinib
allowed it to achieve complete and continuous inhibition of
BTK without increasing the toxic effects from inhibition of
alternative kinases. Full target coverage may reduce drug
resistance caused by mutations in the BTK enzyme and may
also lower the rate of Richter’s transformation [19].

Table 1 Comparison of features

R R .. Ibrutinib Acalabrutinib Zanubrutinib
and properties between ibrutinib,
acalabrutinib, and zanubrutinib. — Ajernative names  PCI-32765 ACP-196 BGB-3111
Mechanism of action C481, ATP-binding domain C481, ATP- C481, ATP-

Dosage

Pharmacodynamics
Kinetics (nM) 54.2
BTK (IC50, nM) 1.5
TEC (IC50, nM) 10
ITK (IC50, nM) 4.9
TXK (IC50, nM) 2
BMX (IC50, nM) 0.8
EGFR (IC50, nM) 53
ERBB2 (IC50, nM) 6.4
ERBB4 (IC50, nM) 3.4
BLK (IC50, nM) 0.1
JAK3 (IC50, nM) 32
hPBMC (EC50, nM) 0.6
hWB (EC50, nM) 5.8

Pharmacokinetics

Cmax (ng/ml) 35
tmax (h) 1-2
AUC (ng h/ml) 708
Vd,ss/F 10000
t1/2 (h) 4-6
Clearance (L/h) 62

420 mg, qd (CLL/SLL, WM);
560 mg, qd (MCL, MZL)

binding domain
100 mg, bid (MCL,

binding domain
160 mg, bid (MCL)

CLL/SLL)

181 126
5.1 0.5
126 44
>1000 50
368 22
46 14
>1000 21
~1000 88
16 6.9
>1000 2.5
>1000 1377
2.9 0.9
9.2 24
323 346
0.75 2
1111 1405
101 881
0.9 331
159 182
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Notably, acalabrutinib showed almost no inhibitory activity
on EGFR, which is thought to be associated with rash and
severe diarrhoea [20]; IL2-inducible T-cell kinase (ITK),
which is critical for natural killer cell-mediated cytotoxicity,
particularly antibody-dependent cell-mediated cytotoxicity
(ADCC) [21]; or TEC kinase, which contributes to platelet
dysfunction and the increases risk of bleeding [22]. It only
inhibits BTK, BMX kinase, and human epidermal growth
factor receptor 4 at clinically relevant concentrations, pos-
sibly contributing to the higher specificity and well-
tolerated performance. Zanubrutinib is similar to acalabru-
tinib with less activity on TEC and ITK [23]. In summary,
although there are some differential phenotypes in vitro
among these three inhibitors, whether these diversities
could translate into a clinical benefit and which BTK inhi-
bitor is the best-in-class drug remain to be seen in sub-
sequent head-to-head randomized clinical trials.

BTK inhibitors in MCL
Preclinical development of BTK inhibitors in MCL

In primary MCL cell lines and tissues, several kinases such
as SYK, PI3K, LYN, and BTK are highly overexpressed
and are correlated with NF-xB activity, thus promoting the
proliferation of MCL cells. Ibrutinib can diminish viability,
and impaired CXCR4 or CXCRS5 mediates adhesion and
migration in vitro [24]. Blocking BCR signalling represents
a promising approach for MCL.

Clinical development of BTK inhibitors in MCL

Advani et al. reported a phase 1 study that ibrutinib induced
a response in 7/9 patients with refractory or relapsed (R/R)
MCL and established 560 mg as the recommended Phase 2
dose (RP2D) [25]. PCYC-1104 study showed that ibrutinib
is less toxic and more effective than the available intensive
chemotherapy regimens, such as ESHAP, MINE, hyper-
CVAD, and R-ICE (Table 2) [26]. Based on this study,
ibrutinib was accelerated approved by the FDA for the
treatment of R/R MCL in 2013. A randomized RAY study
confirmed that ibrutinib is superior to temsirolimus in 280R/
R MCL patients [27]. Temsirolimus was the unique
chemotherapy-free therapy approved for R/R MCL in the
European Union at that time. It also suggested that AEs
such as atrial fibrillation, bleeding, and pneumonia are
ibrutinib-related AEs. A pooled analysis of 370 patients in
the RAY, SPARK, and PCYC-1104 studies demonstrated
that the median times to first response and the best response
were 2.07 and 2.14 months, respectively. The use of ibru-
tinib after the first relapse rather than later was associated
with significant improvements in both progressive-free
survival (PFS) and overall survival (OS). The prevalence

SPRINGER NATURE

of infection, diarrhoea, and bleeding was the highest for the
first six months of therapy and less thereafter. The incidence
of treatment-related grade 3-5 AEs of fibrillation and
bleeding was 4.6% and 4.9%, respectively [28]. The ORR
of ibrutinib (66%) in R/R MCL appears higher than that of
other single-agent chemotherapy-free therapies, such as
bortezomib (33%), lenalidomide (28%), temsirolimus
(47%), ofatumumab (8%), obinutuzumab (27%), and ide-
lalisib (40%), and it creates a possibility to develop an era of
chemotherapy-free treatment for the management of MCL
[29, 30]. By contrast, single-agent acalabrutinib demon-
strated an ORR/CR of 81%/42%, and the FDA has accel-
erated approved it to treat R/R MCL based on this phase 2
trial in 2017 [31]. Zanubrutinib showed an ORR/CR of
86.5%/29.7% in a global phase I study and an ORR/CR of
84%/68.6% in the Chinese populations [32, 33]; further-
more, the FDA has also accelerated and approved it for R/R
MCL in 2019. This suggests that the response rate of the
same drug in the different races may vary, and infections
were more frequent in Chinese patients. Notably, although
the ORR/CR appears higher with acalabrutinib or zanu-
brutinib than with ibrutinib, patients in trials of acalabruti-
nib and zanubrutinib were exposed at an earlier line of
treatment, and the Lugano 2014 criteria may potentially
increase response rates.

