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ABSTRACT: The development of small molecule kinase
drugs is a rapidly evolving field and represents one of the most
important research areas within oncology. This innovation
letter provides an overview and analysis of approved kinase
drugs according to their WHO registration (INN) dates,
primary biological targets, and selectivity and structural
similarities, which are also depicted in an associated poster.
It also discusses new trends in kinase drug discovery programs such as new kinase targets, novel mechanisms of action, and
diverse indications.
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Kinases catalyze the transfer of the γ-phosphate of ATP
onto a diverse range of hydroxyl substrates (e.g., proteins,

lipids, sugars, nucleotides).1,2 Although kinases account for
only ∼5% of the protein-coding genes, their activity mediates
most cellular signal transductions and regulates a variety of
cellular activities.1,3 Furthermore, despite their diverse primary
sequences, functions, and substrates, they share a great deal of
similarity in structure, especially in their catalytically active
ATP binding domains.1 Based upon the nature of the
phosphorylated hydroxyl groups these enzymes can be
generally classified as serine/threonine kinases, tyrosine
kinases, dual-specificity kinases, tyrosine-kinase-like, lipid
kinases, sugar kinases, and nucleotide kinases.1,2

Kinases are one of the most intensively pursued targets,
particularly in cancer drug discovery programs.4 Kinases have
been successfully targeted by natural products, small
molecules, antibodies and antibody conjugates.5 Although
compounds that inhibit kinases have been used as drugs since
the 1930s, the first characterized kinase drugs originated in the
1990s. The first of these was the small molecule ROCK
inhibitor fasudil (Figure 1), which was approved in Japan in
1995 for the treatment of cerebral vasospasm. This was
followed by the approval of sirolimus (Figure 1), a natural
product targeting mTOR. Sirolimus was approved in 1999 for
use during renal transplants in combination with cyclosporine
to prevent organ rejection. Also in 1998, trastuzumab became
the first approved monoclonal antibody kinase drug, targeting
ErbB2 for the treatment of ErbB2-positive breast cancer.
Biochemical assays have now been developed for more than

four-fifths of the human kinome, small molecule kinase
inhibitors have been identified for approximately one-fifth,3

and there are now 201 WHO registered (INN) small molecule
kinase entities.6 Although each drug−protein interaction is
unique, small molecule kinase inhibitors are commonly

categorized by their mode of binding to the target protein,
with several clear categories defined (Types I−VI).7
Drug binding can occur in the ATP binding pocket of the

active enzyme conformation (Type I) or the inactive form
(Type I1/2 & II). Type III and Type IV are allosteric
inhibitors that bind next to the ATP binding pocket or at a
nonsubstrate (ATP, peptide) site, respectively. Type V are
classified as bivalent inhibitors, spanning two distinct sites of
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Figure 1. First three approved small molecule kinase drugs.
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the kinase domain, and Type VI are covalent inhibitors usually
containing an α,β-unsaturated carbonyl functionality, which
irreversibly form a covalent bond with cysteines in or around
the active site of the enzyme. The orientation of key kinase
regions (e.g., DFG-Asp, activation segment, and spine) can be
important for drug binding (for Types I, II, and III) or the
orientation of such regions can be less defined or variable (for
Types IV−VI).7 Further adding to the complexity, drugs can
interchange between binding modes when interacting with
different kinases, a phenomenon common among the Type I,
I1/2, and II drugs.7 In addition, the presence of substrate and
ATP in cells could result in binding profiles differing to those
observed in vitro.8

■ IMATINIB (GLIVEC)

