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ABSTRACT

The Bruton non-receptor protein-tyrosine kinase (BTK), a deficiency of which leads to X-linked agam-
maglobulinemia, plays a central role in B cell antigen receptor signaling. Owing to the exclusivity of this
enzyme in B cells, the acronym could represent B cell tyrosine kinase. BTK is activated by the Lyn and
SYK protein kinases following activation of the B cell receptor. BTK in turn catalyzes the phosphoryla-
tion and activation of phospholipase Cy2 leading to the downstream activation of the Ras/RAF/MEK/ERK
pathway and the NF-kB pathways. Both pathways participate in the maturation of antibody-producing
B cells. The BTK domains include a PH (pleckstrin homology) domain that interacts with membrane-
associated phosphatidyl inositol trisphosphate, a TH (TEC homology) domain, which is followed by an
SH3, SH2, and finally a protein kinase domain. Dysregulation of B cell receptor signaling occurs in sev-
eral B cell neoplasms including mantle cell lymphoma, chronic lymphocytic leukemia, and Waldenstrém
macroglobulinemia. Ibrutinib is FDA-approved as first-line or second line treatment for these diseases.
The drug binds tightly in the ATP-binding pocket of BTK making salt bridges with residues within the
hinge that connects the two lobes of the enzyme; then its unsaturated acrylamide group forms a cova-
lent bond with BTK cysteine 481 to form an inactive adduct. In addition to the treatment of various B cell
lymphomas, ibrutinib is under clinical trials for the treatment of numerous solid tumors owing to the
role of tumor-promoting inflammation in the pathogenesis of neoplastic diseases.

© 2016 Published by Elsevier Ltd.
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1. The role of Bruton protein-tyrosine kinase in B cell
antigen receptor signaling

The Bruton kinase was originally identified in 1993 as a non-
receptor protein-tyrosine kinase that is defective in X-linked
agammaglobulinemia [ 1-4]. B lymphocytes and immunoglobulins
are almost completely nonexistent in affected males with this rare
affliction making them susceptible to infections, but they respond
favorably to parenteral injections of human immunoglobulins [5].
Patients with this disorder have no significant alterations in cells
other than B cells, and this observation is consonant with the
restriction of clinical features to B cell immunity. Moreover, the
X-linked immunodeficiency (XID) phenotype in the CBA/N strain
of mice results from an R28C mutation near the amino-terminus of
BTK, which is outside of the enzyme protein kinase domain [4].

During development, each B cell recombines immunoglobulin
variable (V), diversity (D), and junction genes (J) thereby form-
ing a unique sequence that establishes the antigen-binding site of
the B cell receptor [6]. B cell receptor signaling requires a network
of protein kinases and adaptors that mediate antigen stimulation
to intracellular responses. The B cell receptor complex consists
of the receptor bound to a disulfide-linked Iga-Ig3 heterodimer.
After antigen stimulation of the receptor, the Src family kinase Lyn
catalyzes the phosphorylation of pairs of tyrosine residues in Iga-
Ig3 immunoreceptor tyrosine-based activation motifs (ITAMs) thus
creating a docking site for the two SH2 domains of SYK (spleen
tyrosine kinase) [7]. SYK attracts and activates PI3 kinase-8, which
catalyzes the conversion of membrane-associated phosphatidyl
inositol 4,5 bis-phosphate (PIP,) to phosphatidyl inositol 3,4,5-
trisphosphate (PIP3). The amino-terminal PH lipid-interaction
module of BTK is attracted to PIP3 thereby allowing SYK and Lyn
to catalyze the trans-phosphorylation of BTK at Tyr551 within the
activation segment that results in enzyme activation. The attrac-
tion of BTK dimers to PIP; molecules within the membrane can
also result in activation segment trans-autophosphorylation and
activation.

BTK catalyzes the phosphorylation of PLCy2 at residues Tyr753
and Tyr759 resulting in an increase in phospholipase activity
[8]. PLCy2 catalyzes the hydrolysis of PIP, to generate inositol
trisphosphate (IP3) and diacylglycerol (DAG). IP3 releases Ca2*
from intracellular stores, which activates PLCy2. In turn, DAG
and Ca?* activate PKCB, which leads to the activation of the
Ras/RAF/MEK/ERK signaling module that promotes cell growth and
proliferation [9-12]. PKC[ also activates the NF-kB pathway by
means of a scaffold complex that includes CARD11 (caspase recruit-
ment domain-containing protein 11), BCL10 (B cell lymphoma
protein 10), and MALT1 (mucosa-associated lymphoid tissue lym-
phoma translocation protein 1) (Fig. 1). IkBa (inhibitor of kappa
B-a) inactivates the NF-kB transcription factor by masking the
nuclear localization signals of NF-kB and keeps it sequestered in
an inactive state in the cytoplasm. The inhibitor of kB kinase (IKK)
catalyzes the phosphorylation of the inhibitory IkBa, which results
in its (i) dissociation from NF-kB, (ii) ubiquitylation, and (iii) pro-
teosomal degradation. The unsequestered NF-kB translocates into
the nucleus and activates the expression of more than 150 genes.
NF-kB is a rapidly acting transcription factor that regulates, inter
alia, cell survival and cytokine production. Additionally, BTK plays

an essential role in the chemokine-mediated homing and adhesion
of B cells [13]. As a result of BTK inhibition, B cells may be released
from lymphatic tissue into the blood stream, which is commonly
observed after treatment with ibrutinib. Besides its role in B cell
antigen receptor signaling, BTK also participates in chemokine and
Toll-like receptor signal transduction [8].

In contrast to the oncogenic activating B-RAF V600E mutation
in melanoma and the JAK2 V617F mutation in polycythemia vera
as well as numerous activating EGFR/ERBB1 mutations in lung can-
cer, no activating mutations in BTK have been described in B cell
neoplasms [8,9,12]. However, it appears that there is a chronic
increase in B cell antigen receptor signaling in various B cell lym-
phomas [8]. Many lymphomas maintain B cell receptor signaling by
responding to foreign or self antigens within the tumor microen-
vironment; the preponderance of evidence favors the interaction
with self antigens. B cell proliferation that is driven by such anti-
gens is essential for the pathogenesis of these afflictions. Moreover,
sustained activity of the B cell receptor pathway is required for
lymphocyte survival.

2. Biochemistry of the Bruton protein-tyrosine kinase
2.1. Architecture of BTK

BTK belongs to the TEC family of non-receptor protein-tyrosine
kinases including BTK, TEC, ITK (inducible T cell kinase), TXK
(also known as RLK, resting lymphocyte kinase), and BMX (bone
marrow-expressed kinase) [14]. BTK contains a short amino-
terminal pleckstrin homology (PH) domain, a TEC homology (TH)
domain, followed by an SH3, SH2, and carboxyterminal protein
kinase domain (Fig. 2A), which is an architecture shared with the
other members of TEC family of protein kinases. This architecture
is similar to that of the Src family of protein kinases except that
they lack the PH and TH domains, but they contain a myristoylated
amino-terminal domain, which is responsible for their binding to
the plasma membrane (Fig. 2B) [15,16]. In contrast, the PH domain
of the TEC family is attracted to membrane-associated PIP3, which
isresponsible for their membrane-localization. Src possesses a car-
boxyterminal tail inhibitory protein-tyrosine phosphorylation site
that binds intramolecularly with its SH2 domain to form an autoin-
hibited enzyme. BTK lacks this phosphorylation site indicating that
the mechanism for the interconversion of active and inactive forms
of BTK differs in detail from that of Src as described in Section 2.5.

BTK catalyzes the phosphorylation of protein-tyrosine residues
in substrates such as PLCy2. Members of the PLCy2 family pos-
sess an intricate architecture consisting of an N-terminal pleckstrin
homology domain, four EF hands, an X domain, a second PH domain
containing two SH2 and one SH3 domain followed by a Y domain, a
C2 domain, and C-terminal domain; the catalytic residues reside
in the split X and Y segments [17]. The PLCy2 phosphorylation
sites (Y753, Y759) encompass the sequence 7>!SLYDVSRMYV760,
These residues occur between the second PLCy2 SH2 domain and
the following SH3 domain. The stoichiometry of the protein kinase
reaction is given by the following chemical equation:

MgATP!~ + protein-0 : H— protein-O : PO32~ + MgADP + H*
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Fig. 1. Role of the Bruton protein-tyrosine kinase in B cell receptor signaling. The
dashed arrows indicate that several steps may be involved.

Note that the phosphorylium ion (PO32~) is transferred from
ATP to the protein substrate and not the phosphate (OPO32~) group.