The mortality rate and drug resistance are significantly
increased in MCL patients who did not achieve a complete
response (CR) after first-line treatment. During long-term
follow-up, the rate of a CR of single-agent ibrutinib in MCL
was 20%, but the 2-year PFS and OS rate were 79% and
92%, respectively, in patients who achieved a CR with
ibrutinib. This evidence would encourage combining ibru-
tinib with other regimens in an attempt to maximize the CR
rate. In R/R MCL, preclinical models indicate that inhibi-
tion of both BTK and BCL2 is synergistic, and both the
BTK inhibitor ibrutinib and the BCL2 inhibitor venetoclax
achieved an ~21% CR rate for each agent [34-36]. In
consideration of the different mechanisms and minor
overlapping toxicities, the combination of these two drugs
may improve efficacy. Tam et al. conducted a phase
2 study, and it demonstrated a CR rate of 59% at 4 months.
MCL is characterized by cell-cycle dysregulation, and the
CDK4 inhibitor palbociclib can prolong early G1 cell arrest
in MCL tumour cells [37]. The combination of ibrutinib and
palbociclib synergistically killed ibrutinib-resistant MCL
cells in vitro, probably by inhibition of compensatory sig-
nalling pathways, such as PI3k signalling [38]. A phase 1b
trial reported that this combination yielded a CR rate of
37% in R/R MCL [39]. A subsequent phase 2 multicentre
trial to further characterize the efficacy of this combination
is now ongoing (NCT03478514). Furthermore, ibrutinib in
combination with bendamustine/rituximab (BR) showed a
94% ORR and 76% CR rate [40]. The ORR/CR rates of BR,



317

Inhibitors targeting Bruton’s tyrosine kinase in cancers: drug development advances

M %001 S®A T %001 :s1eak ¢ %9¢ %96 99 ¢8 dOd-niqp [SL] Te 10 spiaeq
%S6 SA %Yo %9T SA %T1 %18 SA %¥6 €81 sA ¢8I
Il SA %06 SILAK T UOW ¢f SA YN SA AN SA PBL SA %E6 OL SA L SATL SA 781 qd d-naqp niqr  [0L] Te 30 yoeKop
dn-morjoJ
PapudIxd %89 SA %¢€Q (Z-91eu0S9Y)
s1eak G “III SIBA G 9571 SA %0L s1eak ¢ %0¢ nIq] %bT6 NIqL CLSAEL  €€] SA 9€] [IonquIeloqyy niqp [99] “Te 10 103mg
dn-morrog (zo11
PapuaIxe -DADDISY ‘€Sl
sIedk ¢ “TI/qI %6 steak ¢ %76 STedk ¢ %6¢ %bLY IL Ie niqp ‘Te 30 uslg.0
TIS/TTD 2AlBN
1T VIN %608 1edk | by %16 19 16 nuez (€8] e 19 nX
D16 SA D16 %89 SA % 88-Sdd-UoW (ANEDSV)
11 uow )z T ‘uow ¢9[ sA YN %P1 SA %0 %SL SA %18 VIN  SGI SA GG dd 10 |l BBy [zs] e 10 ey
dn-mofjojy
papuaIxa
syiuow ¢ I VIN VIN %e %IL 9 213 BBV J6L] T8 10 ueMy
dn-mofjoj
PapuaIX9 (100-1D-HDOV)
syuowt 1 “TI/1 VIN VIN %Y %6 99 yel eedy  [LL ‘6S] T8 10 p1kg
(ALIVTO)
1T VIN VIN B1S %68 9 Ly XB[J0}US A-TIq] [8S] 'Te 10 uswiy
ur-pesf
%DSL SA PS8 %DIL SA %6L ¥C SA 0T qewnuniegjo qewnune;o
/91 VIN SA %68 -uow 7| VIN SA %001 9 SA LT MEIS JUSLINOUOD) -niqr  [£6] e 30 mysmoySer
dn-morjog
papuaIxs %6°Cl SA %89 uoul (sorman)
sypuowt 8¢ “III AN 9€ ‘uow ¢'p[ SA AN %8 SA B1'8E WY 99 SA BT LY €9 V9 68T SA 68T Ad-09998[d dg-n1qp [€9] 'T® 10 Josel]
% OL-uow (8011-DADd)
q1 VIN 9¢ ‘%€ 9g:uow 7| %01 %L6 9 0¢ dg-niqp [29] T8 10 umoig
dn-mofjoj
papuaIxa
sypuowr L I AN uowr ¢t %eC %S6 SY oy g-niqp [9¢] e 10 uref
dn-moroj (T111-DA0d
PapuaIXa ‘HLVNOSTY)
s1eak g “[I] UOW ['GY SA /'[9 uour 1°g sA [y %801 -nIqI PDI1 SA %16 LY SA L9 961 SA G61 qewnuniegjo niqp (¢l T8 10 muny
dn-mofjoj
PapuaIXs (€0TT1-DADd)
sIed ¢ “TI/qI AN %t s1eak ¢ tuow [ %01 %68 9 101 niqg [€6] T8 19 uaug.O
TIS/TIO ¥4/d
(eseyq)
u3isop Apms SO URIPIIN SAd UBIPIN D MO a3e ueIpo|N sIoquInN uostredwo) UONUAAINU] S[eLL],

‘s)nsa1 dn-mo[[0F PaPU)Xa JSAJe[ AY) pue seuLUSIEW [EIISO[0eWSRY UI SIOJIQIYUI ASBUD| QUISOIA} UOINIg JO S[BLH [BJIUI[D JUaLn)) ¢ d|qel

SPRINGER NATURE



T. Wen et al.

318

%L suow %LG ‘uout
II 81 %6L:uoW ] 81 %GL ‘uow 7| PDLS %IL 89 €4 XB[00)oURA-TIq] [9171] e 10 wey,
dn-mofjoj
PopuAXo %69 :STeak
sqiuowr Ly “I1 € AN %P6 eak ¢ uour ¢ %8S %88 L9 0s qewxmi-niqp  [[¢] ‘910¢ ‘T8 10 urer
dn-mofjoj
papualIxs (AVY [s11]
sIeak ¢ ‘TII UOW G'€T SA €°0E uour 79 sa 9°¢[ %E SA %BET %Ly SA DBLL 89 SA L9 IVI SA 6¢] SOUIWOISWI T, niqp ‘Te 19 /[y
dn-morjoy (VO
papualIxs uowr ¢-¢e -7011-DADd) [9¢]
syiuowr /97 I ‘UBIpIN uowr ¢ ‘UBIpaN %eT %L 89 II niqp ‘ST0T 'Te 10 Suep
TONW ¥4/d
(VIONOES) HSV
I VIN VIN %0 %T6 0L 601 nuez - [z€ ‘1] B 10 wey,
%S'16 SA aig sw
I VIN %T'LY -uoul ¢ VIN %858 SA %T6L V/N 8% O Sw Qg ereoy 001 eeoy [¥11] T8 10 ung
dn-mofjoj
papuaIxs (L1-LVNOSHY)
sqpuow 9°/7 I %yL-uoll y¢ %¥9 ‘uout ¢ %01 %8 ¥9 1! niqp [€L] T8 10 uaug.0
dn-mofjoj
papualIxs %HLES SA %Y'61 SA
SIeOK §'% [T 9%€'G8 sk ¢ By yL Teak G %0 %96 9 sA 29 91 sA G¢ ke 1k aAreu niqp [gL] ‘10T B 1 uyy
TTIS/TTO ¥/ 10 oATeu (uonenwt ¢¢qy, ‘d/1 [p) su ySiH
q1 VIN V/IN %HLT %96 89 Sy nuiqo-nuez ¢ ‘1] e 10 Wy,
dn-morjoy
PapuAXd
sypuow 16T T/ VIN %88 SA %66 ek T %eH1 SA%Y'EL  %6°S6 SA %001 L9 86 SA CC nuez HSV [€11] T8 1 [InD
(4D %8 (D) %LTL
uowr 7 (L9ATRN) uour 7y {(9AIRN)
/ar - %001 -uow 6¢ %V y6 -UOW 6¢ VIN %T6 SA %S6 €9 SA 19 CC SA 61 eeoy  [08] '[e 10 yoekom
TIS/TTIO 4/ pue AN
PDLY SA %HE6
%T6 SA %HS6  SA %L TedK T ‘uow %S SA %1 %S 8L SA LLT SA 6LIT [ronquIeIo[yd qewrnznnuiqo (NL 4LVATTAD
I SA %66 steak ¢ 9°CC SA YN SA UN SA %1 %6°E6 SA %HSS8 V/N SA 6L  +qewnzmnuiqQ +epoy ‘eeoy 18] '[e 19 uewreys
%S16 SA %6'CL SA (zr61d
I %886 STeak ¢ %Y 68 ek € e OE SABTLT BTT8 SA %8'S6  L'9S SA L'OS SLT ‘¥S€ dd4 qniqr [gg] e 19 JegeuRyS
%IE SA Po6L uow qeunzmnuiqo qeunzmnuiqo (HLVNINNTT)
I VIN 0€ ‘uow 61 SA YN %8 SA %61 %S8 SA %001 CLSAOL  OIL SA¢Cll - [IonquIeloy? -niqp [9L] 'Te 15 ouatoy
(eseyq)
u3isop Apmg SO UBIPIN SAd UBIPIN D (0] a3e ueIpa] sIoquInN uosteduwo)) UOTUIAIAU] S[RLLL