Until the early 1980s, oncology-focused drug discovery
programs identified mainly antimetabolites, alkylators, and
microtubule destabilizers, with the aim of reducing the
standard characteristics of cancer (e.g., replication and
proliferation). Due to their lack of selectivity such drugs are
usually highly toxic, which limits their therapeutic window,
although the development of antihormonals (e.g., tamoxifen,
1973) is a specific early example of a more targeted approach
for certain cancers such as breast cancer.9 The discovery of
cancer-causing genes uniquely associated with cancerous cells
(oncogenes) represented a radical departure from this
paradigm. One such example was the BCR-Abl protein kinase
(1986)a product of an interchromosomal exchange
(reciprocal translocation) between chromosomes 9 and 22
which displayed elevated tyrosine-kinase activity.10 Its
production is a defining molecular pathogenic event in chronic
myelogenous leukemia (CML) and provided the first potential
drug target whose activity significantly differed between normal
and leukemic cells.10 Approximately 15 years after the
discovery of the BCR-Abl protein kinase, the first targeted
small molecule kinase inhibitor (imatinib, 2001, BCR-Abl,
Figure 1) was approved by the FDA for CML.10 The clinical
development of imatinib (Glivec) was extremely rapid. The
first patient was treated in 1998, and less than three years later
in 2001, following three large, multinational trials, Glivec was
approved by the FDA for CML.10 In 2002, Glivec was also
approved for treatment of GIST with KIT mutations.10 Glivec
revolutionized the treatment of CML and GIST4 and has been
subsequently approved for the treatment of a variety of other
indications including fibrosarcoma, hypereosinophilic syn-
drome, ALL, myelodysplastic/myeloproliferative diseases, and
systemic mastocytosis. Mechanistically imatinib is a Type II
inhibitor, binding to an inactive conformation of Abl.11 In
2016, imatinib entered the generic drug market in the USA.12

■ SMALL MOLECULE KINASE DRUGS (2001−2017)
Following the FDA approval of imatinib in 2001, the main
primary targets of all small molecule kinase entities registered
by the WHO before 2011 (2001−2010) were tyrosine kinases;
more specifically BCR-Abl, along with the VEGFR and ErbB
family. Of such, 19 small molecule kinase entities have been
marketed for various cancers: ErbB − erlotinib (INN 2002,
OSI Pharmaceuticals), gefitinib (INN 2002, AstraZeneca),
lapatinib (INN 2003, Novartis), vandetanib (INN 2004,
Genzyme), neratinib (INN 2007, Puma Biotechnology),
afatinib, (INN 2010, Boehringer Ingelheim); BCR-Abl −
nilotinib (INN 2005, Novartis), bosutinib (INN 2005,

Wyeth), dasatinib (INN 2005, Bristol-Myers Squibb),
ponatinib (INN 2010, Ariad Pharmaceuticals), radotinib
(INN 2010, Daewoong Il-Yang); VEGFR − sunitinib (INN
2005, Pfizer), sorafenib (INN 2003, Bayer), pazopanib (INN
2005, GlaxoSmithKline), axitinib (INN 2005, Pfizer), regor-
afenib (INN 2009, Bayer), lenvatinib (INN 2010, Eisai Lnc),
tivozanib (INN 2009, Kyowa Hakko Kirin) (Figure 5). During
this period, small molecule entities targeting several other
kinases such as JAK2, MET, SYK, and CDK were also
registered. However, only one has been marketed to date:
fostamatinib (INN 2009, Rigel, but not FDA approved until
2018) targets SYK for the treatment of immune thrombocy-
topenic purpura (ITP). As of 2018, these drugs are still on the
market, with six of the 19 (erlotinib, imatinib, nilotinib,
dasatinib, sunitinib, and pazopanib) making the “Top 200
drugs by worldwide sales” in 201613 and three (imatinib,
nilotinib, and dasatinib) listed on the “WHO model list of
essential medicines”. Of the 40 drug substances that have not
received approval and were assessed during this time frame,
three drug substances have been discontinued, 33 are in
clinical phase II or higher, and two are in preregistration. For
nine of the clinical phase compounds, INN registration took
place between 2001 and 2005.
Post-2010, approval of additional WHO registered small