2.2. Primary structure of BTK

Hanks and Hunter analyzed the sequences of about 60 protein
kinases from various families and divided the primary structures
into 12 domains (I-VIA,VIB-XI) [18]. The catalytic domains of
protein kinases contain ~250-300 amino acid residues. Domain
I of BTK is called the glycine-rich loop (GRL) and contains a
GxGxPG signature (*°GTGQFG*'4), where & refers to a hydropho-
bic residue, and in the case of BTK the hydrophobic residue is
phenylalanine. The glycine-rich loop occurs between the 31- and

[32-strands and overlays the ATP-binding site (Fig. 3A). Owing to
its role in ATP binding and ADP release, the glycine-rich loop must
be flexible. Domain Il of BTK contains a conserved Ala-Xxx-Lys
(428 AIK#30) sequence in the B3-strand and domain III contains a
conserved glutamate (E445) in the aC-helix that forms an ionic
bond with the conserved lysine in the active protein kinase con-
formation. Domain VIB of BTK contains a conserved HRD sequence,
which forms part of the catalytic loop (°'HRDLAARN>26). Domain
VII contains a 539DFG®*! signature and domain VIII contains a
565ppE~68 sequence, which together represent the beginning and
end of the protein kinase activation segment; however, the end
of the activation segment of most protein kinases consists of an
APE signature. The remaining domains make up the aF-al helices.
The X-ray structure of PKA provided an invaluable framework for
comprehending the role of the 12 domains on the protein kinase
mechanism, as described next.

2.3. The secondary and tertiary structure of BTK and the K/E/D/D
motif

The determination of the X-ray crystal structure of the catalytic
subunit of PKA bound to a polypeptide protein kinase antagonist
by Susan Taylor’s group has enlightened our views on the funda-
mental biochemistry of the entire protein kinase enzyme family
(PDB ID: 2CPK) [19,20]. All protein kinases including the Bruton
protein-tyrosine kinase have a small amino-terminal lobe and large
carboxyterminal lobe [21]. The amino-terminal lobe contains five
conserved B-strands (B1-5) and a regulatory aC-helix and the
large lobe contains four short strands (36-[39) and seven conserved
helices (aD-al and «EF). A cleft between the small and large lobes
serves as a binding site for ATP. Of the hundreds of protein kinase
domain structures that have been reported, all of them have this
fundamental protein kinase fold first described for PKA [19,20].

Essentially all functional protein kinases contain a K/E/D/D
(Lys/Glu/Asp/Asp) signature that plays crucial mechanistic roles in
the protein kinase reaction (Table 1) [12]. The lysine and gluta-
mate occur within the small lobe and the two aspartate residues
occur within the large lobe. Although both lobes contribute to ATP
binding, the amino-terminal lobe plays a key role in this process.
K430 (the K of K/E/D/D) of the 33-strand of BTK holds the - and 3-
phosphates in position (Fig. 3A). The carboxylate group of E445 (the
E of K/E/D/D) of the aC-helix forms an ionic bond with the g-amino
group of K430 and serves to stabilize its interactions with these
phosphates. The presence of an ionic bond between the (33-lysine
and the aC-glutamate is required for the formation of active protein

(A) BTK
pY223 lorutinib—C481  pY551
|
s (O )
1 138 215 280 377 4 + 4 659
\aC-heIix CL AS W,
'
Kinase Domain
(B) Src
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sz [ J-
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Fig. 2. Comparison of the architecture of (A) Bruton protein-tyrosine kinase and (B) Src. The relative size of each domain is indicated by the amino acid residue number given
below. Ibrutinib binds covalently with C481. AS, activation segment; CL, catalytic loop; PH, pleckstrin homology domain; pY, phosphotyrosine; TH, TEC homology domain.
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Fig. 3. (A) ATP-binding site of active BTK. (B) Overall structure of the active BTK protein-kinase domain. (C) Overall structure of the inactive BTK protein-kinase domain.
(D) Superposition of the active and inactive BTK protein-kinase domains. AS, activation segment; CL, catalytic loop; GRL, Gly-rich loop. Figs. 3, 4, 5B/C/D and Fig. 6C/D were

prepared using the PyMOL Molecular Graphics System Version 1.5.0.4 Schrodinger, LLC.

Table 1
Important residues in human BTK.?
Inferred function Hanks no.”

N-lobe
Glycine-rich loop: GXGx®G 409GTGQFG414 Anchors ATP B-phosphate I
B3-K (K of K/E/D/D) K430 Forms salt bridges with ATP a- and (3-phosphates 11
aC-E (E of K/E/D/D) E445 Forms ion pair with $3-K 11
Hinge residues 475EYMANG#80 Connects N- and C-lobes \Y
C-lobe
«E-AS loop and AS H®-interaction F517-V546 Stabilizes AS VIb-VII
Catalytic loop HRD (first D of K/E/D/D) D521 Catalytic base (abstracts proton) VIb
Catalytic loop Asn (N) N526 Chelates Mg?*(2) VIb
Activation segment 539-567 Positions protein substrate VII-VIII
AS DFG (second D of K/E/D/D) D539 Chelates Mg?*(1) VI
AS phosphorylation site Y551 Stabilizes the AS after phosphorylation VIII
PPE, end of AS 565-567 Interacts with the aHI loop and stabilizes the AS VIII
UniProt KB ID Q06187

a AS, activation segment.
b From Ref. [18].

kinase conformation, which corresponds to an “aC-in” structure
(Fig. 3B). In contrast K430 and E445 of the inactive enzyme fail to
make contact, which corresponds to an “aC-out” structure (Fig. 3C).
The aC-in conformation is necessary, but not sufficient, for the
expression of catalytic activity.

The carboxyterminal lobe makes a major contribution to pro-
tein/peptide substrate binding and participates in the catalytic
cycle. Two Mg2* ions participate in a single catalytic cycle of several
protein kinases [ 16] and are most likely required for the functioning
of BTK. By inference, D539 (the DFG-D and the first D of K/E/D/D)
binds to Mg2*(1), which in turn binds to the B- and y-phosphates
of ATP. In this active conformation, the DFG-D is directed inward
toward the active site. In the inactive form of many protein kinases,
the DFG-D points outward from the active site. BTK N526 of the
catalytic loop binds Mg%*(2), which in turn binds to the a- and
v-phosphates of ATP. The activation segment of the BTK active
state forms an open structure that allows protein/peptide bind-
ing (Fig. 3B). The activation segment in the dormant enzyme forms
a closed, compact structure that blocks protein/peptide binding
(Fig. 3C). Fig. 3D is a composite that illustrates the differences
in the conformations of the aaC-helix (in/active, out/inactive) and
activation segment (open/active, closed/inactive). The active and
inactive BTK contain an additional helix («EF) near the end of the
activation segment, which occurs in most protein kinases. The exo-
cyclic 6-amino nitrogen of ATP characteristically forms a hydrogen
bond with the carbonyl backbone residue of the first BTK hinge
residue (E475) that connects the small and large lobes of the pro-

tein kinase domain and the N1 nitrogen of the adenine base forms
a second hydrogen bond with the N—H group of the third hinge
residue (M477). As discussed later, most small-molecule steady-
state ATP competitive inhibitors of BTK and other protein kinases
make hydrogen bonds with the backbone residues of the connect-
ing hinge.

The activation segment is responsible for both protein-substrate
binding and catalytic efficiency [22]. This segment in BTK con-
tains a phosphorylatable tyrosine. The segment is spatially located
near the amino-terminus of the aC-helix and the conserved HRD
segment of the catalytic loop. The interaction of these entities is
hydrophobic in nature. As is the case for most protein kinases [23],
phosphorylation of a residue within the activation segment (tyro-
sine for the BTK) converts an inactive enzyme to an active one
[24]. The activation segment of BTK and other protein kinases is
further stabilized by hydrophobic interactions between an amino
acid two residues N-terminal to the HRD-H of the catalytic loop
(F517) and seven residues C-terminal to the DFG-D (V546) within
the activation segment.

The catalytic loop surrounding the actual site of phosphoryl
transfer within the large lobe consists of HRDLAARN in BTK. The
catalytic aspartate (D521) in BTK, which is the first D of K/E/D/D
serves as a base that accepts a proton from the tyrosyl —OH group
(Fig. 4). The AAR sequence in the catalytic loop occurs in many
receptor protein-tyrosine kinases such as EGFR and PDGFR and RAA
occurs in many non-receptor protein-tyrosine kinases such as Src
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Fig. 4. Mechanism of the BTK catalyzed reaction. The chemistry occurs within the
blue circle.

[18]. Thus, the occurrence of AAR in the BTK non-receptor protein
kinase is somewhat anomalous.