(panunuoo) z 3jqey

SPRINGER NATURE



319

Inhibitors targeting Bruton’s tyrosine kinase in cancers: drug development advances

[+01 ‘96l
BII/I VIN uouwr 9'g %91 %9€ ¥9 St OAIN-NIq] Te 10 sounox
I VIN VIN %Y %S9 9 €T gDD-uou J-uT-niqp [16] Te 10 LoD
%001 sA %001 sA TdNd
I VIN VIN %0 SA %0 %00T SA %EE 6S ¥sA8sAg¢  /DD-UON/IDD ADI-Y-nIq] [S6] ‘Te 10 TomMES
I VIN VIN %1€ %LE 79 91 dg-n1q1  [0r] Te 10 sYooppeN
1 uour 49 uouwr $9°| %01 %LE 79 08 niq[ [#6] Te 1o uosyIm
1091a ¥/d
I %18 uow 8| uowr 'y %€ %8 99 €9 niq[ [06] Te 30 LON
TZIN 9/d
%6°¢6 SA %T LY SA (110400 NAdSY)
I %L6 ek | %L 68 Tk | VIN %T61 SA %1'8T VIN 66 SA 201 niq[ nueyz [oz1] T8 30 wey,
(Z 1oyod
NAdSV) [611]
I VIN VIN %0 SA %0 %TIL SA %08 VIN 1T°S I dATRU NUEZ Ie 30 so[nodowiq
VHA [811]
I VIN %18 sreak 7 %T SA %0 %06 SA %96 L9 6% SA $T nuez Te 10 ueunoiy,
%68 SA %HT6
I SIBOA T 9T8 SA %06 STeA T %0 SA %0 %E6 SA BEG 69 SA €L 76 SA p1 g QATRU B[EOY [68] ‘Te 10 uamQ
I VIN %T6 ‘uow QT %€8 %001 L9 0¢ niqg ,[88] Te 39 uoaIy,
%T6 SA %6
uowr %LE SA %08 ‘uow (ALVAONND [L11]
M 0€ AN SAIN T ‘uowl ¢'07 SA IN %TE SA BTL %LY SA BT6 89 SA 0L GLSAGL J-0qa0e[d J-niqq [e 30 so[nodowi(
I %TS6 stk g %1°69 STk T %EL %16 €9 €9 niq| o[L8] 'Te 30 woary,
INM ¥/¥ pue dATeN
(I
- MOANIM) ouesn]
I %001 sk ¢ %88 s1eaf ¢ %T6 %0071 VIN 0S AVADY-MIq] [9%] Te 30 Suepm
TOIN dATeN
I VIN uowr [°Zg %9°89 %% S09 98 nuez [¢€] e 30 Suog
I VIN uow, pT A/ %L6T SA%S LE %S 98 SA %G LS IL St g oAreu nuez  [z¢ ‘81] Te 10 we],
dn-morjogy
Papu9Ixa (#00-A T-HOV)
SUIUOW 97 “TI  9%1¥'TL “UOW $T 961 “UOUW {7 “Uou (g %TH %18 89 4! eeoy  [9F ‘[¢] Te 10 Suem
I %909 sk g %65 SIeak T %LE %L9 S9 LT qroroqred-niqy [6€] Te 10 unrey
qeuixmi (NOWATIHd)
il uowr g uow 9| %96 %SL 69 0S -uoT-niq]  [gp] Te 10 uetayIof
(oseyd)
ugisop Apmgs SO UBIPIA Sdd UeIpI]N D WAO a3e ueIpoN squInN uosuedwo) UOTUSAIIU] S[eLL],

(panunuoo) z 3jqey

SPRINGER NATURE



T. Wen et al.

‘WM 9ATEN papn[our A[uQ,
M ¥/ papnpout ATuQ,

320

‘qIUINIqI 0} JUBIS[OT OYM TTD /Y PAPNIOUL,

-asdefar

10 KIOJORIJQI Y/ ‘Uoeal JoU YN ‘O[qR[IBAR JOU W/N ‘SYIUOIN ‘U0 ‘QUOSBYIOUWERXIP-UIdIqnioxop-aunsuoura-oprweydsoydooho qya) ‘euostupaid-sunsuoura-uroiqnioxop-opruweydsoydooho

-QRUIXMU  JOHDY ‘QRUIN[OATU 0d4In ‘QRWNZNNUIQqO NuigQ)

‘aprsodojo-unejdoqieo-oprwieysoji 7H7 ‘qewrxmju-aprureydsoydofoko-surqerepny y)J OPIWOPHEUd] 427 ‘qRWIXML Y

‘unsnwepuaq g ‘qQuunniqnuez nuvyz ‘qQIUONIqe[ede njpdy ‘qIuUIInIq #Iq] ‘SJUIAD ISIOAPE FV ‘[BAIAINS [[BIQAO §(O ‘[BAIAINS d1J-0AIssaI3old §.74 ‘osuodsar 9)9[dwod y) ‘erer asuodsal [[BISA0 YO

