Rheumatoid arthritis
[RA). A progressive aulommune
andinflammatory disease
manifested by joint pain and
sweling in the feet and hands
that can cause permanent oint
destruction and deformity.

Inflammatory bowel disease
(1BD). A group of disorders that
involve chronic inflammation
of the digestive tract, including
ulcerative colits and Crohn's
disease.

Crohn's disease
Aninflammatory disease that
causes inflammation of the
lining of the igestive tract,
which often spreads deep
into affected tissues.
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Abstract | Despite recent advances in the

Inflammation is a physiological response of the immune
system to injury and infection. This process signals the
immune system to heal and repair damaged tissue, as
well as to defend itself against infective agents, such
asviruses and bacteria. However, unresolved or inappro-

y diseases,

unmet medical needs in some areas still exist. One of the main therapeutic approaches to alleviate
dysregulated inflammation has been to target the activity of kinases that regulate production of
inflammatory mediators. Small-molecule kinase inhibitors have the potential for broad efficacy,
convenience and tissue penetrance, and thus often offer important advantages over biologics.
However, designing kinase inhibitors with target selectivity and minimal off-target effects can be
challenging. Nevertheless,immense progress has been made in advancing kinase inhibitors with
desirable drug-like properties into the clinic, including inhibitors of JAKs, IRAK4, RIPKs, BTK, SYK
and TPL2. This Review will address the latest discoveries around kinase inhibitors with an emphasis
on clinically validated autoimmunity and inflammatory pathways.

and kinase inhibitors (see below) are effective in treating
various inflammatory diseases, a large proportion of
patients are not responsive to current therapies, and
effective treatment approaches for this subset of patients
are needed’.

priately canbecome

Chronic inflammation is the primary cause of a broad
spectrum of diseases, including rheumatoid arthritis (RA),
inflammatory bowel disease (IBD; including gastrointesti-
nal conditions such as Crohn's disease and ulcerative colitis),
chronic obstructive pulmonary disease (COPD), asthma,
psoriasis and idiopathic pulmonary fibrosis (IPF), among
others'. Viral and bacterial infections or other insults
(such toxins, chemicals and so forth) can lead to uncon-
trolled acute mﬂammnmry responses and injury often

diseases refer to a spectrum of condi-
tions in which the immune system mistakenly attacks
one’s own body". This autoimmune response often
involves dysregulated adaptive immunity (mediated by
Band T lymphocytes) towards anatomical self-antigens
(such as insulin)®. Certain human leukocyte antigen
(HLA) genes have also been demonstrated to be predic-
tive of the development of autoimmune diseases. HLA
‘molecules on antigen-presenting cells present antigens
to effeuor T cells in an interactive process required for

seen in patients with conditions

ific T cell activation. Effector T cells then

(such as COPD or asthma). Acute lung injury (ALI) isa
syndrome with diagnostic criteria based on hypoxaemia
and a classical radiological appearance, with acute respi-
ratory distress syndrome (ARDS) at the severe end of
the disease spectrum impairing gas exchange, leading to
multiple organ failure widespread inflammation in the
lungs and sepsis’. A recent example of virally induced
ALIand ARDS includes SARS-CoV-2 infection, which is
associated with a cytokine storm (characterized by high
levels of IL-6, IL-12 and IL-1p, and tumour necrosis fac-
tor (TNF)) and defective type I interferon activity’. This
inflammatory response resembles the cytokine release
syndrome observed in patients receiving chimeric
antigen receptor (CAR) T cell therapy and bispecific
T cell-engaging antibodies, which can be treated with
anti-cytokine therapy targeting the IL-6-IL-6 receptor
(IL-6R) signalling pathway’. Although select biologics

generate local inflammation by producing inflamma-
tory cytokines or directly damaging the tissues, whereas
CD47CD25" regulatory T (T,,) cells counteract the
inflammatory response to maintain immune homeo-
stasis in tissues. Autoimmune diseases are on the rise
and contribute to approximately 100 clinical indications
affecting 3-5% of the population®. They are caused by
the deregulation of such cellular dynamics resulting in
organ damage, including systemic lupus erythematosus
(SLE; systemic disease with many organs targeted),
type 1 diabetes (affecting the pancreas), multiple scle-
rosis (which affects the central nervous system), coeliac
disease (which affects the small intestine), primary
biliary cirrhosis (affecting the liver), chronic spontane-
ous urticaria (which affects the skin), immune throm-
bocytopenic purpura (ITP; platelets), autoimmune
haemolytic anaemia (which affects red blood cells) and
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B cellactivating-factor receptor; BCMA, B cell maturation antigen; BCR, B cell receptor:

BTK, Bruton’s tyrosine kinase; CD40L, CD40 ligand; CSFIR, colony-stimulating factor 1

receptor; CTLA4, cytotoxic Tlymphocyte-associated protein 4; FeeR, Fee receptor; IKKe,
R

inhibitor of NF-kB subunit-g;
inducible T cell kinase: JAK. )
ht-chain-enhancer of activated B cells; NIK, NF-kB-inducing
kinase; RANKL, receptor activator of NF-«B ligand; RIP1, receptor-interacting protein 1;
RLK, resting lymphocyte kinase; ST2, IL-1R-

NF-«B, nuclear factor-«-lig

L-1R, L1 recepts

AK, IL-1R-associated kinase; ITK, IL-2-
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Kinases (518 encoded in genome) are enzymes that
phosphorylate up to one-third of the proteome, and their
utility as drugs is expanding in cancer, inflammatory
and neurodegenerative diseases’. Owing to the distri-
bution of select kinases in multiple signalling cascades
inimmune cells, the use of small-molecule kinase inhibi-
tors has the potential to disable inflammation in a tar-
geted fashion"’. In addition, emerging dala suggest |hal

ination therapy with

d kinase: MD2, myeloid factor 2;

1; SYK, spleen tyrosine kinase; TACI,

transmembrane activator and CAML interactor: TBK1, TANK-binding kinase 1; TCR, T cell
receptor; TEC, Tec protein tyrosine kinase; TLR, Toll-like receptor; TNF, tumour necrosis
factor; TNFR, TNF receptor; TPL2, tumour progression locus 2; TSLP, thymic stromal
lymphopoietin; TYK2, tyrosine kinase 2.

(such ics and kinase inhibitors)
may be more effective than single agents!"*”. Therefore,
a comprehensive understanding of signalling kinases
combined with the ongoing clinical evaluations should
lead to the discovery of effective therapies.

There has been tremendous progress in advancing
several kmase mhlhm)rs into preclinical and clini-

Ulcerative colitis
Aninflammatory disease that

causes inflammation and sores
(ulcers) inthe innermost lning

of the colon and rectum

Chronic obstructive
pulmonary disease
(COPD). A chronic inflammato

IgA nephropathy (which affects kidney glomeruli),
among others’.

Autoinflammatory syndromes are a rare set of dis-
orders caused mostly by genetic mutations that affect
innate immune cells (such as macrophages or neutro-
phils) and lead to uncontrolled activation of the immune
system when there is no actual infection’. These patients
often respond better to select anti-inflammatory drugs
(suchas anti- -TNF or anti-IL- lp)hut not broad immuno-

Examples of y disorders
include familial Mediterranean fever, TNF receptor-
associated periodic syndrome, cryopyrin-associated
periodic syndromes, deficiency of the IL-1 receptor
(IL-1R) antagonist (IL-1Ra), deficiency of the IL-36Ra
and interferonopathies’.

Although understanding signalling pathways in
inflammatory and autoimmune diseases is challeng-
ing, preclinical and clinical research has been greatly
instructive for therapeutic development. Biologics
(such as antibody antagonists or fusion proteins) have
validated several pathogenic pathways involved in these
diseases (FIG. 1). Examples include therapies that use
inhibition of cytokine receptors and/or ligands (such
as TNE and IL-1), cellular depletion to reduce patho-
genic cellular response (such as anti-CD20 antibodies
for B cell depletion to imit autoantibody production

lung disease that causes
obstructed airflow from
the lungs accompanied by
breathing difficulty, cough,
mucus production and
wheezing.

Idiopathic pulmonary
fibrosis

(IPF). A chronic and
progressive fibrotic lung
disease with unknown
aetiology accompanied
by scarring, resulting in
persistent dry, hacking
cough

Hypoxaemia
Anabrormaly low
concentration of

oxygen in the blood

or Bcell senting cell function) or
inhibition of cellular dlff:renuanon (such as inhibi-
tion of macrophage colony-stimulating factor 1 recep-
tor (CSFIR) to reduce macrophage differentiation).
Recently, strategies to stimulate immune receptors to
reset productive immunity are evolving as a powerful
approach in drug development’.

However, there are still considerable unmet medical
needs for the treatment of some inflammatory (COPD,
IPF and IBD) and autoimmune (SLE, type 1 diabetes,
primary biliary cirrhosis, Graves disease and multiple
sclerosis) diseases, indicating the demand for effective
therapeutics’. Even for diseases such as RA, for which
several approved drugs exist, 74% of patients are not
satisfied with their current treatment, according to
surveys®. Thus, availability of effective treatments with
disease-modifying potential and minimal adverse effects
to reset productive immunity is crucial.

cal i sociated kinase inhibitors
(JAKis) have already been proven clinically beneficial
for the treatment of RA and are being advanced in sev-
eral other indications (Crohn’s disease, alopecia areata,
psoriasis, Alzheimer disease); however, intense efforts
are underway to optimize their selectivity and modes of
delivery to reduce toxicity". This Review captures the
current efforts, progress and new discoveries around
kinase inhibitors with an emphasis on key clinically
validated pathways and targets with potential to mitigate
human disease.