2.4. Active and inactive BTK hydrophobic spines

Kornev et al. examined the structures of the active and inac-
tive conformations of about two dozen protein kinases and they
established the role of crucial residues by a local spatial pattern
alignment algorithm [25,26]. Their investigation led to a taxonomy
of eight hydrophobic residues as a catalytic or C-spine and four
hydrophobic residues that make up a regulatory or R-spine. Each
spine consists of amino acids occurring in both the small and large
lobes. The R-spine contains a residue from the aC-helix and from
the activation loop, both of which are key components in determin-
ing active and inactive states. The adenine base of ATP represents a
part of the catalytic spine. The R-spine properly positions the pep-
tide/protein substrate and the C-spine positions ATP within the
active site thus enabling catalytic activity. Moreover, the proper
arrangement of both spines is required for the creation of an active
protein kinase as described for the Janus kinases, cyclin-dependent
protein kinases, Src, EGFR, ERK1/2, and MEK1/2 [10,11,16,27,28].

The prototypical protein kinase regulatory spine consists of the
HRD-His of the catalytic loop, the DFG-Phe of the activation seg-
ment, a residue near the carboxyterminal end of the aC-helix (four
residues C-terminal to the conserved aC-glutamate), and a residue
near the beginning of the 34-strand [25,26]. The backbone of the
HRD-His is anchored to the internal hydrophobic aF-helix by a
hydrogen bond to an invariant aspartate residue. Going from the
bottom to the top of the spine, Meharena et al. labeled the R-spine
residues RSO-RS4 (Fig. 5A and B) [29]. The R-spine of active BTK is
nearly linear while that of the dormant enzyme is broken with RS3
displaced (Fig. 5B and C).

The protein kinase catalytic spine is made up of residues from
both the small and large lobes and it is completed by the adenine
portion of ATP (Fig. 5A) [26,29]. The two residues of the small lobe of
protein kinase domains that interact with the adenine component
of ATP include an invariant valine residue at the beginning of the
[32-strand (CS7) and an invariant alanine from the conserved AxK of
the (33-strand (CS8). Furthermore, a hydrophobic residue from the
[7-strand (CS6) interacts with the adenine base. This CS6 residue
is flanked by two hydrophobic residues labeled CS4 and CS5 that
make hydrophobic contact with the CS3 residue near the beginning
of the aD-helix. These three residues (CS4/5/6) immediately follow

Table 2
Spine and shell residues of murine PKA and human BTK.
Symbol PKA? BTK

Regulatory spine
34-strand (N-lobe) RS4 L106 L460
C-helix (N-lobe) RS3 L95 M449
Activation loop F of DFG (C-lobe) RS2 F185 F540
Catalytic loop Y/H (C-lobe) RS1 Y164 H519
F-helix (C-lobe) RSO D220 D579
R-shell
Two residues upstream Sh3 M118 1472
from the gatekeeper
Gatekeeper, end of 35-strand Sh2 M120 T474
oC-B4 loop Sh1 V104 V458
Catalytic spine
32-strand (N-lobe) CS8 V57 V416
B3-AxK motif (N-lobe) CS7 A70 A428
7-strand (C-lobe) CS6 L173 L528
7-strand (C-lobe) CS5 1174 V529
7-strand (C-lobe) Cs4 L172 C527
D-helix (C-lobe) CS3 M128 1482
F-helix (C-lobe) CS2 L227 L586
F-helix (C-lobe) CS1 M231 1590

3 From Refs. [25,26,29].

the asparagine residue of the catalytic loop (HRDxxxxN). Finally,
CS3 and CS4 make contact with the CS1 and CS2 residues of the
aF-helix to form a complete catalytic spine (Fig. 5A and B) [30].
Importantly, the hydrophobic aF-helix anchors both the catalytic
and regulatory spines. Furthermore, both spines play an important
role in placing the protein kinase catalytic residues in an active
conformation. When comparing the locations of the spinal residues,
the greatest divergence in the structures between the active and
inactive BTK domains involve RS3 (Fig. 5D).

Using site-directed mutagenesis methodology, Meharena et al.
identified three residues in protein kinase A that stabilize the
R-spine, which they labeled Sh1-Sh3, where Sh refers to shell
[29]. The Sh2 residue corresponds to the gatekeeper residue. The
gatekeeper label indicates the role that this amino acid plays in
controlling access to a back cleft [31], which is sometimes called
the back pocket or hydrophobic pocket II (HPII). The amino acids
that make up the spines were identified by their locations in active
and inactive proteins based upon their three-dimensional X-ray
crystallographic structures [25,26]. This contrasts with the identifi-
cation of the APE, DFG, or HRD signatures, which is based upon their
primary structures [18]. Table 2 provides a summary of the spine
and shell residues of the Bruton tyrosine kinase. Of importance in
determining drug specificity, small molecule protein kinase ther-
apeutic antagonists generally interact with residues that make up
the C-spine and sometimes the R-spine and shell residues [30].

2.5. Interconversion of inactive and active BTK

Wang et al. performed biochemical and structural studies on
BTK that revealed the molecular mechanism of its autoinhibition
and activation [32]. Although the overall modular structure of BTK
and Src are similar (Fig. 2), the former contains an amino-terminal
PH-TH domain, but it lacks an inhibitory C-terminal phosphory-
lation site. Despite these differences, autoinhibited BTK adopts a
compact conformation that resembles that of the Src family kinases.
The PH-TH module binds PIP3 at a canonical binding site and IPg
(inositol 1-6-hexakisphosphate) at a newly discovered peripheral
binding site. This module acts in conjunction with the SH2 and SH3
domains to stabilize the inactive conformation (Fig. 6). The PH-TH
domain binds in a groove between the kinase linker and the aC-
helix. This interaction helps to stabilize the inactive conformation
and blocks a shift in the aC-helix that is required to form the active
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conformation. The SH3 domain interacts with a polyproline type-II
helix present within the SH2-kinase linker, which in turn inter-
acts with and stabilizes the N-lobe of the protein kinase domain.
The SH2 domain interacts with both the C-lobe and C-terminal tail
while the PH-TH domain interacts with and immobilizes the N-lobe.

Following B cell receptor activation of PI3K and the genera-
tion of PIP3, the canonical PIP3-binding site in the PH-TH module
is attracted to the plasma membrane by a process that disrupts
the compact inactive conformation [32]. The association of two
enzyme molecules leads to the trans-phosphorylation of Tyr521
within the activation segment of one or both proteins thereby lead-
ing to the activated state. The phosphorylation of Tyr223 within
the SH3 domain also occurs; this modification does not alter the
catalytic activity of BTK, but it may change the selectivity toward
its binding partners. Activated BTK can then participate in the sig-
nal transduction module depicted in Fig. 1. These investigators also
found that the hydrophilic IPg binds to a peripheral binding site and
induces BTK dimer formation in a membrane-independent process
resulting in ATP-dependent trans-phosphorylation of the activation
segment and enzyme activation. The pathway for the conversion of
the active phosphorylated BTK to the inactive conformation has not
been deciphered. However, it must involve dephosphorylation of
pY521 within the activation segment, detachment of the enzyme
from membrane-associated PIP; followed by dephosphorylation of
PIP3, or dephosphorylation of IPg in the membrane-independent
activation process.

3. FDA-approved ibrutinib disease targets
3.1. Mantle cell lymphoma (MCL)

People with mantle cell lymphoma, which makes up about 6%
of non-Hodgkin lymphomas, usually present with palpable lym-
phadenopathy with a median age of about 65 years [33]. The
male/female ratio is 4/1. Nearly 70% of patients will be at stage IV at
the time of diagnosis with peripheral blood, bone marrow, spleen,
and gastrointestinal tract involvement. The historical median over-
all survival in people with newly diagnosed MCL is three to four
years. These B cell lymphomas have a t(11:14) (q13:q32) chro-
mosomal translocation between the immunoglobulin heavy chain
gene on chromosome 14 and the CCND1 gene on chromosome
11, which leads to the constitutive overexpression of cyclin D1.
Cyclin D1 activates CDK4 and CDK6 leading to G1-S cell cycle pro-
gression [28]. The fundamental unit of lymphatic tissues is the
lymphatic nodule, which consists of a germinal center with an
outer ring or mantle of small lymphocytes, which is the initial loca-
tion of the cells of this lymphoma. Previous standard therapies
for mantle cell lymphoma include (i) the rituximab-CHOP reg-
imen of cyclophosphamide, hydroxydaunorubicin (doxorubicin),
oncovin (vincristine), and prednisone combined with rituximab,
(ii) cyclophosphamide, oncovin, hydroxydaunorubicin, dexam-
ethasone, cytarabine, and methotrexate, (iii) bortezomib, or (iv)
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FDA-approved targets