Quoseyjeuexap
I AN uowr ¢°0g %BT %9L €9 154 -QIUOZ[JIed-nIq] [zo1] Te 30 treyD
[co1]
Il VIN uow 9'y VIN %8T S9 6 niqp Te 30 UOSpIEYdRY
NN /e
I VIN V/IN %9¢ %56 ges (44 Y-uoT-qrunniqy [¥21] Te 1o twelln
T PATeN
a1 VIN V/IN %9¢ %BTL 68 9¢ nuiqo-nuez  [g¢ ‘1] e 10 wey,
%19 ‘uow-Og (NMVQ) [66]
I %8 uow | uow 9y %11 BIT S'19 o1t niqq Te 30 [edon
%1 0T sreak Qed) [ge1]
Il %6L sTeAh T T ‘uour [ %EL %8¢ 9 (014 niqg Te 10 nopelg
BERE|
II uow g'6[ uow gy %61 %TS S'L9 43 niqr  [L6] Te 1 umessnog
I VIN V/IN %BLE %BLL 69 €l niq [zz1] e 1 sowwoin
TSNDJ ¥/d
%Yy 18 SA %1°89 SA (gDD-uou) [$01 ‘96]
I %8TY uow 9¢ %8'0L “UOW 9F %89 SA %HE'LY %I E6 SA %E 68 19SA €9 61t SA 61y dOHDY-0999%[d dOHDY-NIq[ ‘e 30 SeUNo X
I VIN VIN %€ %001 19 81 dOHDYnqL  [1T1] I8 30 sdunox
TOd1d RAIEN

(eseyq)

cm_wo_v %U:uw SO UeBIpIIN SHd UeIpI]A AD IO a3e UBIPIN sIoquInN EomEmQEOU UuonuaAIuY S[eLL],

(panunuoo) z 3jqey

SPRINGER NATURE



Inhibitors targeting Bruton’s tyrosine kinase in cancers: drug development advances 321

ibrutinib/rituximab (IR), rituximab/lenalidomide, IR/lenali-
domide were 82%/40%, 88%/58%, 57%/36% and 75%/
56%, respectively [41-45]. It is unknown whether this tri-
plet combination will translate into a longer PFS/OS than
achieved with a single- or two-agent combination at present.
However, this will probably be further addressed in the
upcoming phase 3 randomized trial (SHINE,
NCTO01776840) evaluating first-line BR with or without
ibrutinib in treatment-naive patients aged =65 years who are
not eligible for transplant.

The exploration of ibrutinib as a first-line option had
considerable success in recent years but needs further
confirmation, and the combination of chemotherapy-free
agents may replace the standard toxic chemotherapies in the
next 5 years. For young patients (<65 years), WINDOW-1
showed that chemotherapy-free induction with IR followed
by 4 cycles of R-hyper-CVAD consolidation is extremely
potent and safe [46]. For elderly patients (=65 years), the IR
combination is highly effective [47].

BTK inhibitors in CLL/SLL
Preclinical development of BTK inhibitors in CLL/SLL

In CLL cells, constitutive phosphorylation of LYN, SYK,
PKCp, BTK, and PI3K and activation of NF-kB could
interact with microenvironmental stimuli, therefore initiat-
ing or maintaining the survival, proliferation or migration of
CLL cells [48]. Lyn, Btk, Pkcp, or Nf-kB p50 deficient in
Ep-TCL1 mice, a CLL-like mouse model, significantly
delayed the onset and reduced the burden of leukaemia but
still initiated lymphomagenesis. BTK deficiency in vivo
abrogated tumour formation, whereas overexpression of
BTK increased tumour incidence and overall mortality [49].
Regarding dynamic interactions between CLL cells and
their microenvironment, macrophages in lymphoid organs
exhibit M2-like phenotype nursing CLL cell survival and
proliferation, while ibrutinib may disrupt this interaction
[50]. Zanubrutinib also induced favourable changes in the
immune microenvironment by improving T-cell exhaustion
and downregulating checkpoint molecules on suppressor
cells and adhesion/homing receptors on B cells [51]. These
clues suggested that BTK inhibitors exert substantial effects
on the B-cell malignancy microenvironment.

Clinical development of BTK inhibitors in CLL/SLL

CLL/SLL accounts for ~40% of all adult leukaemias and
11% of haematologic neoplasms. It often occurs in older
people, with a median age of 72 years. Although previously
the chemotherapy fludarabine-cyclophosphamide-rituximab
(FCR) combination appeared effective, it is associated with
substantial toxic effects such as severe myelosuppression

and infectious complications [52]. Ibrutinib offers a
chemotherapy-free treatment option with an acceptable side
effect profile. The exploration was started in R/R CLL/SLL
patients. The PCYC-1103 study established 420 mg as the
RP2D, and the randomized phase III RESONATE trial
(PCYC-1112) proved that ibrutinib is superior to anti-CD20
ofatumumab, even in patients with unfavourable risks, such
as del 17p, del 11q, and unmutated IGVH [53-55]. Based
on these findings, the FDA approved ibrutinib for CLL/SLL
patients who have received at least one prior therapy
in 2014.

Because single-agent ibrutinib has shown good toler-
ability, several studies have sought to combine ibrutinib
with other chemoimmunotherapy regimens, such as ritux-
imab, ofatumumab, venetoclax, or bendamustine and
rituximab (BR) in R/R CLL/SLL to improve the efficacy
further [56-58]. The utility of rituximab plus ibrutinib (IR)
has been called into question given that the reported PFS is
very close to what has been reported with the use of single-
agent ibrutinib [54, 59]. Other studies also reported
decreased ADCC with rituximab in vivo as well as down-
regulation of CD20 in CLL B cells following ibrutinib
treatment [60]. Ongoing studies randomizing R/R CLL
patients to either ibrutinib treatment alone or combined
ibrutinib-rituximab treatment should help to clarify this
question. Ibrutinib has been reported to affect the ADCC of
ofatumumab less than that of rituximab. This has led to the
development of combination strategies of both substances
in a phase Ib/Il study. Jaglowski et al. demonstrated that
ibrutinib lead-in seems more powerful than a concurrent
start or ofatumumab lead-in sequence [57]. Moreover,
PCYC-1108 and the randomized phase III HELIOS trial
compared ibrutinib plus standard chemoimmunotherapy
with BR to BR and suggested that ibrutinib-BR was
superior to the placebo-BR; however, whether the efficacy
of ibrutinib-BR is superior to single-agent ibrutinib in CLL/
SLL patients need further discussion [61-63].