Inflammation and immune response
Tissue inflammation involves an influx of immune cells
— including monocytesand

to various tissues, such as the skin, gut or lung'. Thls
process is often regulated by a complex hierarchy of
immune cells, cell surface receptors, signal transduction
and the resultant gene transcription and translation of
immunomodulating factors. Activation of receptors
on immune cells drives signalling cascades that dic-
tate, maintain and amplify local or systemic immune
responses. Accordingly, chronic or dysregulated signal-
ling can perpetuate inflammation and generate excessive
levels of superoxide radicals, proteases, and cytokines
and chemokines that can then cause tissue damage'".
Importantly, the production of these pro-inflammatory
‘mediators s subject to multiple regulatory mechanisms at
the transcriptional and post-transcriptional levels. Early
induction of the majority of inflammatory transcripts
depends on transcription factor networks including
NF-kB (canonical and non-canonical), signal transdu-
cers and activators of transcription (STATs), nuclear fac-
tor of activated T cells (NFATs) and interferon-regulatory
factors (IRFs). However, the net production of the correr
sponding p ,in part, on mitogen-acti
protein kinases (V[APK) and molecular programmes
that regulate transcript stability and translation'. The
canonical NF-kB pathway mediates the activation of
transcription factors NF-kB1 p50, transcription fac-
tor p65 (encoded by RELA) and proto-oncogene REL,
whereas the non-canonical NF-kB pathway selectively
activates p100-sequestered NF-kB members, predomi-
nantly NF-kB2 p52 subunit and RelB"". MAPK signal-
ling (such as that mediated by ERK1/2 and p38) regulates
RNA stability and translation of cytokines, which enable
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Plasmacytoid dendritic cells
(pDCs). Specialized,
immunomodulatory dendritic
cells that produce large
quantities of type | nterferons
in response to viral antigens,
with limited capacity to present
such antigens to T cells

Autoantibodies
Antibodies reactive against
an individual’s own tissues
ororgans.

immune cells to respond promptly'“. The STAT family of
transcription factors integrates the signalling cascade
of several cytokine receptors and ligands". Activated
STATs bind to GAS (IFNy-activated sequence) DNA ele-
‘ments, and initiate transcription of target genes. Diverse
outcomes of STAT signalling are not only determined
by the expression of specific receptors but also by the
interaction of STATS (such as STATS) with cofactors, and
by the cell-specific activity of members of the suppressor
of cytokine signalling (SOCS) family, which negatively
regulate STAT function'". Therefore, complex positive
and negative regulatory networks orchestrate immune
responses.

The physiological or pathogenic immune response
involves multiple receptors on different immune cells
and their cognate ligands. Host immunity is divided
into innate and adaptive immune responses’”. The
former reacts rapidly and non-specifically to pathogens,
whereas the latter responds in a slower but specific man-
ner, with the generation of long-lived immunological
memory". Strict regulation of immune response is partly
regulated by CD4* T helper (T,,) cells because they regu-
late the function of other immune or even non-immune
cells". Naive CD4" T cells can differentiate into multi-
ple distinct T cell subsets, such as T, 1, T, 2, T,,17 and
T, cells, depending on the cytokine milieu'®, T, cells
are essential in preventing autoimmune diseases and
avoiding prolonged immunopathological processes
and allergies acting via classic suppressive mechanisms
on other immune cells as well as reparative functions'.
B cells, in addition to their function in antibody pro-
duction, also express a high level of MHC class IT and
can present antigens to T,, cells to mount an immune
response”. Self-reactive B cells and T cells can turn the
immune system against its own body to cause various
autoimmune disorders’.

The innate immune response is carried out by neu-
trophils and plasmacytoid dendritic cells (pDCs), baso-
phils, natural killer cells, innate lymphoid cells and
granulocytes’!, These cells express various cytokines
and selected receptors and ligands to mount an immune
response’’. Cytokines and other inflammatory medi-
ators function as messengers that bind to specific
receptors to regulate immune response’. The TNF
superfamily contains 19 members that bind 29 recep-
tors that are expressed predominantly by immune cells
and function as cytokines regulating diverse cellular
functions, including immune response and inflam-
mation®. The IL-1R family comprises ten members*,
and includes several ligand-binding receptors (IL-1R1,
IL-1R2, IL-1R4, IL-1RS5, IL-1R6), two types of accessory
chain (IL-1R3, IL-1R7), molecules that act as inhibitors
of IL-1 and IL-18 cytokines (IL-1R2, IL-1R8, IL-18BP)
and two orphan receptors (IL-1R9, IL-1R10) with no
known ligand”’. The majority of the receptors from the
IL-1R family promote activation, proliferation, differen-
tiation and production of pro-inflammatory cytokines
from various cell types™. IL-6 is a pleiotropic cytokine
implicated in several discases, including arthritis, sepsis,
anaemia of chronic diseases, angiogenesis acute-phase
response, bone and cartilage metabolism disorders and
cancer”’. IL-6 binds IL-6R, which has two subunits,

wwiw.nature.com/nrd

IL-6Ra and IL-6Rp (also known as gp130). Cells only
express gp130 and are not responsive to IL-6 alone, but
they can respond to a complex formed by IL-6 bound
to a naturally occurring soluble form of the IL-6R, a
process known as trans-signalling and that controls the
pro-inflammatory responses of IL-6 (REF*). The dis-
covery of the IL-6-IL-6R axis provided a foundation to
understand the biology of a group of related cytokines,
including the IL-12 family of cytokines (IL-12, IL-23,
IL-27, IL-35), which use shared receptors and cytokine
subunits™. IL-12 is produced by innate cells, such as
‘macrophages and dendritic cells, and binds to a hetero-
dimeric receptor formed by IL-12R@1 and IL-12RB2,
which promotes development of IFNy-producing
T, cells from naive T cells™. IL-23 is also produced
by innate cells and signals through the IL-23R and
the shared subunit IL-12RB1 (REF?). IL-23 is a hetero-
dimeric cytokine formed by the p19 and p40 subunits
that binds the IL-12RB1 and IL-23R receptor complex
expressed by several cells (natural killer cells, macro-
phages, dendritic cells, memory T cells and keratino-
cytes). Comparing the phenotypes of mice deficient in
1L-23 or IL-12 receptor and ligand subunits established
that IL-23 is a main culprit in autoimmune disease
models***, IL-23 facilitates the production of IL-17
in T, 17 cells and acts on cellular targets — including
Keratinocytes, neutrophils, endothelial cells and fibro-
blasts — to stimulate production of various chemokines
and cytokines, which, in turn, promote tissue inflam-
mation®. Correspondingly, the blockade of IL-17 or
1L-23 is effective in managing the symptoms of certain
diseases, such as psoriasis”.

1gG Fc receptors (FcRs) bind to antibodies to clear

ates inflammatory signalling via the immunoreceptor
tyrosine-based activation motif (ITAM) in phagocytic
or cytotoxic cells to destroy microbes, or in infected cells
by antibody-mediated phagocytosis or antibody-
dependent cell-mediated cytotoxicity”. In similar fash-
ion, autoantibodies and autoimmune complexes (auto-
antibody bound to self-antigen) may serve as pathogenic
factors in autoimmune or inflammatory injury, as they
are responsible for the initiation of the inflammatory
cascade and its resulting tissue damage™.

Toll-like receptors (TLRs) are sensors of microbial
antigens that recognize pathogen-associated molec-
ular patterns (PAMPs), which are conserved structures
found on microbial cell walls that activate the host
innate immune response’. TLRs can also recognize
damage-associated molecular patterns (DAMPs) that are
generated in the host following tissue injury or cellular
activation™. There are ten TLRs identified in humans
(TLRI-TLR10). Most TLRs are expressed on the cell
surface and recognize antigens present on bacterial outer
membranes. TLR3, TLR7, TLR8 and TLRY, however,
are expressed intracellularly in endosomes and recog-
nize nucleic acid ligands from various sources, includ-
ing viruses or DAMPs". Excessive TLR activation by
DAMPs or PAMPs disrupts the immune homeostasis
by sustained pro-i cytokine jon, and

to the of several

inflammatory diseases".
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Breakthrough designation

Aprocess designed to expedite
the development and review
of drugs that are intended to
treat a serious condition and
for which prefminary cincal
evidence indicates that the
drug may demonstrate
substantial improvement
over avalable therapy on
aclinically significant end
points).

Targeting kinases in immunity

Signalling from multiple cytokine receptors converges
on a few kinases — such as JAK1 — which has made
kinases potential targets to disable inflammation in a
targeted fashion". In cases such as JAK1, even partial
target inhibition is sufficient to reduce several patho-
genic pathways simultaneously in the clinic”’. Other
kinases with restricted or preferred immune cell func-
tion are emerging as promising drug targets to alleviate
dysregulated inflammation with reduced side effects.
For example, the non-canonical NF-kB pathway is less
universal and integrates signalling cascades down-
stream of selected immune receptors that are validated
as attractive drug targets, such as CD40 and BAFFR
(also known as tumour necrosis factor receptor super-
family member 13C (TNFRSF13)) in immunological
disorders’® or NF-kB-inducing kinase (NIK; also
known as MAP3K14). In addition, select kinases (such
as MAP3KS, also known as tumour progression locus 2
(TPLZ)) Pzrllclpzle in pcsmve feedbzck loops in which
mediators
re-engage the original slgnn]lmg cascade to activate the
same kinase. TPL2 is transcriptionally induced and acti-
vated by the inflammatory receptors, including multi-
ple TLRs, TNF receptor 1 (TNFR1), IL-1R1 and IL 1R2

REVIEWS

support the utility of other Kinases, including p383, p38y,
IL-2 inducible T cell kinase (ITK), NIK, TANK-binding
kinase 1 (TBK1), inhibitor of NF-kB subunit-¢ (IKKe),
cyclin-dependent kinase 8 (CDKS) and CDK19.