Mechanism

Table 3
Drugs used in the treatment of various malignancies.
Drug Disease targets
Small molecule agents
Acalabrutinib CLL
Bortezomib MCL, MM
Buparlisib Breast cancer, MCL
Carfilzomib MM
CC-122 DLBCL
Dasatinib ALL, CML
Dexamethasone Inflammatory and neoplastic
diseases
Everolimus CRC, RCC, gastric or urothelial
carcinomas
Ibrutinib CLL, CLL with 17d deletion,
MCL, WM
Idelalisib CLL, FL, SLL
Lenalidomide MM, HL, NHL, CLL
Pacritinib Myelofibrosis, AML, CLL,

NSCLC, CRC

Palbociclib MCL, breast cancer

Pomalidomide MM

Prednisone Inflammatory and neoplastic
diseases

Selinexor CLL, NHL, thymoma, CRC

Temsirolimus MCL, RCC

TGR-1202 CLL, FL, DLBCL

Venetoclax CLL

Vistusertib DLBCL, many malignancies

Cytotoxic agents

Bendamustine CLL, lymphoma

Carboplatin DLBCL, many solid tumors

Chlorambucil CLL, lymphomas, HD

Cyclophosphamide Burkitt lymphoma, NHL, Ovary

Cytarabine AML and other malignancies

Docetaxel CRC, RCC, gastric or urothelial
carcinomas

Etoposide DLBCL, other malignancies

Gemcitabine Pancreatic carcinoma

Hydroxydaunorubicin, CLL

or doxorubicin

Fludarabine CLL
Idarubicin AML
Ifosfamide DLBCL, other tumors

Methotrexate Numerous malignancies,

psoriasis, and RA

None
MCL, MM
None
MM

None

ALL, CML

Inflammatory and neoplastic
diseases

HER-2- breast cancer, RCC,
PNET

Same as disease targets

Same as disease targets
MM, myelodysplastic
syndrome

None

ER*-HER-2- breast cancer
MM

Inflammatory and neoplastic
diseases

None

RCC

None

CLL with 17p deletion

None

CLL, indolent B cell NHL

About one dozen solid tumors

Same as disease targets
Numerous lymphomas,
leukemias, and solid tumors
ALL, AML, lymphomas

A half dozen solid tumors
Various sarcomas, carcinomas,

lymphomas, and leukemias
Several solid tumors

Various leukemias, HL, MM,
various solid tumors

CLL

AML

Germ cell testicular carcinoma
Same as disease targets

An orally effective irreversible BTK inhibitor
An injectable proteosome inhibitor

An orally effective pan-PI3 kinase inhibitor
An intravenous injectable proteosome
inhibitor

An orally effective immunomodulator that
induces tumor cell apoptosis and inhibits
angiogenesis

An orally effective multi-protein kinase
inhibitor with activity against BCR-Abl, BTK,
Src, Lek, Yes, Fyn, Kit, EphA2, PDGFRB

An orally effective glucocorticoid
immunosuppressant

An orally effective FKBP12/mTOR inhibitor

An orally effective irreversible BTK inhibitor

An orally effective PI3 kinase-8 inhibitor
Similar to CC-122

An orally effective JAK2 inhibitor that is on
hold in clinical trials

An orally effective CDK4/6 inhibitor

Similar to CC-122

An orally effective glucocorticoid
immunosuppressant; part of the CHOP
regimen

An orally effective nuclear export inhibitor that
prevents tumor suppressor proteins from
exiting the nucleus

An injectable MKBP12/mTOR inhibitor

An orally effective PI3 kinase-8 inhibitor

An orally effective small molecule inhibitor of
Bcl-2 leading to apoptosis, a BH3-mimetic

An orally effective mTOR inhibitor

An injectable alkylating agent related to
nitrogen mustards

An injectable platinum-based anti-neoplastic
agent that produces DNA cross links and
interferes with DNA repair.

An orally effective nitrogen mustard alkylating
agent.

Similar to bendamustine except it can be given
orally; part of the CHOP and FC-R regimens
An injectable inhibitor of DNA and RNA
polymerases and DNA replication

An injectable antimitotic that binds to
microtubules

An injectable DNA topoisomerase Il inhibitor
that causes DNA strand breakage

An injectable nucleoside analog in which the
hydrogen atoms on the 2’ carbon of
deoxycytidine are replaced by fluorine atoms
leading to the inhibition of ribonucleotide
reductase and DNA synthesis

An injectable drug that intercalates with DNA
and inhibits the progression of topoisomerase
Il thereby inhibiting DNA replication; part of
the CHOP regimen

An injectable purine analog that inhibits
ribonucleotide reductase and DNA
polymerase-a thereby inhibiting DNA
synthesis; part of the FC-R regimen

An injectable drug that intercalates with DNA
and inhibits the progression of topoisomerase
Il thereby inhibiting DNA replication; related
to hydroxydaunorubicin

See bendamustine

An orally effective agent that inhibits
dihydrofolate reductase thereby decreasing
the synthesis of tetrahydrofolate, which is
required for the synthesis of thymidine as well
as purine and pyrimidine bases
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Drug

Disease targets

FDA-approved targets

Mechanism

Oncovin, or vincristine

Paclitaxel

ALL, AML, CLL, HD,
neuroblastoma, SCLC

CRC, RCC, gastric or urothelial
carcinomas

Monoclonal antibodies (given parenterally)

Alemtuzumab

Atezolizumab

BI 836826

Cetuximab

Durvalumab

Monalizumab

Obinutuzumab

Ofatumumab

Pembrolizumab

Rituximab

Ublituximab

CLL, MS

CLL, metastatic urothelial
carcinoma

CLL

CRC, RCC, gastric or urothelial
carcinomas

CLL, NSCLC, urothelial bladder

cancer

CLL, other malignancies

CLL

CLL, DLBCL, FL, MCL, MS, RA,
WM

CLL, Melanoma, NSCLC, HNSCC
CLL, NHL

CLL

ALL, AML, HD, neuroblastoma,
rhabdomyosarcoma, SCLC,
Wilm tumor

A half dozen solid tumors

CLL, MS

Metastatic urothelial
carcinoma

None

CRC, NSCLC, HNSCC

None

None

CLL, FL

CLL
Melanoma, NSCLC, HNSCC
CLL, NHL, RA, Wegener

granulomatosis
None

An injectable drug that binds to microtubules
blocking metaphase; part of the CHOP regimen

An injectable antimitotic that binds to
microtubules

A humanized monoclonal antibody directed
against CD52, which occurs on mature
lymphocytes

A humanized monoclonal antibody directed
against programmed cell death receptor-1 and
an immune checkpoint inhibitor

A chimeric monoclonal antibody directed
against CD-37, which is a leukocyte antigen

A chimeric monoclonal antibody directed
against EGFR

A fully human monoclonal antibody directed
against programmed cell death receptor-1 and
an immune checkpoint inhibitor

A humanized monoclonal antibody directed
against killer cell lectin like receptor C1
(KCRC1) found in natural killer cells that
function as a checkpoint inhibitor

A humanized monoclonal antibody directed
against CD-20, which is found primarily on the
surface of B cells

A fully human monoclonal antibody directed
against CD-20.

A humanized monoclonal antibody and an
immune checkpoint inhibitor

A chimeric monoclonal antibody directed
against CD-20; part of the FC-R regimen

A chimeric monoclonal antibody directed

against CD-20

ALL, acute lymphocytic leukemia; AML, acute myelogenous leukemia; DLBCL, diffuse large B cell myeloma; CHOP; cyclophosphamide, hydroxydaunorubicin, oncovin (vin-
cristine), prednisone; CLL, chronic lymphocytic leukemia; CRC, colorectal cancer; ER*, estrogen receptor positive; FC-R, fludarabine, cyclophosphamide, rituximab; FL,
follicular B cell non-Hodgkin lymphoma; HD, Hodgkin disease; HER-2~, human estrogen receptor negative; HL, hairy cell leukemia; HNSCC, head and neck squamous cell
carcinoma; LCL, large cell lymphoma; MCL, mantle cell lymphoma; MM, multiple myeloma; MS, multiple sclerosis; NHL, non-Hodgkin lymphoma; NSCLC, non-small cell
lung cancer; PI, phosphatidyl inositol; PNET, pancreatic neuroendocrine tumor; RA, rheumatoid arthritis; RCC, renal cell carcinoma; SCLC, small cell lung cancer; SLL, small

lymphocytic lymphoma; WM, Waldenstréom macroglobulinemia.

lenalidomide [34] (See Table 3 for the mechanism of action of these
agents).