Can ibrutinib work as a first-line therapy or high-risk
CLL/SLL populations? PCYC-1102 demonstrated that
ibrutinib yielded a high ORR (87%) in untreated CLL/SLL
[64-66]. Although 20% of patients had a partial remission
with lymphocytosis, generally in the first weeks of treat-
ment, it is believed that this was due to the redistribution of
CLL cells from solid lymphoma manifestations into the
bloodstream and should not be confused for disease pro-
gression [67]. The phase III RESONATE-2 trial showed
that ibrutinib resulted in a significantly longer PFS and OS
than did chlorambucil in previously untreated older CLL/
SLL patients [66, 68]. Since the German CLL-11 trial has
proven that treatment with obinutuzumab-chlorambucil is
superior to chlorambucil monotherapy [69], the choice of
chlorambucil as a parallel arm in the RESONATE-2 study
would be less informative than obinutuzumab-chlorambucil
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as a comparison. In addition, Woyach et al. conducted a
phase III trial and suggested that treatment with ibrutinib
was superior to treatment with BR, and there was no sig-
nificant difference between ibrutinib and IR with regard to
PFES [70]. According to these findings, the FDA approved
ibrutinib alone as first-line therapy in CLL/SLL in 2016. A
pooled analysis of PCYC-1102 and PCYC-1112 showed
that patients receiving ibrutinib as first-line therapy and
those without bulky disease had a better likelihood of a CR
with treatment, and the median PFS and OS were longer in
R/R patients who were treated with fewer prior therapies
[71]. Del 17p or TP53 mutations are well established to
cause poor sensitivity to classical immunochemotherapy,
resulting in early relapse and short survival. The
RESONATE-17 trial and Ahn et al. focused on this subset
specifically and proved that ibrutinib performed well in
CLL/SLL, irrespective of treatment history or genomic
features [72-74].

First-line ibrutinib combinations have also been attemp-
ted by clinicians. Ibrutinib plus FCR showed an ORR of
96% with a 36% CR or CRi [75]. The iLLUMINATE trial
showed that the median PFS was significantly longer
with the chemotherapy-free ibrutinib—obinutuzumab regi-
men than chlorambucil-obinutuzumab [76]. On April 21,
2020, the FDA approved IR for naive CLL/SLL based on
the phase III E1912 trial, which compared the efficacy
between IR with standard chemoimmunotherapy FCR [52].

Given the success of ibrutinib, several clinical trials were
directly conducted both in naive and R/R CLL/SLL patients
to determine whether the second-generation irreversible
BTK inhibitors acalabrutinib and zanubrutinib would be
effective. Byrd, Awan, and Woyach et al. reported that
acalabrutinib showed an approximate ORR of 90% in
ibrutinib-treated or not treated, naive or R/R CLL/SLL,
although the longest follow-up time was only 41 months
and data maturity requires time [77-80]. These interim
analyses demonstrated favourable safety and durability of
the response with acalabrutinib, leading to FDA approval of
acalabrutinib as a treatment for R/R CLL/SLL in 2019.
ELEVATE-TN reported that acalabrutinib alone or
acalabrutinib—chlorambucil is superior to obinutuzumab—
obinutuzumab [81]. ASCEND reported that acalabrutinib
improved PFS compared with idelalisib-rituximab or BR
[82]. Several phase III clinical trials of acalabrutinib in
CLL/SLL are ongoing, including ELEVATE-RR, which
compares acalabrutinib to ibrutinib, and ACE-CL-311,
which compares acalabrutinib-venetoclax with/without
obinutuzumab versus chemoimmunotherapy. A phase I/II
dose-escalation exploration trial of zanubrutinib found that
160 mg twice daily possessed a higher BTK occupancy in
lymph node biopsy specimens than 320 mg once daily. The
dose expansion cohort showed an approximate ORR of
100% [18]. In 116 Chinese R/R CLL/SLL patients, the
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ORR was 91.2% [83]. Other trials, such as a phase Ib study
assessing zanubrutinib-obinutuzumab and the phase III
SEQUOIA (BGB-3111-304) trial evaluating zanubrutinib in
untreated CLL/SLL patients with Del 17p, are ongoing.

BTK inhibitors in WM
Preclinical development of BTK inhibitors in WM

WM is characterized by high levels of monoclonal immu-
noglobulin M secreted by lymphoplasmacytic lymphoma
cells with bone marrow infiltration. In the past, the anti-
CD20 monoclonal antibody rituximab alone or combination
therapies, such as rituximab-cyclophosphamide-dex-
amethasone, rituximab-bendamustine, or rituximab-borte-
zomib-dexamethasone, is commonly used in frail patients or
patients with immunologic complications. However,
patients presenting with high baseline IgM levels are prone
to suffer from rituximab-related IgM flare, and the popu-
lation will inevitably become refractory to rituximab,
leading to an imperative need for new therapeutic choices
[84]. MYD88 and CXCR4 somatic mutations play an
essential role in the pathogenesis of WM. Approximately
91% of WM with MYDS88 L265P mutations has con-
stitutively activated BTK and NF-xB pathways. Approxi-
mately 30% of WM patients have CXCR4 mutations.
CXCR4 mutations contain nonsense mutations and frame-
shift mutations [85]. CXCR4 activation promotes AKT
kinase and ERK function, which may be associated with
resistance to BTK inhibition. Ibrutinib can abrogate
MYDS88 L265P-BTK association, reduce NF-kB activation,
and induce apoptosis in WM cells [86].

Clinical development of BTK inhibitors in WM

The clinical activity of ibrutinib in WM was observed in a
phase I study initially [25]. Treon et al. reported that the
ORR and major response rates were highest among patients
with MYD88*FCXCR4™" (100% and 91.2%) followed
by MYD882’ CXCR4VM™ (85.7% and 61.9%) and
MYDS8VTCXCR4VT (73.4% and 28.6%) [87]. By indirect
comparison with other WM therapies, with ORRs of 40 to
80% and median PFS rates of 8 to 20 months, ibrutinib had
accelerated approval by the FDA for the treatment of R/R
WM patients in 2015 [87]. Later, the iNNOVATE study
showed that IR was better than placebo plus rituximab both
in untreated and R/R WM patients. Therefore, the FDA
approved ibrutinib as a first-line treatment for WM in 2018.
Treon et al. suggested that ibrutinib is highly active in
untreated patients with symptomatic WM, especially in
CXCR4 wild-type patients [88]. Several novel combina-
tions of ibrutinib with BR(NCT01479842), lenalidomide
(NCTO01955499), pembrolizumab (NCT03679624) and
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daratumumab (NCT03679624) are under clinical develop-
ment. On the other hand, acalabrutinib showed an ORR of
93% in both untreated and R/R cohorts [89]. The 24-month
PFS rate of zanubrutinib for WM was 81%. The phase III
ASPEN trial directly compared zanubrutinib to ibrutinib.
Unfortunately, no statistical significance was found in the
primary endpoint.