molecule entities targeting EGFR and VEGFR continued:
EGFR − icotinib (INN 2011, Beta Pharma), olmutinib (INN
2015, Hanmi), brigatinib (INN 2016, Ariad Pharmaceuticals),
osimertinib (INN 2016, AstraZeneca), VEGFR − cabozantinib
(INN 2011, Exelixis), nintedanib (INN 2011, Boehringer
Ingelheim), rivoceranib (INN 2017, Advenchen Laboratories
& Jiangsu Hengrui). All are approved solely for the treatment
of cancer except for nintedanib, which was also approved for
use as an idiopathic pulmonary fibrosis (IPF) treatment.
Approvals for new targets including serine-threonine kinases
and lipid kinases also began to appear: BRAF − dabrafenib
(INN 2012, GlaxoSmithKline), vemurafenib (INN 2011,
Plexxikon, Daiichi Sankyo), encorafenib (INN 2013, Novar-
tis); JAK − ruxolitinib (INN 2011, Incyte), tofacitinib (INN
2011, Pfizer), baricitinib (INN 2013, Incyte); MAP2K/MEK
− trametinib (INN 2011, Japan Tobacco), cobimetinib (INN
2013, Exelixis), binimetinib (INN 2013, Array BioPharma);
ALK− crizotinib (INN 2011, Pfizer), alectinib (INN 2012,
Chugai Pharmaceutical), ceritinib (INN 2013, Novartis); BTK
− ibrutinib (INN 2013, Pharmacyclics), acalabrutinib (INN
2016, Acerta Pharma, AstraZeneca); PI3Kδ − idelalisib (INN
2012, Novartis & Icos), copanlisib (INN 2012, Bayer); CDK −
palbociclib (INN 2013, Pfizer), ribociclib (INN 2014, Novartis
& Astex Pharmaceuticals), abemaciclib (INN 2014, Lilly)
(Figure 5). Furthermore, several of these drugs were marketed
for new indications beyond cancer including IPF, arthritis,
psoriatic, ulcerative colitis, graft-versus-host disease, and
immune thrombocytopenia. For these later drugs, as of 2018,
all are still on the market, with four of the 26 (ibrutinib,
nintedanib, palbociclib, and tofacitinib) making the “Top 200
drugs by worldwide sales” in 2016, with three of these top
drugs developed against new targets.13

Between 2001 and 2017, in total 201 small molecule kinase
entities were registered with the WHO (Figure 2). Forty-six
drugs made it to the market of which 26 compounds were
commercialized within the last five years (2013−2018). Thirty-
seven are solely used in the treatment of cancer and 35 of the
46 target the tyrosine kinase family;7 however, several “first in
class” inhibitors have recently been commercialized, e.g.,
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trametinib (MEK, 2013), palbociclib (CDK, 2015), and
idelalisib (PI3Kδ, 2014).
Most function through Type I and Type II binding

mechanisms.7 A few Type I 1/2 inhibitors have also managed
to make it to the market (e.g., lapatinib, vemurafenib, sunitinib,
dasatinib, erlotinib, lenvatinib).7 In addition, non-ATP
competitive inhibitors of MEK that target a site adjacent to
the ATP binding pocket (e.g., trametinib)7 and inhibitors that
act through irreversible mechanisms (acalabrutinib, afatinib,
ibrutinib, neratinib, osimertinib and olmutinib) targeting BTK
and EGFR are also among the marketed compounds.7,14−16 To
date, no drugs displaying Type IV or Type V behaviors have
been marketed.
The structure to function relationship of numerous FDA

approved kinase inhibitors has recently been thoroughly
reviewed.3 With regards to their origin, most approved small
molecule kinase drugs were inspired by previously approved
structural motifs, leading to some common structural features.
As covered in the review,3 these recurring motifs often bind to
well-defined regions of a typical protein kinase active site, for
example, to the adenine binding pocket (the hinge region),
adjacent hydrophobic regions such as the selectivity pocket or
allosteric pocket, or the solvent exposed channel. In several
cases, this strategy has resulted in closely related compounds
displaying differing kinase mutant targeting profiles (see
Present and Future Kinase Drug Development).
Figure 5 provides an overview of approved drugs classified

by a primary biological target and chemical structures, allowing
for assessment of structural similarities. The ErbB family
targeting drugs contain a heterocyclic pharmacophore frag-
ment consisting of a N-phenyl 4-anilino quinazoline (blue) or a
N-(pyrimidinyl)benzene-1,4-diamine moiety (green), with the
exception of neratinib, which bears a 4-(phenylamino)-
quinoline-3-carbonitrile core instead. Erlotinib and icotinib
possess a strikingly similar chemical structure differing solely
by a macrocyclization. Neratinib is the first WHO registered
member of this group possessing a dimethylamino-but-2-
enamide Michael acceptor, which is responsible for its
irreversible binding mode (purple). This α,β-unsaturated
amide group (purple) is also present in afatinib, and a similar
irreversible group without the base is present in olmutinib and
osimertinib. A further recurrent motif is the ether substitution
pattern (red) in erlotinib, gefitinib, vandetanib, neratinib,
afatinib, and icotinib. The VEGFR inhibitors sorafenib,
regorafenib, tivozanib, and lenvatinib have a (4-(pyridin-4-
yloxy)phenyl)urea motif (blue) in common, whereas cabo-