Wang et al. performed a phase II clinical trial in 111 patients
with relapsed or refractory mantle cell lymphoma most of whom
had received previous bortezomib therapy [35]. They used com-
puted tomographic and PET scans to assess tumor burden. They
found that 21% had a complete response to oral ibrutinib while an
additional 47% had a partial response (68% total). These investiga-
tors estimated that the overall survival was 58% at 18 months. Such
responses had only been observed in patients receiving intensive
cytotoxic chemotherapy regimens. Wang et al. reported that 18%
of the subjects developed anemia and 18% developed thrombocy-
topenia [35]. Non-hematologic adverse events included diarrhea
(50%), fatigue (41%), nausea (31%), peripheral edema (28%), and
dyspnea (27%). Ibrutinib treatment led to a substantial increase in
mantle cell lymphoma cells in the blood after 10 days followed by a
decrease to baseline after 28 days. This transient increase was due
to the liberation of these cells from the affected lymphatic tissues.
The authors concluded that ibrutinib monotherapy was less stress-
ful and more effective than previous standard therapies. Based
upon these studies, the FDA approved ibrutinib for the treatment
of mantle cell lymphoma in November 2013 [36].

3.2. Chronic lymphocytic leukemia (CLL)

Chronic lymphocytic leukemia, which is a clonal B cell disorder,
is the most common type of leukemia in the Western hemisphere
accounting for about 40% of all adult leukemias [37]. The age-

adjusted incidence rate is 4.5 per 100,000 inhabitants in the United
States, which amount to about 15,000 new cases per year. The
median age at diagnosis is about ~70years of age. The diagnosis
of CLL is often incidental and based upon routine blood counts. In
symptomatic patients, fatigue, fever, and infections may be the pre-
senting features. Physical examination may reveal cervical, axillary,
and inguinal lymphadenopathy along with splenomegaly and hep-
atomegaly. A small percentage of patients with CLL progress into
an aggressive large cell lymphoma (LCL) by a transformation that is
called Richter syndrome. Laboratory studies indicate that CLL and
LCL cells share identical clonal origins.

CLL patients have elevated lymphocyte counts with more than
5000 non-proliferating clonal mature B cells/pL persisting for
more than three months [37]. These cells with scant cytoplasm
have dense chromatin and they lack nucleoli. Such cells express
B cell markers including CD23, CD19, CD5 antigen and they weakly
express CD20 and surface membrane immunoglobulin. Recombi-
nation of variable (V), diversity (D), and joining (J) genes occurs in
the pregerminal phase of B cell development. Somatic mutations
are introduced in the VD] rearrangement in normal B cells. Approx-
imately 50% of CLL cases have somatic mutations in the IgV gene
(IGHV-M) and thus arise from postgerminal B cells while a subset
of CLL has unmutated IgV (IGHV-UM) that arises from naive B cells.
IGHV-M CLLs respond poorly to surface membrane immunoglobu-
lin stimulation and CLL patients with this mutation have a favorable
outcome.

Patients at early stages of CLL can be followed without specific
therapy with a median survival greater than 10 years [36]. Patients
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who present with bone marrow failure would ordinarily have a
median survival of only 1.5 years and thus require initial ther-
apy. The following agents have been approved by the FDA for the
treatment of CLL: chlorambucil (1957), cyclophosphamide (1959),
fludarabine (1991), alemtuzumab (2007), bendamustine (2008),
ofatumumab (2009), rituximab in combination with fludarabine
and cyclophosphamide (2010), obinutuzumab in combination with
chlorambucil (2013) [36], and idelalisib (2014) (www.brimr.org/
PKI/PKIs.htm).

The following guidelines for assessing the response of patients
with CLL were established in 2008 [38,39]. A patient achieves
a complete response if the following criteria are met within
two months following the completion of the treatment: blood
lymphocytes levels <4000/pnL, lack of lymphadenopathy, lack of
splenomegaly and hepatomegaly, lack of constitutional symptoms
such as fatigue and weight loss, and normalization of blood counts
without the use of erythropoietin or any other growth factors. If
all of these criteria are met, a bone marrow aspirate should be
performed and analyzed to confirm that a complete response has
occurred. A patient achieves a partial response if two of the follow-
ing criteria are met within two months following the completion
of treatment: a 50% reduction or more from the baseline of (i)
blood lymphocyte levels, (ii) lymphadenopathy, (iii) hepatomegaly,
or (iv) splenomegaly and normalization of either peripheral blood
neutrophils (>1500/wL), platelets (>100,000/w.L), or hemoglobin
(>11.0g/p.L). Disease progression occurs if any one of the following
takes place: a change of at least 50% from baseline in (i) cytopenias,
(ii) hepatomegaly, (iii) lymphadenopathy, (iv) lymphocyte levels,
(v) splenomegaly, or if any new lesions appear.

Byrd et al. performed a phase Il clinical trial in 85 patients with
high risk relapsed or refractory CLL [40]. The overall response rate
to oral ibrutinib was 71% and an additional 15-20% had a partial
response with lymphocytosis. The response was independent of
clinical and genomic risk factors present before treatment, includ-
ing advanced-stage disease, the number of previous therapies, and
the 17p13.1 deletion. At 26 months, the estimated progression-free
survival rate was 75% and the rate of overall survival was 83%. Ibru-
tinib caused a transient increase in blood lymphocyte levels, which
was concurrent with a reduction in lymph-node size, spleen size,
or both. Continued treatment with ibrutinib led to resolution of
this asymptomatic lymphocytosis. They found that ibrutinib did
not result in a higher incidence of grade 3 or higher infections
during the extended therapy. Grade 3/4 hematological toxicities
included neutropenia (13%), thrombocytopenia (11%), and anemia
(10%). The most common adverse events included diarrhea, fatigue,
and nausea. Patients lacking the IgV mutation (IGHC-UM) exhibited
an earlier resolution of lymphocytosis and were more frequently
classified as having a response than those patients with the muta-
tion. The durable remissions exhibited in this study lead to the
approval of ibrutinib monotherapy for the treatment of CLL [36].

Byrd et al. reported on the results of a three-year follow-up
of treatment-naive and previously treated patients with CLL and
small cell lymphoma (SLL) receiving ibrutinib monotherapy [41].
The estimated progression-free survival in treatment naive patients
was 96% at 30 months while it was 69% for previously treated
patients. Of the 25 patients whose illness progressed while on ibru-
tinib, nearly all of them (23) had cytogenetic alterations such as 14
del(17p), 10 del(11q), or both. Of these 25 patients, several (8) had
the Richter transformation. The estimated 30-month overall sur-
vival for the previously untreated patients was 97% and that for the
previously treated patients was 79%. The del(17p) patients have
a 30-month estimated overall survival rate of 65% while that of
the del(11q) patients was 85% compared with 90% in the absence
of either aberration. Adverse events included hypertension, pneu-
monia, neutropenia, thrombocytopenia, atrial fibrillation, diarrhea,
fatigue, and sepsis. Except for hypertension, the incidence of these

effects decreased from year-to-year as the treatment period length-
ened. These studies demonstrate that ibrutinib controls CLL disease
manifestations and is well tolerated for extended periods.

Although there are numerous caveats, the studies of Byrd et al.
suggest that ibrutinib monotherapy should be considered as a stan-
dard first-line therapy, especially in older patients with numerous
co-morbidities [41]. Side effects such as diarrhea and ecchymoses
(spontaneous subcutaneous bleeding) are mostly mild and gen-
erally self-limited. The standard first-line therapy for patients
younger than 65 years and lacking co-morbidities is fludarabine,
cyclophosphamide, and the CD20-specific monoclonal rituximab
(the FC-R regimen). Patients with a 11q deletion, which is consid-
ered as an adverse prognostic indicator, and patients with IGHV-M
respond very well to the FC-R regimen. In contrast, patients with
IGHV-UM cells have shorter remissions than those with the mutated
genes [40]. Patients with a 17p13.1 deletion of the tumor suppres-
sor protein p53 had a poor response to the FC-R regimen. For this
reason, ibrutinib is approved by the FDA for the first-line treatment
of patients with CLL possessing this deletion.

The development of resistance is a major problem with nearly
all cancer therapies and the treatment of CLL with ibrutinib is not
an exception [42]. Woyach et al. performed whole-exome sequenc-
ing in six patients prior to ibrutinib treatment and after acquired
resistance became apparent [42]. Five of the patients had C481S
mutations in BTK, two had mutations in PLCy2, and one of the six
patients had mutations in both proteins. Owing to the conversion
of a BTK active-site cysteine to serine, this mutant protein fails to
undergo covalent modification by ibrutinib. Moreover, the mutant
protein had a fifty-fold higher Kp for ibrutinib than the wild type
enzyme (10.4 vs. 0.2nM). As expected, ibrutinib was much less
effective in blocking BTK autophosphorylation and downstream
signaling (ERK phosphorylation) in human embryonic kidney (HEK
293T) cells transfected with the C481S mutant than with the wild
type enzyme. They identified a PLCy2 R665W mutation in one of the
patients with mutant BTK. Moreover, they identified PLCy2 R665W,
L845F, and S707Y mutations in another patient with wild type BTK.
The S707Y mutation occurs within the autoinhibitory SH2 domain
of PLCy2 and results in constitutive activation. They demonstrated
that transfection of the R665W or the L845F mutant protein into
HEK 293T cells led to increased IgM antibody-mediated calcium
flux that was not blocked by ibrutinib. Furthermore, ibrutinib was
less effective in blocking the phosphorylation of ERK and AKT in
response to IgM-antibody stimulation in cells bearing either of
these two mutations. Accordingly, these investigators concluded
that these PLCy2 gain-of-function mutations could be relevant in
conferring ibrutinib resistance.