BTK inhibitors in MZL

MZL is a heterogeneous B-cell malignancy arising from the
post-germinal centre marginal zone B cells; it is frequently
linked to chronic infection, such as hepatitis C virus and
Helicobacter pylori. Chronic infection may lead to antigen-
mediated BCR activation, resulting in aberrant B-cell sur-
vival and proliferation. A phase II study conducted in all
subtypes of MZL identified ibrutinib as a single active agent
with a favourable toxicity profile, and the ORR was similar
to that of another approved regimen; therefore, it was
accelerated for approval for R/R MZL in 2017 [90]. A
phase III clinical trial (SELENE study) evaluating ibrutinib
versus placebo in addition to either BR or R-CHOP
immunochemotherapy is currently ongoing with pending
results (NCT01974440).

BTK inhibitors in DLBCL
Preclinical development of BTK inhibitors in DLBCL

DLBCL is the most common NHL and is classified into
three types by gene expression profiles: germinal centre B-
cell (GCB), activated B cell (ABC), and an unclassifiable
subtype. ABC-DLBCL is mainly dependent on BCR sig-
nalling for survival and proliferation: approximately 10% of
cases demonstrate mutations in CARDI1, resulting in
constitutive downstream activation of NF-kB; 20% of cases
harbour mutations in the ITAM of CD79A and CD79B,
resulting in downstream kinase activation of SYK, BTK,
PI3K, and PKCp; and 30% of cases have MYDS88 L265P
mutations that directly activate the NF-xB pathway. How-
ever, GCB-DLBCL relies primarily upon PI3K/AKT acti-
vation rather than NF-kB activation. This may be the reason
why ibrutinib is more sensitive in ABC-DLBCL. In pre-
clinical models, ibrutinib synergized with lenalidomide
could kill ABC-DLBCL cells by downregulating IRF4 [91];
ibrutinib synergized with bortezomib can increase apoptosis
in bortezomib-resistant DLCBL cells via AKT and NF-xB
inactivation, downregulation of MCLI1, Bcl-xL, XIAP-
enhanced DNA damage, and endoplasmic reticulum stress
[92]; the combination of ibrutinib and PD-L1 antibody
enhanced the modest effects seen with PD-L1 inhibition
alone, decreased tumour growth and increased survival even
in models that were insensitive to ibrutinib or did not

express BTK [93]. These results suggest that ibrutinib might
have a role in modulating the immune system, possibly
through its effect as an inhibitor of ITK, which plays a part
in T-cell proliferation and differentiation.

Clinical development of BTK inhibitors in DLBCL

Wilson et al. reported that the median PFS was longer in
ABC-DLBCL; the ORR in patients with CD79B mutations
was higher than that in those with wild type; there was no
significant difference between tumours with MYDS88 muta-
tions and those with wild type; tumours with both CD79B and
MYD88 mutations were more responsive than those with
CD79 wild-type and MYDS88 mutations among ABC-
DLBCL [94]. These data support the use of gene signature
as a biomarker to identify ibrutinib-responsive subjects in
followed trials. The combination of ibrutinib with standard
chemotherapy BR, ifosfamide—carboplatin—etoposide (ICE),
or lenalidomide-rituximab was effective in a certain
extent but warrants further exploration [40, 91, 95].
The PHOENIX trial showed that ibrutinib plus
rituximab—cyclophosphamide—doxorubicin—vincristine—pred-
prednisone (R-CHOP) compared with R-CHOP did not meet
its primary endpoint in untreated ABC-DLBCL, and the
increased toxicity lead to caution [96]. In the subgroup ana-
lysis, an improved PFS and OS were observed in patients
aged younger than 60 years. The subgroup analysis of
regional diversity is ongoing, but it appears that ibrutinib plus
R-CHOP is more efficient in Chinese patients. This might be
because the Chinese population has a distinct gene-pheno-
type, younger age, smaller tumour burden, and shorter time
from diagnosis to treatment. The next mission for PHOENIX
is to expand the samples in a cohort of younger patients
because the statistical theory suggests that more than 500
patients are needed to verify the benefits of OS. Above all, the
data of single-agent ibrutinib or combination regimens in
DLBCL are limited. The added toxic effects and the risk:
benefit ratio in the combination regimen should be cautiously
balanced. Precise gene-phenotyping may also be of benefit in
selecting ibrutinib-sensitive patients. Promising SMART
START and ImbruVeRCHOP trials are pending.

BTK inhibitors in primary central nervous system
lymphoma (PCNSL)

PCNSL is an aggressive lymphoma manifesting in the CNS,
and the pathological classification of PCNSL mostly
belongs to DLBCL. Due to the blood-brain barrier, patients
with R/R PCNSL respond poorly to the majority available
therapies. Given the activating MYD88 and CD79B muta-
tions in PCNSL, a phase II clinical trial showed favourable
PFS benefits. The PES of ibrutinib in this study was longer
than that in other previous reported therapies, including the
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mTOR inhibitor temsirolimus (PFS 2.1 months), rituximab-
temozolomide (PFS 1.6 months), and topotecan (PFS
2 months) [97]. In addition, the response rates in PCNSL
were considerably higher than those reported for unspeci-
fied DLBCL. It was concluded that the brain micro-
environment might augment BTK dependence through
chronic antigen presentation and BCR activation.

BTK inhibitors in FL

Both antigen-dependent and independent BCR activation
are exhibited in FL. The tumour microenvironment may
contribute to the development and progression of FL, and
the interaction of FL cells with immune cells in the tumour
may influence the clinical course and response to therapy.
The phase II P2C and DAWM trials showed a 21-38%
ORR in R/R FL [98, 99]. The response rate in rituximab-
sensitive patients was higher than that in ibrutinib-resistant
patients. A possible explanation is that patients responding
to rituximab have intact immune functionality compared
with those who are refractory, and this, in turn, has an
impact on ibrutinib-mediated immunomodulation. Patients
with CARDI11 mutations were predicted to be resistant to
ibrutinib. Regulatory T cells were downregulated after three
cycles, and the Th-1 antitumour cytokines IFN-r and IL-12
were increased in responsive patients. In Alliance A051103,
the triplet combination of rituximab—lenalidomide—ibrutinib
in previously untreated FL showed no improvement in
efficacy but had a high incidence of toxicity compared with
the promising activity of rituximab and lenalidomide in
untreated FLL (ORR 90-96%) and ibrutinib in R/R FL (ORR
30-35%) [100]. Above all, the response rates of ibrutinib in
the R/R FL did not seem to be as encouraging as those seen
in other B-cell malignancies. Exclusion of patients with
CARDI11 mutations and rituximab-refractory disease from
trials evaluating BTK inhibitors may be considered to
enrich the findings for responders.