zantinib possesses an amide functionality rather than an urea.
Sorafenib and regorafenib are almost congruent and differ
solely by one single arylfluoride substituent. Pazopanib and
axitinib share a heterocyclic indazole (green). Tivozanib,
lenvatinib, and cabozantinib share the 7-methoxyquinoline
element (purple), whereas sunitinib and nintedanib have a 3-
methyleneindolin-2-one moiety (red) in common. Rivoceranib
does not show any distinct structural similarities to the other
compounds in the group. Imatinib was the first in class
compound targeting BCR-Abl. The successor compounds
nilotinib and radotinib are structurally related to imatinib
bearing a common N-(o-tolyl)pyrimidin-2-amine motif (blue).
Nilotinib and radotinib solely differ by one heterocyclic
substituent; nilotinib bears a 3-pyridine substituent, whereas
radotinib possesses a 2-pyrazine instead. Nilotinib, ponatinib,
and radotinib all contain a N-(3-(trifluoromethyl)phenyl)
amide substructure (green); however, the overall ponatinib
scaffold is significantly different to both that of nilotinib and
radotinib. Bosutinib and dasatinib show no obvious structural
similarities to the imatinib template.
Among the more recent kinases to be targeted, the CDK4/6

drug palbociclib served as a template for ribociclib. Both
compounds differ slightly in the ring size of the heterocyclic
core: palbociclib contains a six-membered pyrido-pyrimidin-
one, while in ribociclib this is replaced by a five-membered
pyrrolo-pyrimidine. Furthermore, palbociclib and ribociclib
have the N-cyclopentyl substituent (green) in common.
Structural elements common to all three CDK4/6 compounds
(ribociclib, palbociclib, and abemaciclib) are the N-(pyridin-2-
yl)pyrimidin-2-amine (blue) and the piperazine moiety (red).
The BTK drugs, ibrutinib and acalabrutinib, both possess a
Michael acceptor functionality (purple), which is required for
the irreversibile binding of these compounds; ibrutinib has an
acrylamide and acalabrutinib has a but-2-ynamide. In ibrutinib,
this α,β-unsaturated motif is linked to the central core via a
piperidine, whereas in acalabrutinib it is linked via a
pyrrolidine. The JAK compounds tofacitinib, ruxolitinib, and
baricitinib bear a common 7H-pyrrolo[2,3-d]pyrimidine
structural motif (blue) and an aliphatic nitrile functionality
(green). In ruxolitinib and baricitinib, these two fragments are
connected via a shared pyrazole moiety (red) resulting in a
common pyrrolo[2,3-pyrimidin-4-yl)-pyrazol) propanenitrile
substructure. Structural similarity of the BRAF compounds
vemurafenib, dabrafenib, and encorafenib is limited to the
shared N-(2-fluorophenyl) sulfonamide fragment (blue) and a
2-amino pyrimidine moiety (red) in dabrafenib and encor-
afenib. In contrast, the only similarity between the MAP2K/
MEK drugs trametinib, binimetinib, and cobimetinib is a single
2,4-dihaloaniline substructure (blue). No similarity is observed
between the approved compounds targeting PI3Kδ or ALK.
There are ∼1500 ATP requiring enzymes, in addition to the

∼500 serine/threonine and tyrosine kinases. As the most
common site of interaction for kinase drugs is the kinase ATP-
binding pocket, selectivity issues or poly pharmacology are
frequently observed. In general, kinase drug poly pharmacology
is not this clear-cut. Drugs can bind tightly to kinases with
modest sequence similarities or on occasions may distinguish
between kinases closely related by sequence, especially when
specifically designed to do so.17 Therefore, experimental
profiling (kinome-wide and proteome-wide screening) is
crucial for assessing selectivity for kinase and nonkinase
targets. Several studies have utilized kinase profiling (cell
based, binding or catalytic) to assess drug selectivity across the