Maddocks et al. conducted a follow up study on CLL resistance
mutations in 13 patients [43], six of whom were included in the
previous study [42]. Altogether, nine of the patients had C481S
BTK mutations, three had mutations in PLCy2, and three of the 13
patients had mutations in both proteins [43]. In addition to the
BTK C481S mutation observed in eight patients, one patient pos-
sessed a C481F mutation and another patient possessed three BTK
mutations: C481S, T474l, and T474S where T474 is the gatekeeper
residue that forms a hydrogen bond with ibrutinib as described in
Section 5. They also reported that one patient possessed a D334H
mutation in PLCy2 along with three BTK mutations: C481Y, C481R,
L528W, the latter of which corresponds to CS6.

Johnson et al. reported that the wild type and C481S mutant of
BTK had similar activity while the kc;: of the C481R mutant was
about 1/12th that of the other enzymes [44]. Thus, substitution
of the large charged arginine residue in place of the smaller cys-
teine decreases enzyme activity. The catalytic activity of the T474I1
gatekeeper mutant had about 70% of the activity as the wild type
enzyme. Although one generally considers the size of the gate-
keeper in terms of allowing access to an adjacent hydrophobic
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pocket as being the important factor, the gatekeeper is the Sh2
residue, and substituting a large hydrophobic residue in this posi-
tion might actually result in an increase in catalytic activity. For
example, Azam et al. reported that the substitution of isoleucine
or methionine for the threonine gatekeeper in the Abl, EGFR,
PDGFRa/[3, and Src results in the enhancement of enzyme activity
[45]. The gatekeeper residue occurs near the top of the hydropho-
bic R-spine (Fig. 5A and B) and these investigators suggested that
enzyme activation is related to the ability of the hydrophobic gate-
keeper to strengthen the R-spine and promote the formation of the
active conformation of the protein kinase domain. As noted above
and in contrast to Abl and Src, the substitution of an isoleucine for
the threonine gatekeeper failed to increase BTK activity. The reason
for this anomalous behavior is unclear.

Because ibrutinib therapy has been used for only a few years, it
is too early to know whether these mutations represent the only
mechanisms for resistance or whether additional possibilities such
as the activation of by-pass pathways will emerge in the future.
We have no information on mechanisms of primary or acquired
(secondary) resistance in patients with mantle cell lymphoma or
Waldenstrém macroglobulinemia.

Cheng et al. studied the effects of BTK antagonists on the C481S
mutant enzyme [46]. They found that dasatinib, a BCR-Abl], Src, Lck,
Yes, Fyn, Kit, EphA2, PDGFRP3 multi-kinase antagonist, inhibited
wild type and mutant BTK. Dasatinib had previously been reported
to inhibit wild type BTK with an ICsg of 5 nM; this compares favor-
ably with the ICsq obtained vs. Abl of 14nM [47]. Dasatinib is FDA
approved for the treatment of Philadelphia chromosome positive
ALL and CML where its drug target is presumed to be BCR-Abl.
Cheng et al. found that idelalisib, a PLCy2 antagonist approved by
the FDA for the treatment of relapsed CLL, SLL, and follicular lym-
phoma, also inhibited the growth of patient CLL cells expressing
the C481S mutation at clinically achievable concentrations [46].

3.3. Waldenstrém macroglobulinemia (WM)

This disorder is a B cell neoplasm associated with the accumu-
lation of clonal immunoglobulin M secreting lymphoplasmacytic
cells [48]. The age-adjusted incidence rate is about 0.38 per 100,000
inhabitants in the United States, which amounts to about 1300
cases per year. The median age at diagnosis is about ~70years of
age and the male/female ratio is about 1.5/1. The disorder is quite
heterogeneous and can present with fatigue, fever, chills, recurrent
sinus and bronchial infections, headaches, diarrhea, and gastroin-
testinal cramping. Hepatosplenomegaly and lymphadenopathy
may also be present. Elevated IgM levels (>7 g/dL) are more than
25 times greater than the normal value. Such high levels lead to an
increase in serum viscosity, which may manifest itself as headaches,
blurry vision, episodes of mental confusion, or nose bleeds. The
presence of IgM monoclonal protein associated with more than 10%
of clonal lymphoplasmacytic cells in the bone marrow will confirm
the diagnosis.

A MYD88 (myeloid differentiation primary response gene 88)
L265P mutation is present in more than 90% of patients [49]. This
gene product is an adapter protein that mediates Toll-like recep-
tor signaling and innate immune responses. This gain-of-function
mutation participates in the activation of NF-kB by means of BTK
(Fig. 1) and the interleukin-1 receptor-associated kinases (IRAK1
and IRAK4). As a consequence of the MYD88 mutation, BTK is consti-
tutively activated in WM cells. Mutations in the CXCR4 chemokine
receptor occur in about one-third of WM patients. These muta-
tions are like those observed in patients with the WHIM syndrome
(warts, hypogammaglobulinemia, infections, and myelokathexis,
where the latter term refers to the retention - kethexis - of neu-
trophils in the bone marrow). Stimulation of the CXCR4 receptor is
associated with lymphocyte chemotaxis.

A variety of therapies are used in the treatment of Walden-
strém macroglobulinemia [50,51]. These include rituximab as a
first-line or second-line treatment with an overall response rate
of 52% (no complete responses). The combination of rituximab
with other agents is more effective than rituximab monotherapy.
For example, the rituximab/thalidomide combination as first- or
second-line treatments was somewhat more effective with an over-
all response rate of 64% and a complete response rate of 4%. The
FC-R (fludarabine, cycloheximide, rituximab) first- and second-
line treatments had an overall response rate of 79% and complete
response rate of 12% while the DRC (dexamethasone, rituximab,
cyclophosphamide) first-line regimen had an overall response rate
of 83% with a complete response rate of 7%. Moreover, the ritux-
imab/cladribine combination as first- or second-line treatment had
an overall response rate of 90% and a complete response rate of
24% while a rituximab/bendamustine combination for relapsed or
refractory WM had an overall response rate of 90% and a complete
response rate of 60%. The rituximab-CHOP (cyclophosphamide,
doxorubicin, vincristine, prednisone) protocol as a first-line ther-
apy had an overall response rate of 94% and a complete response
rate of 9% and a rituximab/fludarabine combination as second-line
treatment had an overall response rate of 95% with a 5% complete
response rate. Combination therapies without rituximab were also
effective. For example, the CaRD (carfilzomib, cyclophosphamide,
dexamethasone) protocol had an overall response rate of 87% and a
complete response rate of 3% and first-line bortezomib monother-
apy had an overall response rate of 96% with a complete response
rate of 13%.

Treon et al. reported on a prospective clinical study using
ibrutinib monotherapy on 63 symptomatic patients with WM
who had received at least one previous treatment [49]. They
found that oral ibrutinib treatment decreased the median serum
IgM levels from 3.52 to 0.88 g/dL while the median hemoglobin
levels increased from 10.5g to 13.8g/dL. They also found that
the bone marrow involvement decreased from 60% to 25%. The
overall response rate was 91% and it was highest in patients
with the MYD88:265PCXCR4WT genotype (100% overall response
rate) followed by patients with the MYD88L265P CXCR4WHIM (88%)
and MYDSSWT CXCR4™T genotypes (71%). The estimated two-year
progression-free survival among all patients was 69% and overall
survival was 95%. The treatment related toxicities of grade 2 or
higher included neutropenia (22%) and thrombocytopenia (14%). As
aresult these studies, ibrutinib was approved by FDA for the treat-
ment of WM (www.brimr.org/PKI/PKIs.htm). Because patients with
inactivating BTK mutations in X-linked agammaglobulinemia have
an increased incidence of infections [5], it is surprising that there
were not more reported cases of serious infections in the ibrutinib
clinical trials.