In the following sections, we provide an overview
of several kinases that are positioned in key inflamma-
tory cascades and their utility as drug targets in various
inflammatory diseases.

JAKs and TYK2
The JAK family of kinases includes JAK1, JAK2, JAK3
and non-receptor tyrosine-protein kinase TYK2 (REF ).
JAKSs transduce signals from many cytokine receptors
of the interleukin and interferon families as well as from
growth hormone and erythropoietin (EPO)" (FIG. 2).
JAKs transduce signalling of IL-2R, IL-4R, IL-5R, IL-6R,
IL-13R and type I interferons, which all have been vali-
dated as pathogenic pathways in different diseases such
as RA and asthma. TYK2 is activated downstream after
receptor binding by IL-23, IL-12 and type I interferons,
each of which are implicated in the pathogenesis of
multiple inflammatory diseases™. Dedicated combina-
tions of STAT family members (STAT1-STAT6) unique
to each receptor and the associated docking sites are
recruited and phosphcryla(ed byJAKS, leading to STAT

2 nuclear ca for

(REF™). TPL2 also amplifies local i pro-
moting the production of TNF and IL-1, whxch bmd
and activate their corresponding receptors”’. Therefore,
inhibition of TPL2 may disrupt the feedback loop and
dampen such pathogenesis in diseases such as RA, IBD
and psoriasis™’.

It should be emphasized that challenges remain for
targeting kinases and the success rate for the genera-
tion of selective small-molecule inhibitors is low. This
is because most kinase inhibitors are aimed to bind to
the kinase pocket to compete with the ATP-binding site,
which is highly conserved across the kinome. In addi-
tion, signal transduction for some kinases may extend
beyond its activity, with additional roles in creating
structural docking hubs (such as IRAK4 as discussed
below)™**. Another obstacle is the complexity of each
signalling pathway in different cell types, which is not
well understood in humans.

IRAK4 functions downstream of several innate
immune cell receptors, such as TLRs and IL-1Rs.
Most recently, for the first time, positive clinical data
have been reported with IRAK4 inhibitors in patients
with RA, opening an opportunity for probing this tar-

indication:

gene rcgulauon [F\u 2).

JAKis, both reversible and irreversible, have been
advanced to clinical evaluation with varying degrees of
selectivity'" (FIG. 7). Covalent inhibitors bind irreversibly
to kinase pockets or to the adjacent chemically reactive
amino acid (usually cysteine, lysine or aspartic acid)
to form a bond and block activity (TABLE 1). Tofacitinib
was the first JAKi approved for the treatment of RA and
inhibits JAK3, JAK1 and, to a lesser degree, JAK2 (REF ).
Baricitinib is also approved for RA and inhibits JAK1
and JAK2 (REF ™). Peficitinib is a pan-JAKi awaiting more
clinical data". PF-06651600 is the only irreversible cova-
lent JAK3i tested for the treatment of RA, alopecia areata
and ulcerative colitis with breakthrough designation'**".
PF-06651600 is unique among JAKis in that it inhibits
only cytokine receptors that use the common y-chain.
PF-06651600 has selectivity for JAK3 owing to its cova-
lent interaction with a cysteine residue (Cys909) in
the catalytic domain of JAK3, which, in the other JAK
isoforms, is replaced by a serine residue'". Figlotininb
(Gilead) is a selective JAK1i that is effective in modula-
ting the immune response (measured by cellular and

get across several other .
Receptor-interacting serine/threonine protein (RIP)
kinase inhibitors are under investigation in patients
with RA, ulcerative colitis and neurodegenerative dis-
eases; multiple Bruton’s tyrosine kinase (BTK) inhibi-
tors (BTKis) are being evaluated in lupus and RA™;
and a TPL2 inhibitor is advancing in clinical studies
with promising potential for multiple inflammatory
diseases*. Several inhibitors of tyrosine-protein kinase
SYK are currently being evaluated for the treatment of

anaemia, IgA and
chronic spontaneous urticaria”. Beyond these advanced
targets, the emerging genetic and functional data plus
the availability of experimental tool kinase inhibitors

serum bi and achieving clinical response in
patients with moderate to severe RA"'. JAK3 may be a
potential target in asthma and organ transplants based on
preclinical model studies that have described its selective
activation downstream of [L-4, IL-15 and IL-21 recep-
tors, all of which use the common y-chain®~* (FIG. 1).
PF-06651600 can also inhibit the tyrosine-protein kinase
TEC family including BTK, bone marrow kinase (BMX),
ITK, resting lymphocyte kinase (RLK) and Tec protein
tyrosine kinase (TEC) by binding similarly to the Cys909
shared in the binding pocket of the kinase domain™. The
inhibition of TEC kinases might expand the mechanism
of action of JAK3 to other cell types, such as lymphocytes
(see below). JAK2 is activated downstream of receptors
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Death domain
A protein domain that contains
six achelices that facilitate
interactions with death
domains in other proteins

in multisubunit complex
formation.

JAK inhibition may benefit the management of
COVID-19 patients by reducing JAK-dependent
cytokine storms (such as that mediated by IL-6 or IL-12)".
Baricitinib could also impair SARS-CoV-2 endocytosis
by inhibiting AP2-associated kinase 1 (AAK1) and the
cyclin G-associated kinase (GAK) kinases™. Several clini-
cal trials assessing the efficacy of JAKis in COVID-19
are ongoing, including baricitinib, ruxolitinib, tofac-
itinib and the nebulized TD-0903 molecule from
Theravance Biopharma’. In an initial open-label, small
trial (NCT04358614, 12 patients), baricitinib-treated
patients achieved significantly greater improvements in
clinical symptoms, lung function and hospitalization’
If successful, JAKis might be considered for patients with
non-COVID-19-induced ALIand ARDS. It is crucial to
identify companion predictive and diagnostic biomark-
ers to improve the diagnosis and treatment of patients
with ALI and/or ARDS’.

IRAK1 and IRAK4

IL-1Rs and TLRs share a conserved Toll/IL-1R recep-
tor (TIR) domain on the cytoplasmic tails of each
receptor, and therefore categorically use similar signal-
ling pathways“. The TIR domain on all IL-R family
‘members (except for TLR3) recruits the TIR domain
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found on the carboxy terminus of myeloid differenti-
ation primary response 88 (MyD88)"". On its amino
terminus, MyD88 contains a death domain that recruits
respective death domains found on IL-1R-associated
kinases (IRAKs), and together they form a signalling
complex called the Myddosome™*” (FIG. ).

As with most kinases, IRAK activity is modulated, in
part, by conformational changes and post-translational
modifications™*. At the Myddosome, IRAK4 is acti-
vated via trans-autophosphorylation to then activate
IRAK1 by phosphorylation™ (FIG. 3). Activated IRAK1
and TNER-associated factor 6 (TRAF6) dissociate from
the Myddosome and activate TGFf-activated kinase
1-binding protein 1 (TAK1), a member of the MAPK
kinase family™-*'. TAK1 activates IKKp in the IKK com-
plex, which phosphorylates NF-kB inhibitor-a (IkBa),
resulting in MAPK activation and NF-kB-regulated
transcription®** (FIG. 5). IRAK2 may not be required
for receptor-mediated NF-kB activation, but it has been
observed that IRAK2-mediated post-translational modi-
fications are important for mRNA stability and trans-
Tation by facilitating nuclear export of NF-kB-regulated
transcripts™*". IRAK3 lacks kinase activity owing to
the absence of an aspartate residue at the active site
and, instead, inhibits IRAK signalling by binding to

Table 1| Mechanisms of kinase inhibition
Description Pros
ATP competitive inhibitors (type  or DFG inactive)

Cons

Compete with or block ATP bindi

tofindlead  Desired v be difficul

ing to ively
inactivate enzyme (e.g. tofacitinib, ODC -0853)  matter.

Must be potent to compete witha
A et

bind to diverse molecular
ldl

scaffolds

Allosteric inhibitors
bili

ma

ATP leading to K/IC50 disconnect

Limited coverage, generally targeting
only the active form of enzyme

Binding may differ depending on the
signalling pathway

the target
enzyme

Type l: ATP competitive, DFG inactive

Often have a slow off rate

to establish lttofind lead matter

Allosteric sites may not be available
inthe ki i

Type II: ATP competitive, DFG out

(e.g. Gleevec, etc)

Type ll: active site allosteric (ATP and

the inhibitor can bind simultaneously to the
protein (e.g. cobimetinib/MEK, necrostatins,
RIP1)

Type IV: allosteric, ATP non-competitive or
uncompetitive (e.g. Abl GNF-101, TYK2)
Covalent inhibitors

Bind b " P v

ATP

non-competitive sites can be
lower owing to no need to
compete with ATP

cysteine, lysine or aspartic acid) in or near the

ftargetenzyme  Need areactive amino acid near the

active site

Y Y F p i Reduced potential for
Kinase active site toirreversibly blockactivity |t (onC P s
(e.g. evobrutinib)
Higher potency at lower Covalent binding to the target
doses and non-traditional mechanism of
clearance resultin non-linear PK
Often unsuitable for proteins with
alowrate of turnover
ATP, zder\osmemphosphale DFG, Asp Phe-Gly; IC50, bi K, inhibi
Pk RIP1, g protein 1; TYKZ. tyrosine kinase 2
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Fig. 2| JAK1, JAK2, JAK3 and TYK2 integrate the signalli

* Survival

des of a di

of cytokine and growth

recepmrs The binding of extracellular igands leads to pathway activation via changes to the receptors that permit

associated J:

UAKs). Activated JAKs then phosphorylate both the receptor

and cognate signal transducer and activator of transcription (STAT)proteins, Activated and dimerized STATs then enter
the nucleus to bind to transcriptional regulatory sites of target genes. Receptors that use JAK2 and JAK3, JAK3 alone,
tyrosine kinase 2 (TYK2) alone or JAK3 and TYK2 have not been described. EPO, erythropoietin; GH, growth hormone:

GM-CSF, lony factor; LIF. leukaemia inhibitory factor; OSM, oncostatin M;
[ TPO, jetin; TSLP, thymi | et
for the cytokines thymic stromal lymphopoietin (TSLP),  the catalytic domain, preventing receptor-mediated acti-

IL-13,1L-23 and IFNy [FIC. 1). Ruxolitinib inhibits JAK2
and, to a lesser extent, JAK1 and JAK3, and is approved
for myelofibrosis and polycythemia vera”, Fedratinib
targets JAK2 and was recently approved for myelofibro-
sis, showing significant improvements in symptoms and
areduction in spleen size®.