Figure 2. INN registrations for small molecule kinase inhibitors
(2001−2017).
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kinome, with applications directed toward understanding
kinome selectivity, mutant responses and providing oppor-
tunities in drug repurposing.8,17,18 “Selectivity” within these
studies is defined using a variety of approaches and different
approaches will produce subtle differences in selectivity
profiles. “Group selective” kinase drugs interact broadly with
one kinase group but are selective outside of the target
group(s).19 They can consist of compounds with diverse
chemical structures and modes of action (including both type I
and II inhibitors).19

For many marketed small molecule kinase drugs, their
tightest interactions are with the primary targets of which the
drugs were developed against (Figure 5). Some can be referred
to as unispecific, whereas others target more than 100 kinases
simultaneously, making it difficult to attribute their biological
effects to any mode of action.18,20 Examples with exceptional
selectivity include gefitinib, lapatinib, tofacitinib, and afati-
nib.18,19,21 The differences in affinity between the intended
target and off targets vary. For example, a ∼10-fold difference
can be observed between the intended target of erlotinib
(EGFR) and other off targets, yet for an alternate EGFR
inhibitor vandetenib this difference is 2-fold; neither of which
seem to demonstrate group selectivity.17 Furthermore, related
drugs erlotinib and gefitinib with similar selectivity profiles can
have differing numbers of primary targets.17 Several of the
marketed drugs display obvious group selectivity. Tyrosine
kinase group selectivity is clearly observed for vandetanib,
dasatinib, nilotinib, and imatinib and is present but less
obvious for tamatinib, crizotinib, ruxolitinib, pazopanib, and
erlotinib.17,19,21 Furthermore, bosutinib, axitinib, and neratinib
display selectivity across both the tyrosine kinase and serine/
threonine kinases groups.17,19,21 On the contrary, although
sorafenib and sunitinib act as pan-kinase inhibitors,19,21 they
do hit their primary target in the clinic but with some off-target
related toxicity. Kinases can be classified according to their
tendency to bind to chemical compounds, as exemplified by a
recent study highlighting a number of kinases, which are highly
susceptible to chemical inhibition, e.g., FLT3, TRKC, and
HGK/MAP4K4, while others were less susceptible, e.g.,
COT1, NEK6/7, and p38-γ.20

■ PRESENT AND FUTURE KINASE DRUG
DEVELOPMENT

Although the development of kinase drugs is now an
established field, and still growing, problems with drug

resistance, toxicity, and selectivity are evident.5 In this section
we will review some emerging trends in kinase drug discovery
that may address some of these challenges.
Allosteric inhibitors are mechanistically diverse, as they may

occupy binding pockets or inhibit different protein−protein
interactions that only apply to particular kinases or small
families of kinases. Consequently, they often give high kinome
selectivity.22 For natural products this concept is not new as

exemplified for rapamycin (sirolimus) and the subsequently
designed rapamycin analogues (rapalogues)23 such as ever-
olimus and temsirolimus that target a specific allosteric
mechanism to inhibit mTOR. However, for small molecules,
FDA approvals of allosteric inhibitors are recent, as seen for
the MEK inhibitors cobimetinib,24 binimetinib, and trameti-
nib,25 with other clinical candidates following (e.g., selumeti-
nib); Figures 3 and 5. There is also an interest in the use of
allosteric inhibitors as a way of providing a differentiated
mechanism to ATP pocket binders. One interesting example is
the progression of BCR-Abl inhibitor asciminib (Figure 3) into
clinical studies.26 Asciminib is being clinically combined with
Type I/II BCR-Abl inhibitors such as nilotinib, imatinib,
dasatinib, and bosutinib as an example of a “double hit”
strategy where two kinase inhibitors with orthogonal
mechanisms target the same kinase, potentially providing a
more durable response, with reduced potential for relapse due
to point resistance mutations. The screening methods for
identifying allosteric kinase inhibitors have become increas-
ingly sophisticated, and therefore, there has been a gradual
shift from serendipitously discovered inhibitors (e.g., from cell-
based screens) to biochemical cascades that are set up to
screen for such inhibitors, for example, by varying the ATP
concentration to screen out ATP-competitive inhibitors.
However, overall allosteric inhibitors present a design
challenge to the medicinal chemist. The productivity of kinase
drug discovery thus far has benefited from ATP-pocket binders
having multiple activities across the kinome. Thus, historical
project compounds for target X in corporate collections often
provide a good starting point for new target Y, and recurring
structural motifs have proved to be useful across multiple
kinase targets.27 As well as requiring a different screening
cascade, larger and more structurally diverse compound
collections and/or alternative screening strategies (e.g.,
structurally guided fragment-based programmes28) may be
required to be equally productive in identifying potent
allosteric hit molecules.
While the range of binding modes (Types I−IV) may be