4. Selected ibrutinib clinical trials

Ibrutinib alone or in combination with other medicines is
being evaluated in more than 150 clinical trials (www.clinicaltrials.
gov). The goal of these trials is to increase therapeutic efficacy
and to mitigate the development of primary and acquired drug
resistance. The following combinations are being tested for the
treatment of chronic lymphocytic leukemia: (i) ibrutinib, fludara-
bine, cyclophosphamide, and obinutuzumab; (ii) ibrutinib with
the standard combination of fludarabine, cyclophosphamide, and
rituximab (FC-R); (iii) ibrutinib and bendamustine; (iv) ibruti-
nib and pacritinib; (v) ibrutinib and selinexor (vi) ibrutinib and
venetoclax; (vii)ibrutinib vs. rituximab; (viii) ibrutinib vs. acalabru-
tinib; (ix) ibrutinib, rituximab, and lenalidomide; (x) ibrutinib vs.
durvalumab; (xi) ibrutinib vs. ofatumumab; (xii) ibrutinib and ate-
zolizumab, or obinutuzumab, or monalizumab, or obinutuzumab,
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Fig. 7. (A) Ibrutinib. (B) Dasatinib. (C) Ibrutinib bound to BTK prepared with the Glide docking program [54]. (D) Dasatinib bound to BTK. The atoms of the drugs colored red
interact with hinge residues; the lavender colored residue interacts with the T474 gatekeeper; the light blue residues occur within hydrophobic pockets and the dark blue
residues interact with the solvent. AS, activation segment; CL, catalytic loop; GRL, Gly-rich loop.

or ofatumumab, or pembrolizumab, or ublituximab; (xiii) ibruti-
nib, CC-122, and obinutuzumab; (xiv) ibrutinib and BI 836826;
(xv) ublituximab in combination with TGR-1202 with or without
ibrutinib; (xvi) ibrutinib, venetoclax, and obinutuzumab; (xvii) a
sequential regimen of bendamustine followed by ofatumumab and
ibrutinib and then with ibrutinib and ofatumumab maintenance;
and (xviii) ibrutinib and TGR-1202.

It might be advantageous to combine ibrutinib with idelalisib to
block the activities of two members of the B cell receptor pathway
(BTK and PLCy2). Because these drugs are marketed by two differ-
ent drug companies, this potential combined therapy is not being
addressed. Owing to the cost of each of these medicines of more
than $100,000 per year in the United States, such a combination
would promise to lead to financial toxicity [28,52]. The mechanism
of action of these drugs is listed in Table 3.

Of the more than 900 clinical trials focusing on mantle cell
lymphoma, only 43 involve ibrutinib (www.clinicaltrials.gov). The
latter trials include the following combinations of drugs: (i) ibru-
tinib and buparlisib; (ii) ibrutinib and palbociclib; (iii) ibrutinib
vs. temsirolimus; (iv) ibrutinib and venetoclax; (v) ibrutinib, ben-
damustine, and rituximab; and (vi) ibrutinib, lenalidomide, and
rituximab. Of the more than 400 Waldenstréom macroglobuline-
mia clinical trials, only 11 include ibrutinib. The following drug
regimens are being explored for the treatment of this disorder:
(i) ibrutinib and pembrolizumab; (ii) ibrutinib and rituximab; (iii)
ibrutinib, rituximab, and bendamustine; and (iv) ibrutinib and
pembrolizumab vs. idelalisib and pembrolizumab. Owing to the
overexpression of the CDK4/6 activating cyclin D1 in most man-
tle cell lymphomas, the combination of ibrutinib with the CDK4/6
inhibitor palbociclib [28] represents a promising approach.

There are more than 1150 clinical trials exploring treatment
options for diffuse large B cell lymphomas (DLBCLs), but only
25 of them consider ibrutinib. The following drug regimens are
being tested for the treatment of this entity: (i) ibrutinib and rit-
uximab, ifosfamide, carboplatin, and etoposide; (ii) ibrutinib and
durvalumab; and (iii) ibrutinib and vistusertib. Of the more than
2100 clinical trials focusing on multiple myeloma, only 6 involve
ibrutinib. The latter trials include the following combinations:
(i) ibrutinib, dexamethasone, and pomalidomide or (ii) ibrutinib
and carfilzomib with or without dexamethasone. Additionally, the
following therapy is being studied for the treatment of acute myel-
ogenous leukemia: ibrutinib, cytarabine, and idarubicin.

Besides hematological malignancies and lymphomas, ibrutinib
combination therapy is being evaluated in several solid tumors.
For example, ibrutinib with everolimus, paclitaxel, docetaxel, or

cetuximab is being studied in the treatment of colorectal, gas-
tric, renal cell, and urothelial carcinomas (www.clinicaltrials.gov).
It is also under investigation as a monotherapy for the treatment
of melanoma, carcinoid tumors of the gastrointestinal tract, and
pancreatic neuroendocrine tumors. Moreover, it is being studied
in combination with nab-paclitaxel and gemcitabine for the first
line treatment of patients with metastatic pancreatic adenocarci-
noma. Part of the rationale for the use of ibrutinib in these solid
tumors involves the role of tumor-promoting inflammation in the
pathogenesis of neoplastic diseases [53].

5. Binding of ibrutinib and dasatinib to BTK

No X-ray structural studies of ibrutinib (Fig. 7A) bound to BTK
have been reported. To obtain an idea on the possible interaction
of this drug with the enzyme, the Schrodinger Glide Suite (2016-1
release) was used to dock the drug into human BTK (with initially
bound SureChEMBL14630168, PDB ID: 5FBN) [54]. The 4-amino
group of the drug makes hydrogen bonds with the gatekeeper
T474 and the first hinge residue E475 and the N3 group of the
pyrazolo[3,4-d]pyrimidine core makes a hydrogen bond with the
N—H group of M477 within the hinge (Fig. 7C). The drug makes
hydrophobic contacts with L408 before the G-rich loop, V416 after
the G-rich loop, A428 (CS7), M449 (RS3), V458 (Sh1), L460 within
the aC-34 loop, 1472 before the hinge, Y476 within the hinge, N484
after the hinge, L528 (CS6), DFG-F540, and L542 within the activa-
tion segment. DFG-D539 makes van der Waals contact with the
drug. The pose indicates that the thiol group of C481 is within
3 A of the acrylamide group. Drugs such as ibrutinib [55] with an
o,3-unsaturated carbonyl group undergo a Michael reaction, which
involves the addition of a nucleophile (the —SH of cysteine) to the
[3-carbon of the unsaturated carbonyl congener to form a covalent
Michael adduct.

Hydrogen bonding as seen in Fig. 7C along with hydrophobic
interactions place the drug in a productive orientation within the
ATP-binding pocket, which allows the covalent modification to pro-
ceed. Our classification of inhibitors based upon their interaction
with protein kinases considers covalent modification as a Class
VI inhibitor [30]. Prior to the modification, the drug binds non-
covalently to an inactive enzyme with the DFG-Asp directed inward
and with the aC-helix directed outward, thereby corresponding to
a type I4A inhibitor as described in Section 7.

An X-ray structure of dasatinib (Fig. 7B) bound to BTK has been
reported (PDB ID: 30CT). The N3 of the thiazole group forms a
hydrogen bond with the N—H group of M477 within the hinge while
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Table 4
Classification of small molecule protein kinase inhibitors.?

Type Subtype Properties FDA-approved drugs

I Binds in the ATP-binding pocket of the active Alectinib, bosutinib, cabozantinib, ceritinib,
enzyme conformation crizotinib, dasatinib, erlotinib, gefitinib,

lapatinib, palbociclib, pazopanib, ponatinib,
ruxolitinib, tofacitinib, vandetanib

V2] A Binds in the ATP-binding pocket of an inactive Dasatinib, lapatinib, lenvatinib, vemurafenib
DFG-Asp in conformation extending to the
back cleft

B Same as [/4A except that the drug does not Erlotinib, sunitinib

extend into the back cleft

1l A Binds in the ATP-binding pocket of the inactive Axitinib, imatinib, nilotinib, regorafenib,
DFG-Asp out conformation extending to the sorafenib
back cleft

B Same as IIA except that the drug does not Bosutinib, crizotinib, nintedanib, sunitinib

extend into the back cleft

i Allosteric inhibitor that binds adjacent to the Cobimetinib, trametinib
ATP site

v Allosteric inhibitor that does not bind adjacent Everolimus, sirolimus, temsirolimus
to the ATP site

\% Bivalent inhibitor spanning two kinase regions None

VI Covalent inhibitor Afatinib, ibrutinib, osimertinib

2 Adapted from Ref. [30].

the amino group makes a hydrogen bond with the carbonyl group
of the same residue. The oxygen of the terminal hydroxyethyl group
forms hydrogen bonds with N479 within the hinge and with E488
within the aD helix (Fig. 7D). The drug makes hydrophobic contacts
with L408 immediately before the G-rich loop, F413 within the G-
rich loop, V416 after the loop, A428 (CS7), 1429, M449 (RS3), V458
(Sh1),1472 before the hinge, Y476 within the hinge, L528 (CS6), and
DFG-F540. Unlike ibrutinib, dasatinib fails to interact with L460,
N484, and L542. Unlike dasatinib, ibrutinib fails to interact with
F413 and 1429. The DFG-Asp is in the inactive “out” conformation
and the drug does not extend into the back pocket, criteria that
make this antagonist a type IIB inhibitor [30].