Cytokine antagonists have provided a precedent for
the utility of selective JAKis in the clinic. The use of
tezepelumab, an antibody against TSLP in adults with
uncontrolled asthma, suggest that selective JAK2 inhibi-
tion might be beneficial . In addition, given the poten-
tial side effects of systemic JAKis, other localized routes
of administration of JAKis with unique biophysical
properties (such as those restricted to the gut, or topi-
cal or inhaled routes) may be beneficial in intestinal*,
dermatological** or respiratory™ diseases, although
determining the dosing regimens may be challenging
and it is not clear whether partial inhibition of systemic
JAKi is sufficient in all of these indications**.

A coding variant of TYK2 that protects from multiple

iseases™ leads to th i fa pro-
line residue with alanine at position 1104 (P1104A) in

Pseudokinase domain
Akinase-like domain ths
at least one of the conserved
catalytic residues,

at lacks

vation. This finding has enabled rationale designs to tar-
get TYK2 (REFS™), such as BMS-986165, which blocks
the receptor-mediated activation of TYK2 allosteri-
cally, in a mechanism similar to that of the deactivating
TYK2-P1104A coding variant. BMS-986165 targets the
pseudokinase domain of TYK2, which is promising in
the discovery of a selective inhibitor of TYK2 that lim-
its off-target effects in other kinases, particularly of the
related JAK kinases. BMS-986165 blocks IL-12 and IL-23
signalling in human cells and also prevents type I inter-
feron signalling, which showed protection from disease
in mouse models of colitis or SLE*, BMS-986165 was well
tolerated in healthy volunteers during a phase I trial and
dampened responses to an in vivo interferon challenge™.
It was also beneficial in psoriasis in a phase II study,
with a large phase II programme currently ongoing™.
Another selective TYK2 inhibitor, PF-06826647, is also
being tested in moderate-to-severe psoriasis in an ongo-
ing phase II clinical trial (NCT03895372). Furthermore,
another inhibitor that targets both TYK2 and JAK2,
PF-06826647, is also being tested in moderate-to-severe
psoriasis in a phase IT clinical trial (NCT03895372).
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and arresting IRAK4, IRAK1 and IRAK2 in inactive
states” . TLR7, TLR8 and TLRY induce the produc-
tion of both NF-kB-dependent cytokines as well as
type I interferons™. In pDCs, MyD88 forms a complex
with IRAK1, TRAF6, TRAF3, IKKa and IRF7. In this

TR
IL-1R

« Proinflammatory

y
kines
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] 0000000 "."”0....’.' * Differentiation

* Cellular activation

Fig. 3| IRAK4 is the upstream kinase that transduces TLRs and IL-1R signals. IL-1
receptor IL-1R)-associated kinase 1 (RAKI) and IRAK function i requlated by protein-

d by p may be uniquely
in different cell types i ponse. IL-1R or Toll-like
receptor (TLR; except for TLR3) engagement causesthe recruitment of adaptor protein
ponse 88 (MyD8S) to the TollIL-1R
receptor i tolnmate!he bly. MyDB8 recruits IRAK4
via death domaini IRAK4 s activated via ylation and s also
phorylated IRAK4 IRAK1, which

facmta(es IRAK1-tumour necrosis factor receptor-associated factor 6 (TRAF6) complex
formation. K48 ubiquitylation (blue circles) of IRAK1 is required for the activation of
TCFB -activated kinase 1 blnd g protein 1(TAK1), and its b\ndmg to TAB1 and TAB2
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complex, IRAK1 may directly activate IRF7 to drive
the expression of type I interferons. In conventional
dendritic cells, activation of TLR7 and TLR9 results in
IRF1-mediated IFN gene expression””. Mutations
in MYD88, IRAK4 or IRAKI found in patients have
revealed essential roles of these proteins in host defence.
Patients with an autosomal-recessive disorder who are
deficient in IRAK4 or MYDS$8 are equally susceptible to
a subset of pyogenic bacterial infections, but are resistant
to other infections, including other bacteria, most
viruses, fungi and parasites. As the first kinase in
the receptor signalling cascade, IRAK4 kinase activity
is most critical in activating pathways downstream of
IL-1R family members (FIC. 3) and, therefore, is a prime
target candidate for the treatment of several inflamma-
tory diseases” "', Mutations in the kinase domain in
IRAK4 that abrogate its activity protect mice in sev-
eral inflammatory disease models, including sepiic
shock’ ', acute liver injury", cardiovascular
disease’ and the APPPS1 Alzheimer disease model*.

The endosomal receptors TLR3, TLR7, TLR8 and
TLR9 cannot discriminate between self and foreign
nucleic acids, and therefore can pose serious threats to
the of
attributed to the activation of endosomal TLRs. IRAK4
inhibition using BMS-986126 in preclinical models of
lupus (MRL/lpr and NZB/NZW) demonstrated strong
attenuation of disease symptoms and minimal off-target
effects’™. Similarly, IRAK4 inhibition using PF-06650833
in patients with RA showed significant improvements in
disease severity™. Interestingly, deletion of IRAKI
resulted in only a partial loss of signalling in immune
cells in vitro™*". Only one IRAKI-deficient immuno-
compromised patient with deletions of several nearby
genes has been reported". In contrast to IRAK4, IRAK1
seems to be redundant downstream of the IL-1R in
human fibroblasts in vitro. However, IRAK is essential
for signalling downstream of TLR2, TLR6, TLR4, TLR7
and TLRS in fibroblasts as well as in mature B cells.
Therefore, the functions of IRAK4 and IRAK1 may be
cell type and receptor specific**". Interestingly, com-
pared with IRAK4 deficiency in humans, which confers
susceptibility to a few bacterial infection and decreases
with age, Irak4-deficient mice are susceptible to multi-
ple bacterial, viral, fungal and parasitic infections at
all ages™.

IRAK2 may partially compensate for a loss in acti-
vity of other IRAK: . IRAK?2 is required for the
production of pro-inflammatory cytokines™*’ where
IRAK2-TRAF6 interaction becomes rate-limiting after
IRAKI is degraded from the cells after prolonged TLR

©u
]

FNF-B (KK) NF-«B . Allosteric inhibitors that disrupt the inter-
inhibitor-a (IkBa) activation, which then leads to NF-8, mi Kinase  action between IRAK? and TRAF6 may hold potential
(MAPK) and interferon-regultory facto (RF) actvtion o ncuce the anscriptionof — for in  diseases
p Yoy " Hular proce has prol d ”RAK;’ such as RA and SLE.
activation by o The precise mechanisms of IRAK4 signal transduc-
K \ s '
A ALY oy i s tion are still being studied. Leukocytes and fibroblasts
phosphorylate IRF7 in p\asmacym.d dendritc cells”. The mecharism of RAK kinase from several IRAK4-deficient patients showed that

action
signalling hubs and other novel molecular scaffolds” .AP-I, activator protein 1; CREB,
‘ i 3 TAB, TGFp-activated kinase 1

binding protein; Ub, ubiquitin.

IRAK4 kinase activity was more essential for TLRs and
IL-1R-mediated signalling in innate immune cells than
in fibroblasts’, suggesting that IRAK4 may be regu-
lated differently in these cell types. One mechanism
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Pyogenic bacterial
infections

A condition characteristic of
primary immunodeficency

due to myeloid differentiation
primary response 88 deficiency
in which patients have

that facilitates IRAK1 and IRAK4 oligomerization is
K63 ubiquitylation® (FIG. 3). During ubiquitylation, the
C terminus of ubiquitin (Ub) is covalently attached to
the lysine residue of substrate proteins. First, the Ub
moiety is activated by E1 enzymes (also known as
Ub activating enzymes). Following activation, an E2

toinfections owing to their
inability to signal through
Tollike receptors to activate
inflammation.

enzyme (UBC) transfers Ub from E1 to
an E3 enzyme (also known as Ub ligases) to which the
substrate protein is specifically bound. The Ub moiety
contains several lysine (K) residues (such as K48 and K63)
and a methionine at the N terminus (M1), which can
attach another Ub to form a polyUb chain. K48-linked
polyUb chains control targeting of a substrate to 26 pro-
teasomes for degradation. K63-linked polyUb chains
provide additional structural scaffolding for protein—
protein interactions, which can facilitate signalling.
IRAKI has 31% sequence identity to IRAK4, and con-
tains two important lysine residues in the linker domain
that are required for K63-linked polyUb chains, which is
essential for activation of NF-kB™. Receptor engagement
has been shown to induce K63-linked polyUb chains on
several subunits of the Myddosome, suggesting that this
type of modification may be of particular importance in
this pathway””. Because IRAK4 provides structural integ-
rity to the Myddosome, it is possible that IRAK4 kinase
activity-dependent and activity-i mecha-
nisms work in parallel to facilitate cytokine production
downslream of lhe Myddosome o Therefore‘ fur!her

of

IRAK4 may yxeld Kinasc-independent and cell-specific
mechanisms of signalling.