BTK inhibitors in MM

MM is a malignancy of plasma cells that accumulate in the
bone marrow and show a low rate of proliferation. MM cells
originate from plasma cells that no longer express a BCR on
their cell surface. In vitro, ibrutinib inhibits the receptor
activator of NF-xB ligand-induced phosphorylation of BTK
and downstream PLCy2 and inhibits human osteoclast func-
tion. In osteoclasts or bone marrow stromal cells from patients
with MM, ibrutinib downregulated the secretion of
carcinogen-initiated chemokines and cytokines, including
CCL3, TNFB, APRIL, and CXCL12, blocked CXCL12-
induced adhesion and migration of MM cells and reduced
IL6-induced cell growth [101]. In clinical trials, ibrutinib plus
dexamethasone or ibrutinib—carfilzomib—dexamethasone
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demonstrated encouraging responses with a manageable
safety profile [102, 103].

PD-1 antibody combined with BTK inhibitors in B-
cell malignancies

Since the emergence of immune checkpoint inhibitors has
transformed the treatment of several malignancies, pre-
clinical studies have reported synergistic antitumour effects
between ibrutinib and immune checkpoint blockade. The
combination of ibrutinib and nivolumab had a manageable
safety profile in B-cell malignancies, but the clinical activity
was similar to that of single-agent ibrutinib or nivolumab in
the previous studies [104]. The ORR of zanubrutinib—
tislelizumab in GCB-DLBCL, ABC-DLBCL, Richter
transformation, FL, and PCNSL were 33.3%, 40%, 50%,
35.7%, and 33%, respectively [105].

BTK inhibitors in solid cancers

Beyond effects on B-cell lymphoma, ibrutinib led to vas-
culature collapse, anti-fibrotic effects, T-cell restoration, and
tumour regression and showed a synergistic effect with
standard gemcitabine to extend survival in a murine pan-
creatic ductal adenocarcinoma (PDAC) model. However, the
RESOLVE trial showed that ibrutinib plus nab-paclitaxel/
gemcitabine did not improve PFS and OS compared to
placebo plus nab-paclitaxel/gemcitabine in PDAC (Table 3).
The efficacy of acalabrutinib—pembrolizumab in platinum-
refractory metastatic urothelial carcinoma or advanced pan-
creatic cancer is still lower than that of standard che-
motherapy [106]. Recruitment of mast cells within the
microenvironment of neuroendocrine neoplasms (NENs) has
been shown to regulate neoangiogenic and macroscopic
tumour expansion, and ibrutinib can inhibit the proliferation
of NEN cells and induce tumour regression through the
inhibition of mast cell degranulation in vitro. However, there
were no patients who responded in the phase II study [107].
Preclinical data also have shown that the combination of PD-
L1 antibody and ibrutinib suppresses tumour growth in
mouse models of lymphoma, triple-negative breast cancer,
and colon cancer, most likely due to inhibition of Itk on
T cells and in a Btk-independent manner [93]. In a phase 1b/
2 clinical study, the combination of ibrutinib with durvalu-
mab had limited antitumour activity in R/R patients with
advanced pancreatic, breast, or lung cancers [108].

AEs in approved BTK inhibitors

The frequency of AEs with three BTK inhibitors were
diverse (Fig. 4). Bleeding, infections, haemorrhage, atrial
fibrillation, and headache are the most concerning AEs in
clinical treatment. In the integrated analysis of RESONATE
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Table 3 Current clinical trials of Bruton tyrosine kinase inhibitors in solid tumours.

Number Median age ORR CR Median PFS Median OS Study design

Comparison

Intervention

Patients

Trials

I

9.7 vs

5.3 vs 6 mon

N/A

29% vs 42%

Placebo-PTX-Gem 211 vs 213 N/A

Ibru-PTX-Gem

Pancreatic ductal

2019 (RESOLVE) adenocarcinoma

Tempero et al.

10.8 mon

1.4 vs 1.4 mon 3.6 vs 3.8 mon II

0% vs 7.9% 0% vs 0%

64 vs 64

Acala Acala- 35 vs 38

Advanced

Overman et al.

[106]

Pembrolizumab

pancreatic cancer

Ib

42 vs 4.2 vs
7.9 mon

N/A 1.7 vs 1.7

60.5 2% Vs

122

Ibru-durvalumab

Advanced pancreatic,

Hong et al et al.

[108]

vs 2 mon

3% vs 0%
0%

breast, lung cancers

I

24.1 mon

3 mon

N/A

N/A

20

Ibru

Neuroendocrine
neoplasms

Al-Toubah et al.

[109]

I

22 vs 1.6 mon 6.3 vs

20% vs 26% 10% vs 9%

N/A

40 vs 35

Pembrolizumab

Acala-

Urothelial carcinoma

Overman

11.4 mon

Pembrolizumab

et al. 2016

ORR overall response rate, CR complete response, PFS progressive-free survival, OS overall survival, AE adverse events, /bru Ibrutinib, mon Months, N/A not available, Gem Gemcitabine, PTX

nab-pacitaxel.

and RESONATE-2, the ibrutinib-related emergent AEs are
infections, bleeding, and atrial fibrillation. Over time, the
prevalence of most AEs trended down; the prevalence of
hypertension was increased, but the incidence decreased
after 1 year [109]. Acalabrutinib showed a similar incidence
of infections and bleeding and a lower incidence of atrial
fibrillation, but it easily causes headaches [81]. Zanu-
brutinib showed a higher incidence of haematologic AEs,
but the reports of rash, atrial fibrillation, or bleeding were
rare. In clinical practice, we can choose different BTK
inhibitors, according to their differential toxicity perfor-
mance. Acalabrutinib is not recommended for patients with
headache. Ibrutinib is not recommended for patients who
have a high risk of cardiovascular and cerebrovascular
diseases, and zanubrutinib may be a better choice. The
combination of BTK inhibitors with anticoagulants should
be used with extreme caution.

Unlike other regimens for CLL that are given for a finite
number of cycles, BTK inhibitors are prone to continue
until PD or unacceptable AEs, leading to extended clinical
benefit in most patients. Thus, the long-term toxicity in
BTK inhibitors should be particularly concerning. Ibrutinib,
which was first approved in 2013, has accumulated larger
samples and longer follow-up data than other BTK inhibi-
tors, which could benefit our clinical applications. Although
indirect comparison of safety profiles of three BTK inhi-
bitors was discussed, head-to-head randomized trials are
warranted in the future.