6. Covalent protein kinase inhibitors

The United States Food and Drug Administration has approved
three covalent protein kinase inhibitors for the treatment of vari-
ous malignancies. Afatinib is approved as a first-line treatment for
patients with NSCLC that possess exon 19 deletions or an exon 21
L858R mutation (www.brimr.org/PKI/PKIs.htm). It is also approved
for the second-line treatment of patients with metastatic NSCLC
that had progressed on platinum-based therapy. Osimertinib is
approved as a second-line treatment for NSCLC patients with the
EGFR T790M gatekeeper mutation, but who have become resistant
to other EGFR protein kinase inhibitors such as such as erlotinib. As
noted previously, ibrutinib is approved for the treatment of mantle
cell lymphoma, chronic lymphoblastic leukemia, and Waldenstrom
macroglobulinemia. As indicated by the interaction of ibrutinib
with BTK (Fig. 7C), polar and hydrophobic interactions position the
drug in an orientation that allows the covalent modification to pro-
ceed as the enzyme attacks the electrophilic portion of the drug to
form a Michael adduct.

In a comprehensive analysis of the protein kinase cysteinome,
Liu et al. mapped targetable cysteine residues in and around the
ATP-binding pocket [56]. They described six distinct cysteine tar-
gets including a cysteine (i) within the Gly-rich loop that occurs in
FGFR, (ii) in the roof of the pocket found in NEK2 and RSK enzymes,
(iii) immediately preceding the DFG of VEGFR, ERK2, and GSK33,
(iv) in the solvent area found in JNKs, (v) in the catalytic loop of
Kit and PDGFR, and (vi) after the hinge found in the EGFR family
members ERBB1/2/4, the Src family member Blk, MKKa7, JAK3, and
the TEC family including BMX, BTK, ITK, TEC, and TXK [55,56]. It is
possible that some of the toxic effects and some of the therapeu-

tic effects of ibrutinib are related to the modification of cysteine
residues after the hinge in the last group of targets. Leproult et al.
have also reported on the strategy and design of preparing selective
covalent protein kinase inhibitors [57].

Covalent irreversible drugs had been disfavored as a drug class
owing to safety and toxicity concerns [58]. However, aspirin is an
irreversible inhibitor that has been in the medicinal armamentar-
ium for more than a century. Roth et al. discovered that aspirin
exerts its therapeutic effect by covalently modifying Ser530 of
cyclooxygenase 1 by acetylation [59,60]. Rasagiline and selegiline,
which are FDA approved for the treatment of Parkinson disease, are
additional examples of irreversible enzyme inhibitors [61]. These
acetylenic drugs, which are used as monotherapy in early Parkin-
son disease or as an adjunct therapy in more advanced cases,
inhibit type B monoamine oxidase by forming a covalent adduct
with the N5 of the monoamine oxidase FAD cofactor [62]. More-
over, covalent proton pump inhibitors that reduce stomach acid
such as esomeprazole, lansoprazole, and omeprazole are effective,
safe, and widely used in the treatment of dyspepsia, peptic ulcers,
and gastroesophageal reflux [58]. These drugs form a cyclic sulfe-
namide that reacts with an essential proton pump cysteine to form
an inactive disulfide adduct [63]. Moreover, the clinical success of
ibrutinib, afatinib, and osimertinib has helped to overcome the bias
against irreversible drug inhibitors.

7. Epilogue

The difference between active and inactive conformations
is an important distinction when considering the regulation of
protein kinase signaling. DFG-Asp in/out (active/inactive), aC-
in/out (active/inactive), and the activation segment open/closed
(active/inactive) represent the major conformational states. There
are many subtleties in describing active and inactive conformations
within this context. Sometimes the distinction of various DFG-Asp-
in/out conformations may be difficult to discern by inspection, but
we find that visualization of the location of RS2 of the R-spine
(DFG-F) removes most of these ambiguities. A linear spine char-
acterizes an active state while a non-linear or broken spine depicts
an inactive state. Nevertheless, the classification of protein kinase
structures and activity states in some instances is uncertain.

The interaction of each drug with a protein kinase target is
unique. Nevertheless, it is useful to classify these interactions in
order to apply them to the drug discovery process. We have classi-
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fied these drugs into six possible types based upon the structures
of the drug-enzyme complexes (Table 4) [30]. Type I drugs bind to
the active conformation of the protein kinase with (i) the aC-helix
directed inward, (ii) an open activation segment (iii) the DFG-Asp
directed inward, and (iv) a linear R-spine. The type I¥2 drugs bind
to an inactive enzyme conformation (closed activation segment or
non-linear R-spine), but with the DGF-Asp directed inward as for-
mulated by Zuccotto et al. [64]. We subdivided this class into type
[2A drugs that extend into the back pocket while the type [V2B drugs
do not [30]. Preliminary data indicate that the type A drugs have an
extended residence time while the type B drugs do not.

The type Il drugs bind to the enzyme with the DFG-Asp directed
outward, which corresponds to an inactive conformation [65]. The
R-spine RS3, which occurs within the aC-helix, is displaced from
RS2 and RS4. The IIA drugs occur in the front cleft, the gate area,
and they extend into the back pocket while the type IIB drugs
occur within the front cleft and gate area and do not extend into
the back cleft [30]. Owing to the uniqueness of inactive protein
kinase conformations when compared with the canonical active
conformation, it was hypothesized that type Il drugs would be more
selective than type I drugs that bind to the prototypical active con-
formation. However, there is substantial overlap in the selectivity
of type I and type Il inhibitors so that the hypothesized advantages
of targeting inactive conformations have not been realized [66]. The
type Il and IV inhibitors are allosteric in nature [67] and the type
V drugs span two different protein kinase regions [68]. The type
VI inhibitors including ibrutinib bind covalently with the enzyme
[30]. Note that about half of the approved drugs bind to the active
conformation of their target protein kinase and are type I inhibitors
(Table 4).

That a given drug can bind to two different conformations of
its protein kinase targets increases the complexity of inhibitor
classification [30]. For example, bosutinib is a type I inhibitor of
the Src protein-tyrosine kinase and a type IIB inhibitor of the Abl
protein-tyrosine kinase. Sunitinib is a type [¥2B inhibitor of the
protein-serine/threonine kinase CDK2 and a type IIB inhibitor of the
Kit receptor protein-tyrosine kinase. Moreover, crizotinib is a type |
inhibitor of the ALK receptor protein-tyrosine kinase and a type V2
B inhibitor of the c-Met receptor protein-tyrosine kinase. Adding to
the complexity, erlotinib is a type I and [4B inhibitor of the epider-
mal growth factor receptor protein-tyrosine kinase. These findings
suggest that protein kinase inhibitors lack conformational selec-
tivity. Moreover, these results indicate that drugs occupying only
the adenine pocket and gate area and excluding the back cleft may
be interchangeable as type I, [V2B, and IIB inhibitors. By inference,
antagonists that also extend into the back cleft may function as type
[¥2A and IIA inhibitors, but not type I inhibitors.

Targeting protein kinases for therapeutic purposes began
earnestly in 2001 with the FDA approval of imatinib for the treat-
ment of chronic myelogenous leukemia. The FDA has approved 32
small molecule protein kinase inhibitors for the treatment of var-
ious neoplastic and inflammatory disorders (www.brimr.org/PKI/
PKIs.htm). All of these agents are orally effective except for temse-
riolimus, which is given by intravenous infusion for the treatment
of advanced renal cell carcinoma. Of the more than 500 human
protein kinases, only three dozen protein kinases are currently
being targeted for the treatment of a variety of illnesses. The FDA
is approving small molecule protein kinase inhibitors at a rate of
about three per year and there is no indication that this rate of
approval will abate. Nearly all of the current therapeutic indications
are for neoplastic disorders including carcinomas, leukemias, and
lymphomas. The approvals of (i) the Janus protein-tyrosine kinase
family inhibitor tofacitinib for the treatment of rheumatoid arthri-
tis in 2012 and (ii) the fibroblast growth factor, platelet-derived
growth factor, and vascular endothelial growth factor receptor
protein-tyrosine kinase inhibitor nintedanib for the treatment of

idiopathic pulmonary fibrosis in 2014 represent an expanded ther-
apeutic range that one anticipates will increase in the future.
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