It is unclear why TLRs and IL-1R have evolved to be
uniquely complex across cell types and species. It is pos-
sible that different mechanisms of activation can facilitate
the fine-tuning of a complex immune response. Immune
cells may be more sensitive to catalytic kinase activity
in order to trigger, as well as terminate, the immune
response, and other cell types such as epithelial cells or
fibroblasts might rely less on kinase activation to tran-
siently control inflammation and avoid collateral tissue
damage. Several IRAK4 inhibitors are currently being
evaluated in the clinic, including PF-06650833, BAY-
1834845, CA-4948 and R835 (FIG. 1). PF-06650833 was
shown to improve clinical scores in a phase II trial in
patients with active arthritis that is not responding to
methotrexate™’. There are no reports on IRAK1 or
IRAK4 ubiquitylation-specific modules that alter TLR
or IL-1R signalling in the clinical stage.

Receptor-interacting protein kinases
Receptor-interacting protein kinases (RIPKs) are critical
regulators of cell death and inflammation with important
roles in the mai of tissue b * (FIG. 4.
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cell death pathways” (FIG. 4). Necroptosis is referred
to as a regulated form of necrosis or inflammatory cell
death. Typically, necrosis or cellular injury is associated
with unprogrammed cell death that results from cellular
damage or invasion by pathogens, in contrast to orderly,
programmed cell death via apoptosis”. Binding of TNF
to the TNFRI triggers the recruitment of adaptor proteins
TNFR-associated death domain (TRADD), TRAF2 and
RIP1, and the Ub ligases inhibitors of apoptosis 1 and 2
(IAP1/2)". Ubiquitination of RIP1 mediated by IAP1/2
by addition of K63-linked and K11-linked polyUb chains
leads to recruitment of additional signalling complexes,
including the IKK complex (which includes NF-kB essen-
tial modulator (NEMO)), TAK1 associated with TAB2 and
TAB3, and the linear ubiquitin chain assembly complex
(LUBAG; which consists of E3 ubiquitin-protein ligase
HOIP and cofactors HOIL-1 and Sharpin) . Linear ubiq-
uitylation of RIP1 and several other TNFR1-associated
proteins further enhance TNF-stimulated NF-kB and
MAPK signalling. Conversely, deubiquitinases A20
and CYLD function to disassemble such polyUb chains
to limit NF-kB and MAPK activation in order to promote
cell death™"",

TNF induces cell death via apoptosis and necroptosis,
which largely depends on RIP1 and involves one trans-
location to the cytosol, where it binds FAS-associated
death domain (FADD) and caspase 8 (and caspase 10 in
some cases)” (FIG. 4). Caspases are effectors of apoptotic
cell death; however, in cases in which caspase 8 is inhibi-
ted or insufficiently activated, RIP1 can engage RIP3 in a

and RIP h: 1 motif
(RHIM)-dependent manner to form a necrosome™.
Autophosphorylation of RIP1 and then RIP3 results in
their full activation and leads to RIP3-mediated phos-
phorylation of the pseudokinase mixed-lineage kinase
domain-like protein (MLKL), triggering its oligomeri-
zation and translocation to the plasma membrane to
induce necroptotic cell death'*.

RIP1, and to a lesser extent RIP3, are also polyubiq-
uitylated within the necrosome and dynamic changes
in their ubiquitination status influence cell death and
inflammatory responses'*"'*". Overall, differential
phosphorylation and ubiquitylation of RIP1 by numer-
ous kinases (TAK1, IKK2 and MK2; also known as
MAPKAPK2) and E3 ligases (IAP1/2 and LUBAC)
allows for spatial and temporal regulation of the transi-
tion from TNFR1-associated complexes, in which RIP1
is inactive, to the multiple cytoplasmic complexes where
RIP1 ki is crucial for activating
of cell death™.

Both the discovery of RIP1-specific kinase inhibitors
(necrostatins, GNE684 and other classes) and the lack

i ph observed in RIP1 kinase-

RIPKs exert multiple signalling functions through their
kinase activity, protein binding and post-translational
modifications™. Dysregulation of RIPK functions can
lead to unbalance in multiple signalling pathways and
cause severe inflammatory conditions, suggesting that
these kinases are important sentinels of human health”.

RIP1 (also known as RIPK1) is a seminal component
of TNE signalling that mediates proliferative NF-kB and
MAPK activation as well as apoptotic and necroptotic

dead mice hav: suggested that RIP1 is a promising
clinical target'"""'". Such is not the case with RIP3, as
RIP3 inhibitors can activate apoptotic cell death and
genetic RIP3 kinase inactivation is lethal *'”". Although
targeting RIP1 activity represents an appealing strat-
egy for the treatment of inflammatory pathologies
and tissue damage, RIP1 relevance for various diseases
must first be better characterized, as tissue-specific
and/or cellular-specific processes that lead to RIP1
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deletion of the gene encoding for autopl lated
protein 16-1 (ATGI6LI) in intestinal organoids or the
intestinal epithelium of mice results in TNF-driven
necroptotic death, which can be rescued by RIP1 kinase
inhibitors'**'*, Therefore, RIP1 kinase activity can aggre-
gate multiple signalling inputs that induce regulated cell
death to mediate tissue damage and inflammation. This is
evident in both acute and chronic animal disease models.
In the acute kidney injury model or the TNF-induced
shock model (systemic inflammatory response syn-
drome), genetic or chemical inhibition of RIP1 kinase
efficiently blocks tissue damage'****'*, Furthermore,
blocking both apoptosis and necroptosis pathways
by ablation of caspase 8 and RIP3, or of caspase 8 and
MLKL, provides complete protection against kidney
injury'™. Similarly, in a Sharpin-mutant mouse model of
skin inflammation, RIP1 inhibition blocks both apoptotic
caspase 3 cleavage and necroptotic RIP3 phosphoryla-
tion in the epidermis of mutant mice'". Currently, GSK
and Denali are evaluating the utility of RIP1 inhibitors

[FIG. 52). When peptide-MHC binds to the cognate TCR,
ITK is directly phosphorylated by the tyrosine-protein
kinase LCK, and subsequently undergoes autophos-
phorylation. ITK associates with the LAT-SLP76 com-
plex through its two SRC homology domains SH2 and
SH3, creating a signalling complex that is dependent
on upstream LCK and Zap70 signalling'”. ITK is then
able to phosphorylate phospholipase Cy (PLCY), which
cleaves phosphatidylinositol 4,5-bisphosphate (PIP,)
at the plasma membrane, generating the secondary
‘messengers inositol trisphosphate (IP3) and diacyl-
glycerol (DAG). IP3 and DAG primarily activate NFAT
and calcium signalling, which targets gene promoter
activation including IL-2, IL-4 and IL-13 (FIG. 5a).
Comparing Itk knockout versus ITK inhibitor stud-
ies has revealed novel insights into ITK function'”.
ITK plays a critical part in priming T cells; however,
in rechallenged antigen-experienced T cells, ITK regu-
lates activation-induced cell death'™, highlighting dif-
ferences between Itk knockout and kinase inhibitor

(GSK2982772, DNL747) in the clinic in
ative and systemic inflammatory diseases (ALS, RA and
ulcerative colitis)'**'*' FIC. 1).

RIP2 does not participate in cell death signalling but,
instead, is a mediator of NOD1 and NOD2 inflamma-
tory signalling'” (FIG. 4). NOD2 is mutated in numerous
inflammatory diseases such as Crohn’s disease, Blau
syndrome and very early-onset sarcoidosis'>. NOD2
recognizes bacterial peptidoglycans, such as muramyl
dipeptide (MDP) that results in NOD2 activation
and subsequent recruitment of RIP2 and its E3 ligase,
XIA! XIAP (and potentially other E3 ligases)
promotes K63-linked ubiquitylation of RIP2, which
enables LUBAC-mediated linear ubiquitylation of
RIP2 and subsequent activation of NF-kB and MAPK
to promote cytokine and chemokine production™. The
kinase domain of RIP2 serves as a docking module that
enables XIAP to bind'. Mutational inactivation of
RIP2 kinase activity had no effect on RIP2-mediated
NOD2 signalling as it did not prevent RIP2 binding to
XIAP'*, However, RIP2 kinase inhibitors that disrupted
RIP2-XIAP interactions were successful in blocking
NOD? signalling'****, This is a rare example of a kinase
whose enzymatic activity is not needed for its biological
role. Instead, RIP2 ubiquitylation by XIAP enables the
assembly of signalling complexes and stimulation of
inflammatory responses'*'*". Therefore, targeting RIP2
kinase to disrupt the interaction between RIP2 and XIAP
may be effective in NOD2-mediated diseases.

ITK and BTK kinases
Tec family kinases are primarily expressed in haemato-
poietic cells and have important roles in the develop-
ment and function of leukocytes downstream of SRC
and SYK'”". Among Tec kinases, BTK and ITK are attrac-
tive drug targets given their established roles in B cell
and T cell activation, respectively'™”, In addition, BTK
also regulates Fce receptor (FceR) signalling in mast
cells, positing it as an attractive drug in IgE-mediated
diseases such as allergy, asthma and atopic dermatitis'*.
In T cells, ITK positively regulates TCR signalling to
induce the production of IL-2, IL-4 and IL-13 [REFS'"'*)

studies'*. Activation-induced cell death is a mecha-
nism of programmed cell death evolved to dampen an
ongoing immune response and involves interactions of
TNFRSF6 (also known as FAS and CD95) and its ligand
TNFL6 (also known as FASL or CD95L) on neighbour-
ing cells"". ITK inhibitors can reduce FASL expression
on T cells to promote expansion of activated T cells'*.
This surprising finding has drawn a new paradigm
for the utility of this target' . Therefore, although the
inhibition of ITK may not be beneficial in the treat-
‘ment of asthma, this mechanism of ITK activity may be
beneficial in cancer immunotherapy to promote T cell
survival'”, JTE-051 is the only ITK inhibitor under
clinical evaluation in the treatments of RA and psoriasis
(NCT03358290).