Drug resistance in BTK inhibitors

Although BTK inhibitors have been proven to be one of the
most effective agents in several B-cell malignancies, cases
of primary and secondary resistance have emerged and
usually resulted in a poor prognosis. Emerging cases of
resistance have underlined the need for clinical biomarkers
to predict sensitivity or resistance to the BTK inhibitors.
Mutated IGHV in WM or MYDS88 mutations with CD79A/
B wild type in ABC-DLBCL may be associated with pri-
mary resistance to ibrutinib [94]. Among CLL/SLL patients
who progressed on ibrutinib, mutations in the ibrutinib
binding (BTK Cys481), gatekeeper (BTK Thr474), and
SH2 (BTK Thr316) domains of BTK have been discovered
[110]. Cysteine to serine mutations at the C481 site permits
downstream signalling, including PLCy2 and CARDII,
activation, hence bypassing the inactive BTK promoting
distal BCR signalling activation, resulting in tumour cell
proliferation, and migration. Metabolic reprogramming
toward oxidative phosphorylation glutaminolysis is asso-
ciated with therapeutic resistance to the ibrutinib in MCL
[111]. BTK Cys481 mutations are common in WM patients
with clinical progression on ibrutinib and are associated
with mutated CXCR4 [112].
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Acala Zanu

Hypertension
Headache

Atrial fibrillation

Rash

Bleeding/Bruising]

Median treatment exposure 29mon 27.7mon  6mon
Numbers 330 179 118

Patients CLL/SLL CLL/SLL MCL
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Thrombocytopenia
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Fig. 4 Frequency of adverse events with ibrutinib, acalabrutinib, and zanubrutinib. A The comparison of any grade adverse events in
ibrutinib, acalabrutinib, and zanubrutinib. B The comparison of grade 3-5 adverse events in ibrutinib, acalabrutinib, and zanubrutinib.

The existing three BTK inhibitors all target BTK at the
C481 site; therefore, it may not be effective to switch to
another BTK inhibitor when resistance occurs. Strategies to
overcome acquired resistance may be concluded as follows:
to develop next-generation non-covalent BTK inhibitors
that do not interact with Cys481; to combine BTK inhibitors
with PI3K, SYK, or BCL-2 inhibitors to inhibit the acti-
vation of bypass signalling; to treat with other novel
therapies such as chimeric antigen receptor T-cell immu-
notherapies; and to rebiopsy and conduct sequencing ther-
apy to select other appropriate target treatments.

Global trends in BTK inhibitors

By searching published articles and the Pharmaproject
database, we systematically reviewed changes over time in
clinical trials of BTK inhibitors globally to provide insight
on changes in the drug development process of BTK inhi-
bitors and identify unmet clinical needs. A total of 87 new
BTK projects focusing on cancer, arthritis, or other fields
were initiated from 2005 to 2019, with a sharp increase after
2013 (Fig. 5). Up to June 2020, 24 BTK inhibitors are still
developing in the cancer field (Supplementary Table 1), and
half of them are in the clinical development phase. CLL/
SLL, B-cell malignancies, and MCL are the top 3 indica-
tions for clinical trials of BTK inhibitors. The USA, China,
and Poland are the top three countries for clinical trials.
Although the efficacy of BTK inhibitors in DLBCL or solid
tumours is still poor, and several inhibitors are still strug-
gling for indications expansion. To brief summarize, BTK
is an important target in the drug development field with
fierce competition in ~24 ongoing congeneric products.
Future development of BTK inhibitors should consider

SPRINGER NATURE

differentiation products either in terms of the indications for
development or unusual action mechanisms. Improving the
infiltration ability across the blood—brain barrier or solving
BTK resistance may offer a breakthrough.

Concluding remarks

BTK inhibitors are promising novel agents that have
potential efficiency in B-cell malignancies and autoimmune
diseases. In this review, we summarized a total of 73 clin-
ical trials, including 48 trials published or updated with
extended follow-up results in the recent 3 years up to June
2020, and the development process from bench to bedside
of BTK inhibitors. Ibrutinib is the first-in-class BTK inhi-
bitor and has been approved in more than 80 countries. The
FDA has approved ibrutinib for CLL/SLL, WM, R/R MCL,
R/R MZL, and R/R chronic graft-versus-host disease. The
response rates were slightly lower in patients with DLBCL,
FL, MM, and solid tumours. Bleeding, infection, and atrial
fibrillation are the most concerning AEs of ibrutinib in 8-
year follow-up data. The second-generation BTK inhibitor
acalabrutinib has been approved for CLL/SLL and R/R
MCL by the FDA. Zanubrutinib was awarded four hon-
ourable rights for expedited review, including Fast Track,
Accelerated Approval, Breakthrough Therapies, and Prior-
ity Review in the United States, and has become the first
Chinese-origin drug that won a grand slam tournament in
FDA history. It has been approved for R/R MCL by the
FDA. Most clinical trials are ongoing, and we are looking
forward to the efficiency and toxicity data in long-term
follow-up. The pharmacodynamics, pharmacokinetics, and
indications of the three approved BTK inhibitors may differ.
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Fig. 5 Global trends in BTK inhibitors. A The indication distribution of BTK inhibitors in clinical trials of cancers; B The landscape of BTK
inhibitors between 2005-2019; C The global status of BTK inhibitors in clinical trials of cancers.

These differences may influence the dosage, efficiency, and
AE:s in clinical practice. Although the ORRs of single-agent
ibrutinib, acalabrutinib, and zanubrutinib showed different
rates, it is difficult to compare them directly because the
baseline characteristic of the populations and the design of
clinical trials may differ. Most patients in ibrutinib trials
received three-line therapies, and the response assessment
was the 2007 Cheson IWG criterion. In addition, the long-
term follow-up data are limited for acalabrutinib and
zanubrutinib, and they are not approved for any indications
by the European Medicines Agency yet. Several head-to-
head randomized trials are ongoing to determine which
BTK inhibitor is the best-in-class drug.

Although BTK inhibitors have been approved by the
FDA, many efforts are needed: (1) It is necessary to broaden
the potential applications, especially for diseases with
unmet clinical treatment. For instance, although the
response rates reported for ibrutinib for DLBCL are still
low, part of the population indeed responded. The
exploration of some translational medicine tools, such as
pharmacogenomic or humanized preclinical models, to
distinguish benefit populations may be helpful for transla-
tional research. (2) Continuous therapy based on BTK
inhibition might come out of age, and more study groups
worldwide are focusing on time-limited treatment strategies
as combination strategies, such as combination with the
Bcl-2 inhibitor venetoclax. However, the strategies of
combinations should be determined cautiously and ration-
ally, especially for the combination of more than three drugs
simultaneously. The problems of toxicity, costs, and

efficacy should be balanced. (3) Conducting head-to-head
randomized clinical trials directly comparing the efficacy
and safety of different BTK inhibitors in specific popula-
tions, especially for the elderly, is necessary. The possible
cumulative and long-term toxicity should be noted. (4) Drug
resistance must be resolved. Inventing more novel agents
with differential mechanisms or synergistically combining
BTK inhibitors with other chemotherapy, antibodies, tar-
geted agents, or immunotherapy may open the way for a
cure in B-cell lymphomas. Last but not the least, we
recommend that funding agencies, reviewers, and journal
editors provide more opportunities for negative clinical data
at conferences or in publications. More cooperation
between physicians, scientists, and patient advocates may
also accelerate the process of drug discovery and clinical
development.
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