increasingly diverse, the molecules shown in Figure 5 are all
inhibitors. Another interesting modality that is rapidly gaining
traction is degradation or indirect downregulation as an
alternative paradigm to inhibition. While this concept is yet to
be tested in a clinical setting, the significant investment in this
area in pharmaceutical discovery means that it will likely have
an impact on the clinic in the future and may even yield
marketed drugs. Degradation may be achieved via various
modalities, but the recent interest in proteolysis-targeting
chimeras (PROTACS) is particularly noteworthy29 and has
resulted in preclinical reports of degraders of a number of
kinases, including BTK,30,31 BCR-Abl,32 and CDK9.33 This
approach offers great potential in the rational design of kinase
degraders, as in theory most kinase ligands could be converted
to a PROTAC if a suitable vector and linker out to solvent can
be designed to attach the E3 ligase binder. However, the size of

Figure 3. Advanced allosteric clinical candidates.

Figure 4. Emerging immune-oncology inhibitors.

ACS Medicinal Chemistry Letters Innovations

DOI: 10.1021/acsmedchemlett.8b00445
ACS Med. Chem. Lett. 2019, 10, 153−160

156

http://dx.doi.org/10.1021/acsmedchemlett.8b00445


the resulting molecule may mean that pharmacokinetic
properties have to be carefully optimized if oral administration

is desired. Alternatively, there are reports of small molecule
inhibitors for certain kinases acting as downregulators. One

Figure 5. This figure depicts the INN drug names, INN registration dates, chemical structures and classification by relevant biological targets of
FDA approved small molecule kinase inhibitors. Structural similarities within the respective groups are highlighted. *Reduced selectivity; **Highly
promiscuous kinase inhibitors.
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such example is PF-956980, which was reported to be a pan-
JAK inhibitor but a downregulator of only JAK2 and JAK3
(not JAK1 and TYK2), which affects via mRNA down-
regulation.34 Rational design for downregulation with a small
molecule may be challenging, but broader screening of
compounds to investigate possible effects on cellular protein
levels by serendipity offers an opportunity to discover
additional examples. One advantage of this approach is that
such rule of five compliant molecules are more likely to have
suitable pharmacokinetic properties for oral administration.
A topic that is particularly significant for oncology has been

an increased focus on designing kinase inhibitors that target
specific oncogenic mutations to enhance the efficacy for
patients whose tumors harbor such mutations. An example of
this approach is EGFR, where it was found that inhibitors such
as gefitinib and erlotinib are more efficacious with patients that
harbor activating mutations such as L858R and Exon 19
deletion, although this understanding came from postanalysis
of the data from clinical trials.35 Resistance to EGFR inhibitors
can also occur, most commonly due to the T790M mutation,
which has an increased affinity with ATP.36 Furthermore,
compounds such as afatinib have been designed with a
covalent warhead that binds irreversibly to C797, thus
conferring increased cellular activity for the activating
mutations and T790M, but also for wild type EGFR. The
high activity against wild-type EGFR limits clinical utility
against T790M due to toxicity. More recently, medicinal
chemistry programs have combined targeting of the double
mutants (activating mutation plus resistance mutation), as well
as designing in selectivity versus wild type EGFR to widen
therapeutic margin, which has resulted in the approval of
osimertinib.37 Targeting specific mutations have resulted in a
number of other approvals, notably for ALK, where targeting of
the EML4-ALK4 fusion with drugs such as crizotinib38 has
evolved into an increased focus on gatekeeper resistance
mutation L119M and a host of other mutations in the ATP
pocket, and activity against some or all of these mutations39

has been reported for approved drugs such as ceritinib,
alectinib, and brigatinib.40−43 Successor compounds of
imatinib, such as nilotinib and ponatinib, are examples of
other drugs that display distinct kinase mutant-targeting
profiles.44