BTK integrates BCR signalling to regulate B cell
development (FIG. 5b). Mutations that inactivate
BTK block B cell development causing X-linked
agammaglobulinaemia'®’. Types I and TII interferon
production are impaired in BTK-deficient patients
during viral infections such as polio, but not during
influenza'™. Different isotypes of immunoglobulins
exert their effector functions, in part, by binding to the
respective FcRs'™. IgE antibodies bind FeR on mast
cells and basophils to trigger degranulation and acute
inflammation'*, whereas IgG binds FcyR on macro-
phages, pDCs and natural killer cells to promote cellu-
lar activation or phagocytosis'*. In certain autoimmune
diseases, self-reactive IgG binds to self-antigens, such as
nucleic acids in SLE, and forms immune complexes'*".
BTK positively regulates FceR signalling in mast cells
and basophils' ** and FyR signalling in macrophages
or pDCs to internalize and deliver immune complexes'™
(FIG. 5t). TLR-induced B cell differentiation and prolif-
eration is dependent on BTK, whereas the function
of BTK in TLR signalling in myeloid cells is not well
understood"* (FIG. 5b). In B cells, BCR activation exposes
the ITAM to LYN/SYK/BTK, which activates PLCy2 and
phosphatidylinositol 3-kinase (PI3K). Active PLCy2
and PI3K allow for calcium signalling, which is
required for the activation of transcription factors,
such as NFAT and NF-kB, that regulate proliferation,

NATURE REVIEWS | DRUG DISCOVERY

REVIEWS

Bacterial infections
« Inflammatory stimuli

I

[Necopto] ——— [

Fig. 4 | RIP ki late cell death and i y pathways. Tumour (TNPsignalling can lead
1(RIP1)-depend: by casp: iated by RIP3

andmixed llneagekmasedomam ke protein (MLKL) tocau d dani ymilieu. RIPL inhibition

can block RIP1-mediated nd byinhibiting i death. The

kinase domain of RIP2 allowsthebmdmg of E3 llgasethnked inhibitor of
Aol .

is protein (XIAP) and

ubiquitylation, whichis a critical mediator of nucl
RIP2 kinase inhibit

in2 (NOD2)
1t XIAP binding and RIP2 ubiquitylation to inhibit

ysigl g.C
NOD2 pathway-activated NF-xB and mitog

d protein kinase (MAPK) swgnalllng and consequent production
ki

and release of pro-ir ., thus bl

h de I1AP1/2,

inhibitor of apoptosis 1 and 2; LUBAC, linear ubiditin chain

pl MDPmuramyl i
TRAF2, TNFR

TNFR1, TNF receptor 1; TRADD, TNFR: iated death dq

d factor 2; Ub, ubiquitin.

kinase activation do not always behave similarly,

For example, ischaemia-reperfusion kidney injury
or myocardial infarction can be ameliorated by RIP1
kinase inhibition or inactivation in rodents'"", Similarly,
in Rip3-knockout mice, and to a lesser extent in
‘MIkl-knockout mice, the absence of RIP3 and MLKL
promotes survival and reduces nephropathy in kidney
injury models, indicating a critical role for necroptosis
in kidney tissue damage'"*'"”. Similarly, in mice, RIP1
inhibition ameliorates collagen antibody-induced arthri-
tis, skin inflammation caused by mutant Sharpin or
colitis caused by intestinal deletion of Nemo'". In skin
inflammation models, necroptosis also plays an impor-
tant part in RIP1 inhibition as RIP1 inhibition reduces
skin inflammation and phosphorylation of necrop-
tosis markers RIP3 and MLKL''*""', Conversely, RIP1

inhibition does not affect tumour growth or survival in
pancreatic tumour models driven by mutant KRAS, or
lung metastasis in a B16 melanoma model*".

Another interesting feature of RIP1 kinase activity
is its involvement in the interplay of multiple cell death
and survival pathways. Although kinase activity of RIP1
is clearly instrumental for necroptotic cell death, it has
also been implicated in TNF-induced apoptosis when
key NE-«B signalling kinases (such as TAK1 or IKK) are
inhibited or deleted'*"'*. Caspase 8 negatively impacts
RIP1 activation’ """ but it is still unclear how RIP1 kinase
activity regulates caspase activation. It is possible that a
threshold of caspase activation determines which regu-
lated cell death pathway is activated, but RIP1-mediated
apoptosis and necroptosis are unlikely to be mutually
exclusive. Additionally, defective autophagy caused by
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survival and cytokine expression'*"'** (FIG. 5t). Similar to
BTK-deficient mice, PLCy2-deficient mice have defects
in B cell development'*. These mice also have defective
FCeR and FCyRII/II signalling in mast cells and natu-
ral killer cells, respectively, but macrophage function
and numbers are not altered'*. The function of BTK in
pDCs is less understood; however, one report suggests
that BTK regulates TLR9, but not TLR7, signalling in
human pDCs'*. These overlapping phenotypes support
the idea that BTKis could effectively target B cell dif-
ferentiation, mast cell and basophil-associated immune
pathologies but no other myeloid cells.

Cell-specific BTK activity may be determined by
post-translational modifications. Phosphorylation at
Y551 is important in FCeR and FCR signalling whereas

ifferentiation
= AICD

Antigen
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Y223 activation is essential for BCR signalling'** (FIG. 50).
In preclinical rodent models, BTK inhibition is pro-
tective against the development of arthritis or SLE by
reducing ion and i

cytokines'* **1*-% encouragingly, BTK inhibition was
more efficient than BAFF blockade or SYK inhibition'*".
However, animal models are, unfortunately, often not
representative of human disease and are likely to empha-
size limited pathways in disease progression. For exam-
ple, NZW/NZB F1 mice are an SLE-like model that is
highly B cell dependent”’. Not surprisingly, treatment
with either anti-CD20 B cell depletion or BTK is pro-
tective in this model'*’. However, further investigation
into the function of BTK in macrophages and pDCs
(additional pathogenic cell types in autoimmune

* Activation
« Proliferation
« Differentiation

Fig. 5 | ITK and BTK in antigen receptor, TLR and FcR signalling.a | In
T cells, IL-2 inducible T cell kinase (ITK) phosphorylates secondary
messengers to activate nuclear factor of activated T cells, cytoplasmic 1
(NFATe) and calcium signalling to positively regulate cytokines (such as
IL-2) or negatively regulate certain genes such as FASLG. Following

receptors including B cell receptor (BCR) or Toll-like receptors (TLRs) in
B cells, Fcy receptor (FCYR) or TLRs in macrophages or plasmacytoid
dendritic cells (pDCs) and FCyR or TLRs in basophils and mast cells. Upon
BCR engagement, BTK is activated by Src kinases and phosphorylates
PLCY2. PLCy2 activates NFAT and enhances Ca?* flux, and activates

T cell receptor (TCR) active pecific protein
tyrosine kinase (LCK) phosphory! i i
activation motifs (ITAMs), Zap70 and IL-2-inducible T cell kinase (ITK).
Zap70 phosphorylates SLP76 and linker for activation of T cells (LAT);
ITK phosphorylates phospholipase Cy1 (PLCy) Activated PLCYL then

| (PIP,) to produce
dlacylglcycerol (DAG) and inositol 1.4,5- trisphosphate (73, leading to

BTH

d protein kinase (MAPK) and NF-«B. BTK has also been
implcated in TLR, IC.and FCyR or FCeR signalling in muliple cel types via
Ca* or as yet unknown pathways. AICD, activation-induced cell death;
AP-1,activator protein 1; FasL, Fas ligand; IC, immune complex; IRAK4, IL-1
receptor-associated kinase 4; LYN, Lck/Yes-related novel tyrosine kinase;
MHC, major complex; MyD88, myeloid di

primary response 88: P. phosphorus: PIP,, phosphatidylinositol

increased calcium flux. b | Bruton's ine ki

34,5-tri PKC, in ki 3 SYK, spleen tyrosine kinase.
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Pemphigus
Skin disorders that cause
blisters or pus filled bumps.
Lesions can also form in the
mucus membranes (soft inings
of the eyes, nose, mouth
hroat and geritals).

American College of
Rheumatology 20%
Astandard criterion to
measure the effectiveness of
various arthritis medications
or treatments It means a
20% improvernent i tender
or swollen joint counts and
other parameters

diseases such as RA and SLE) will be needed to dissect its
role in myeloid cells. Recent data demonstrate that BTK
kinase activity is more critical in B cells or downstream
of FCeR signalling than in FCyR signalling'. In this
study, the authors show that in pDCs IRAK4 inhibition
is more effective at blocking immune complex-mediated
inflammation downstream of endosomal TLRs.
Several BTKis are being investigated in the clinic.
In phase II trials for the treatment of relapsing multiple
sclerosis, evobrutinib (a covalent BTKi) reduces enhanc-
ing brain lesion plaques after 3 months ", Branebrutinib
(BMS-986195, a covalent BTKi) has advanced into
clinical studies for the treatment of RA, Sjégren’s syn-
drome and SLE"". Fenebrutinib (GDC-0853, a rever-

REVIEWS

Tec-family tyrosine kinases, lipid kinases, phosphoi-
pases and guanine-mediated exchange factors’
SYK plays an important part in various u‘nmunoluglcally
relevant pathways, including the PI3K-AKT, Ras-ERK,
PLCy-NFAT, Vavl-Rac and IKK-NF-kB pathways.
Accordingly, targeting SYK has implications in several
of the cellular processes that these pathways regulate,
such as phagocytosis, ytokine production, deganula-
tion, Beell

and platelet activation'®” (FIG. 5b).

FcyRs expressed on myeloid cells internalize IgG-
opsonized particles through SYK-dependent phagocy-
tosis and have a critical role in protective inflammatory
responses’®! (FIG. 50). However, activation of FcyR by

sible BTKi) reduces disease activity in b
with methotrexate in patients with RA with an inade-
quate response to TNF-based therapy'. PRN1008 is
a novel reversible covalent BTKi that has shown pro-
‘mising results in phase I1 in pemphigus (NCT02704429)
and is being further investigated in a phase I1I global
trial (NCT03762265). Covalent BTKis often block the
activities of other kinases, namely RLK, ITK and TEC'*.
Although off-target effects are generally considered to
increase the risk of adverse effects, select cases have
demonstrated that they can be beneficial. For example,
it was recently shown that specific inhibition of ITK
by ibrutinib was beneficial in cancer by promoting the
expansion of T cells via reducing activation-induced
cell death and FASL expression****“. Although the toler-
ance of less selective but efficacious molecules such as
ibrutinib is higher in oncology, the bar for safety on daily
‘medicines for chronic inflammatory indications such as
RA and IBD is much higher, and for kinase drugs this
safety is linked to selectivity. Additional clinical data that
evaluate the generation of covalent or reversible BTKis
should help us to better understand the function of BTK
in different cell types to determine which drugs pro-
vide the optimal therapeutic index with minimal safety
liability. Given the uncertainties around BTK activity in
inflammation, combination therapy with BTK or other
anti-inflammatory molecules might be desired to explore
in RA or SLE. BTKis are also being tested for their ability
to interfere with the cytokine storm in severe COVID-19
patients; preclinical studies and case series have sug-
gested that the BTKi ibrutinib may provide protection
against severe lung injury'*"

SYK

SYK is an Src family member essential in FcR and BCR
signalling, and functions in parallel to its homologue,
tyrosine-protein kinase Zap70, in TCR signalling'*,
which makes it an attractive drug target in the treatments
of chronic inflammation and autoimmunity (FIG. 5b).
SYK contains two SH2 domains and a C-terminal
kinase domain connected by linkers A and B, respec-
tively. These linkers are bound together, rendering
the SH2 domains inactive at steady state'*'. Receptor
activation causes the release and autophosphorylation
of the SH2 domains that enable docking at receptor
ITAMs' ', Further phosphorylation of SYK causes it
to dissociate from ITAMs and activate context-specific
signalling cascades (including its own degradation) via

IgG immune compl inst igens represents
a key hallmark of RA, chronic spontaneous urticaria,
ITP and SLE. Syk-deficient mice are perinatally lethal
and lack mature B cells in utero, which suggests that
SYK has significant roles in general development and
in the immune system'**'**, Syk-deficient bone mar-
row chimaera mouse models, however, were viable and
resistant to the arthritogenic serum-induced model of
arthritis, likely caused by both a lack of mature B cells
and impaired FeyR internalization'*'.

Numerous small-molecule inhibitors generated by
Rigel Pharmaceuticals have entered clinical investiga-
tion (FIG. 1). R406 (and its prodrug R788 or fostamati-
nib) showed efficacy in the prevention of arthritis in
‘mice'**'*", In clinical trials, R406 and R788 have shown
moderate efficacy in achieving the American College
of Rneumatology 20% criterion, although they are less
robust compared with anti-inflammatory drugs such as
‘TNEF antagonists'*"'*", Fostamatinib resulted in improved
symptoms of RA likely owing to both on-target and
off-target effects'*’; it also resulted in several adverse side
effects, and thus the development of this drug in RA was
discontinued'”"1, Fostamatinib is currently approved
for the treatment of ITP, an autoimmune disease in
which autoreactive IgG antibodies target and destroy
platelets via macrophages through SYK-dependent,
FcyR-mediated phagocytosis'™”. Fostamatinib did
not meet its primary end point in IgA nephropathy
(NCT02112838) and is being further developed to treat
autoimmune haemolytic anaemia (NCT04138927) and
renal transplantation (NCT03991780).

Developing highly selective inhibitors is critical but is
the most challenging facet of small-molecule discovery.
R406 is a good example of how off-target activities that
were not appreciated early on complicated its clinical
development. In an initial in vitro selectivity assessment,
fostamatinib bound to other targets (such as FLT3, LYN
and LCK), but showed 5-fold to 100-fold greater inhibi-
tion of SYK than other tyrosine kinases when tested in
a phosphorylation assay®. A decade later, the compre-
hensive pharmacological profile of fostamatinib, using
a broad range of in vitro assays followed by functional
and cellular assays, challenged key targets at therapeu-
tically relevant concentrations'”. Using a larger kinase
selectivity panel, fostamatinib inhibited 117 kinases,
100 of which had half-maximal inhibitory concentra-
tion (IC50) values within 3-fold of the IC50 value for
SYK, including FLT1, KDR (also known as vascular
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P 2 the NF-«B pathy
receptor; Ub, ubiquitin.
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of p38 is cell type-specific, receptor-specific and signal
strength-specific”*'*", All p38 family members share the
Thr-Gly-Tyr (TGY) activation motif, which is dually
phosphorylated by MKK3 and MKK6 (and, in some
cases, MKK4)'", p38a and p38 have been extensively
characterized, but much less is known about p38y and
P383. 38y (also known as ERK6, SAPK3 or MAPK12)
and p385 (also known as SAPK4 or MAPK13) are similar
to each other (70% identity), and are both not as similar to
P38a (~60% identity)"". Intriguingly, p38y and p383 regu-
late protein stability of TPL2 in both macrophages and
dendritic cells'*. As TPL2-ABIN2 signalling is required
for LPS-induced TNF and IL-1p production, mice lacking

P38y or p388 were less sensitive to septic shock and
hepatitis after LPS treatment'**'*". Furthermore, TPL2
positively regulates p385, suggesting a feedback loop
between inflammation and homeostatic conditions™ .
In mouse models of collagen-induced arthritis, defi-
ciency of p38y or p38 caused decreased serum IL-17,
IENy and autoantibody production'”’. p388 was found to
be highly expressed in neutrophils, and its deficiency in
myeloid cells caused impaired neutrophil ecruitment in
‘murine model of peritonitis***". p38 MAPKs may also
create structural scaffolds independent of kinase activity.
P38y was required for p38y-ERK complex formation and
Ras-mediated oncogenic transformation””.
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endothelial growth factor receptor 2 (VEGFR2)), SRC
and KIT, which are associated with increased blood
pressure, based on the analysis of published literature ™.
Among non-kinases, antagonist activity was found
against adenosine A3 receptor'”*. Therefore, investment
in generating a selective molecule using robust pharma-
cological profiling facilitates assessment of each target
in the clinic with confidence. By contrast, polypharma-
cological effects complicate the interpretations of the
clinical data to evaluate the desired target and, often, it
is too costly to repeat such trials with new molecules.

IgE is commonly induced during allergic reac-
tions and causes the cross-linki

First, it can regulate gene transcription via CREB/AP-1
activation'*”, The TPL2/ERK/p38 axis can determine
the stability and abundance of the AU-rich element
(ARE) mRNAs, which is a feature of many cytokines and
chemokines (such as TNF or IL-6)'*. Second, nucleo-
cytoplasmic localization of select genes (such as TNF) can
be modulated'*. In addition, other regulatory processes,
such as CAP-dependent RNA translation and protein
export and processing via disintegrin and metallo-
proteinase domain-containing protein 17 (ADAM17;
also known as TACE), are regulated by TPL2 (ReF'*).
Thus, the ne( effect of TPL2 inhibition has a prufound

FCeRI expressed on mast cells. Following sumulauon
of FCeRI, SYK is immediately recruited and activated.
SYK-dependent activation of PI3K and AKT was
shown to cause masl cell degranulation oI hlslamme
and the prod of I and
cytokines'™. A study of B cell lymphomas demonstrated
that a subset of malignant B cells with receptor hyper-
stimulation have linked SYK activity to cell survival and
proliferation'™. Gilead has developed GS-9973 (ento-
spletinib), which has greater selectivity for SYK over
R406 and is currently in clinical trials for the treatment
of chronic lymphocytic lymphoma' ™" (FIG. 1).

MAPK: TPL2, p38y, p385 and ERK5
MAPKs are a highly conserved family of serine/threonine
protein kinases that are induced in response to stress
and i and regulate proliferation, dif-
ferentiation, survival, apoptosis and other cellular
processes'®. MAPKs are downstream of several immune
and cytokine receptors, such as TLRs, IL-1R, TNFR,
CSFIR and IL-17R, as well as growth receptors, such as
EGF, FGF and VEGE. Several inhibitors for the major
MAPKSs such as p38a/B, MEK1/2 and ERK1/2 have been
advanced into the clinic and reviewed extensively'*'.
Of particular interest are MAPK kinases that have tissue
or cell-specific expression and prominent function in
inflammation, including TPL2, p38y and p383.