Another potential topic for the future of kinase modulation
is the targeting of pseudokinases, which represent a significant
portion of the kinome (∼10%)45 and yet has relatively few
reported inhibitors. The pseudokinases are structurally similar
to catalytically active kinases and consequently may retain
some affinity for ATP. They do not catalyze the transfer of a
phosphate moiety from ATP, but they may have other
functions in the cell, e.g., through protein−protein interactions.
In a similar vein, catalytically active kinases may also have
noncatalytic functions that could be modulated by medicinal
chemists, which represents a further opportunity. A number of
clinical and preclinical compounds have been reported,46

which give promise for the future.
In terms of medical applications, as discussed above, most

approved drugs and clinical candidates within the kinase field
continue to be for oncology indications. One noteworthy
recent development is a significantly increased focus on
immuno-oncology (IO), both in the clinic and preclinically. IO
can be defined as the stimulation of an immune response to a
tumor, either directly by affecting immune cell function or
indirectly via modulation of the tumor microenvironment.47

While the IO field initially focused on checkpoint inhibitors of
targets such as PD-1 and PD-L1, many of the emerging IO
targets are kinases, which have given renewed interest in such
targets and inhibitors as CSF1R48 (e.g., pexidartinib, Phase 3),
ALK549 (e.g., galunisertib, Phase 2/3), and PI3Kδ/γ50 (e.g.,
idelalisib) to name a few (Figures 4 and 5). From a medicinal
chemistry perspective, the challenges of IO are not specific to
the field, indeed many examples of compounds being
positioned for IO were discovered earlier and have been
subsequently repositioned. However, the ability to combine
with other drugs may be an even greater consideration for IO
kinase inhibitors, which may favor compounds with no drug−
drug interaction potential and high selectivity, and the ability
to deliver flexible dosing schedules (continuous or intermittent
dosing, or “priming”) may be important for some targets and
thus may lead to specific requirements for pharmacokinetic
properties.
Overall, it is an exciting time for the kinase field, with novel

targets, mechanisms of drug action, and drug binding sites. The
field has followed a fresh direction, moving beyond standard
ATP mimic inhibitors. This strategy promises to yield
fundamental insights into novel kinase biology and targeting,
facilitating game changing breakthroughs in kinase drug
development.
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dependent kinase; CML, chronic myelogenous leukemia;
COT1, serine/threonine-protein kinase cot-1; EGFR, epider-
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mal growth factor receptor; ErbB, erythroblastic leukemia viral
oncogene homologue (ERBB) receptors; FDA, Food and Drug
Administration; FLT3, Fms-related tyrosine kinase; GIST,
gastrointestinal stromal tumors; IGF1R, insulin-like growth
factor-1 receptor; INN, International Nonproprietary Names;
IPF, idiopathic pulmonary fibrosis; ITK, IL-2-inducible T-cell
kinase; ITP, immune thrombocytopenic purpura; IO, immuno-
oncology; JAK, Janus kinase; JNK, c-Jun N-terminal kinases;
KI, kinase inhibitor; MAP2K, mitogen-activated protein kinase
kinase; MAP4K4, mitogen-activated protein kinase kinase
kinase kinase-4; MAPK, mitogen-activated protein kinase;
MET, tyrosine-protein kinase Met; NEK6/7, NIMA-related
kinases 6/7; PI3Kδ, phosphatidylinositol-4,5-bisphosphate 3-
kinase delta; PROTACS, proteolysis-targeting chimeras; RET,
receptor tyrosine-protein kinase; SYK, spleen tyrosine kinase;
TRKC, tropomyosin receptor kinase C; VEGFR, vascular
endothelial growth factor receptor; WHO, World Health
Organization
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