TPL2 is activated by several receptors, including
TNFR, IL-1R, TLR, CD40R, IL-17R and Gai2-
transduced GPCR signals'*’ (FIG. 6). At steady state, TPL2
forms a complex with A20-binding inhibitor of NE-kB
(ABIN2) and only a small fraction (5% in the case of
‘macrophages) of cellular NE-B1 (p105 subunit)'*'*,
The kinase domain of TPL2 interacts with the death
domain of p105 and this interaction blocks substrate
access to the TPL2 active site'*". Full-length p105 is an
REL protein-specific transcription inhibitor, whereas its
processed form is a 50-kDa protein (p30), DNA-binding
subunit of the NF-xB complex'®, Upon receptor
engagement, IKKB phosphorylates p105 at Ser927 and
Ser932, leading to its degradation'®. As a result, TPL2
is released from the complex, then autophosphorylated
and/or trans-phosphorylated ™ and activates targeting
of its substrates MEK1 and MEK2 (REF'*) as well as
MEK3 and MEK6 (REF") to regulate ERK1 and ERK2
or p38a and p385 in inflammation. The TPL2 action
on downstream ERK and p38 has a profound effect on
the net outcome of an mﬂammalory response via several

impacton i outputs without
the NF-kB pathway (FIG. 6. Each subunit oflh: TPL2
complex is essential for its stability. This was demon-
strated by p105 deficiency, which resulted in reduced
protein levels but not transcript levels of both TPL2 and
ABIN2 (ReF "), whereas TPL2 protein levels were greatly
reduced in ABIN2-deficient mouse cells'. TPL2 defi-
ciency also reduces ABIN2 protein levels. Accordingly,
it has been challenging to determine the exact func-
tions of TPL2, ABIN2 or p105 in disease models until
recently. TPL2 inhibition or mice expressing kinase dead
mutant TPL2 have since been developed in order to
probe the function of TPL2 catalytic activity in preclini-
cal models''*", Recent studies have shown that inhibi-
ting TPL2 catalytic activity is protective in preclinical
models of multiple sclerosis'™, as well as arthritis" and
psoriasis™,

Tpl2-deficient mice are protected from numerous
inflammatory and autoimmune diseases'*’. Analysis of
‘mice expressing kinase-dead TPL2 (D270A), in which
ABIN2 expression is unaltered, showed that TPL2
kinase activity is a critical mediator in TNFR, TLR and
IL-1R signalling by positively regulating MAPK". When
challenged with a TLR agonist (such as lipopolysaccha-
ride (LPS)), these mice produced significantly fewer
inflammatory cytokines and showed fewer immune
cell infiltrates. At the molecular level, TPL2 not only
activates MEK1 and MEK2 but also activates isoforms
P38y and p385, which are key regulators of mRNA stabil-
ity and translation machinery for inflammation-related
proteins”'*", This role of TPL2 is most profound in
neutrophils, monocytes and macrophages”'. This selec-
tive action of TPL2 on specific MAPKSs is intriguing
and should expand the utility of this target for several
indications (see below). Recent studies with catalytically
inactive ABIN2 (D310N) in gut inflammation showed
that ABIN2 regulates IL-1B-dependent induction of
cyclooxygenase 2 (COX2) and PGE2 secretion'”, func-
tions previously thought to be regulated by TPL2 (REF"*").
Pan-kinase inhibitors, such as p38 or MEK inhibitors,
suggest that the complex and often overlapping nature
of different kinases in signalling would likely lead to pro-
blems with toxicity or inhibitor specificity'*. Targeting
an immune-specific MAP3K such as TPL2 will likely
‘maximize safety margins over broad MAPK inhibitors
(such as p38i) in the clinic. Gilead has advanced its TPL2
inhibitor (GS-4875) to the clinic for the treatment of
ulcerative colitis™ (FIG. 1).

P38, p38p, p3sy and p3sd isoforms are uniquely

transcriptional and pe scriptional

expressed th tissues'”'. Activation
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Tachyphylaxis
Arapidly diminishing response:
to successive doses of a drug
rendering it less effective.

The effectis common with
drugs acting on the nervous
system

Several inhibitors against p38 have been investi-
gated in the clinic'’. However, most p38 inhibitors to
date (such as SB203580 and SB202190, among others)
target isoforms p38a and p38p and lack inhibitory
activity for p38y and p388*'~**". Targeting of p38a/p
has not been very successful owing to toxicity, pleio-
tropic effects on various cell types, poor predictability
of animal models or lack of efficacy in humans***,
A unique inhibitor of p38a, CDD-450, was recently
reported to selectively block p38a activation of the
pro-inflammatory kinase MK2 while sparing p38a
activation of MAPK-activated protein kinase 5 (also
known as PRAK) and cAMP-dependent transcription
factor ATF2 (REF*). CDD-450 promotes ILIB, TNF
and IL6 mRNA decay attenuating arthritis in rats*
CDD-450 offers the potential to avoid tachyphylaxis
associated with global p38a inhibitors that may result
from thelr inhibition of non MK2 subslrates invol ved
in T an
Thus far, only three mhxbllan that effecuvely mhllnl
P38y and p385 have been considered for clinical eval-
uation. BIRB796 (which inhibits all p38 isoforms)
was evaluated for RA, psoriasis and Crohn’s disease,
but generated hepatotoxicity and, therefore, clinical
evaluation was discontinued””. RV568 — a p38a and
P38y inhibitor — was more effective than BIRB796 at
suppressing inflammation in cell-based assays, in vivo
with rodent smoke emphysema models of COPD
Pirfenidone may target p38y and has been approved for
the treatment of IPF but is continuing to be evaluated in
scleroderma-associated interstitial lung disease, kidney
disease, wound healing, fibrosis, cardiomyopathy and
fibroids™*%, SU-002 and SU-005 are newly identified
molecules with better specificity for p38y and p388
but not p38a and p38p (REF’). Although degrees of
compensation exist, understanding the regulation and
functions unique o each isoform will reveal cell-spcific
and ti pecifi in and
malignancy.

ERKS (also known as MAPK?7) is a

wwiw.nature.com/nrd

attributed to off-target BET bromodomain activity using
biochemical and cellular assays™*’. Intriguingly, both
studies show that ERK5 knockdown in epithelial cells
and primary human vascular endothelial cells reduced
inflammatory cytokine production . These data
suggest that the non-catalytic activity of ERK5 posi-
tively regulates the inflammatory response. Consistent
with this, in mice with ERK5-deficient keratinocytes,
ERK5 was shown to be an essential component of skin
inflammation**'. Germline Mapk7-deficient mice are
embryonic lethal at embryonic day 10.5 owing to loss
of vasculature integrity*”. Similar phenotypes were seen
in mice lacking MEK5 and MEKK3, which suggests that
this palhway is linear and important in both vasculo-

- Initial defects
‘may primarily be due to the function of ERKS in endo-
thelial cells. Induced genetic ablation of Mapk? is lethal
in mice up to 3 weeks of age, which suggests that full
ablation of this pathway may not be safe. However, given
the complex functional domains of ERKS, including
its action as a kinase or transcription factor, knockout
studies could be misleading to determine the outcome
of its kinase inhibition. Correspondingly, mice treated
with ERKS inhibitors are viable at least for the duration
of published studies, but the selectivity and potency of
this ERKS inhibitor requires further investigation’”.
Generation of selective ERKS5 (allosteric or degraders)
or MEKS inhibitors for chronic dosing should help to
better evaluate this target in cancer and acute or chronic
inflammation.

TBK1 and IKKe
TBK1 and its homologue IKKe are two serine/threonine
protein kinases that activate IRFs to induce type I inter-
feron genes and interferon-stimulated genes (ISGs)™,
wlmh are associated with seve eral aummﬂammmory or
diseases such as i 7and
SLE™. In contrast to SLE, interferonopathies comprise
‘monogenic Mendelian diseases characterized by dmurr
bance of the control of interfe

expressed MAPK that is activated by MEKK2, MEKK3
and MEKS5 (REF ). ERKS functions downstream of cel-
lular stress, several immune receptors (such as TLRs,
IL-1R, TNFR or IL-17R), CSFIR and growth recep-
tors (EGE, FGF or VEGF)*'. Among these receptors,
CSFIR signalling has gained attention given its role in
macrophage differentiation and the important fun
tion of macrophages in cancer or inflammation”
Several CSFIR inhibitors (PLX-3397, NJ-40346527.
ARRY-382, ABT-869, BLZ-945) have moved to clini
cal trials”* FIG. 1). ERKS has a kinase domain located
at the N-terminal half of the protein that is homolo-
gous to the ERK2 kinase domain’”. In contrast to other
MAPKs, ERK5 has a unique C-terminal transcriptional
activation domain” Therefore, ERKS is able to acti-
vate transcription not only by phosphorylating trans-
cription factors but also by acting as a transcriptional
coactivator itself. The role of ERK5 kinase activity in
regulating inflammation is controversial. One study
suggests that ERK5 kinase activity regulates cytokine
production and the recruitment of immune cells**?,
but this finding has been challenged and this effect was

immune responses™” with various genetic and molecular
features. These pathologies include Aicardi-Goutiéres
syndrome (an encephalopathy that affects newborn
brams) famlllal :}ulblam lupus (childhood lupuo)y
ia (skeletal
m\crfemn stimulated gen: 15 (ISG15) deficiency and
stimulator of interferon genes (STING)-associated
vasculopathy with disease onset during infancy””. The
disturbance of both the innate and the adaptive immune
system may potentiate autoimmunity in some cases, for
example SLE, in which a systemic immune response
is triggered against self-antigens (such as nuclear anti-
gens) in multiple organs such as the kidney and skin®”"
TBK1 and IKKe are also induced in the liver and adipose
tissue by high-fat diet-mediated NF-«B activation®".
TBK1 and IKKe regulate many innate immune
receptors, including TLRs, RIG-I-like receptors (RLRs;
which sense cytosolic nucleic acids) and STING (which
is important for establishing an immediate antiviral
state during acute infection) (FIG. 7). AAK1 and GAK
are host kinases that regulate clathrin adaptor pro-
tein (AP)-mediated trafficking in the endocytic and
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the chronic dosing of NIK SMI1 is safe, but additional
toxicity studies with higher doses of NIK inhibitors with
improved potency and pharmacokinetic properties are
needed to ensure that these molecules are safe before
they are moved into the clinic. NIK SMI1 should inhibit
several pathogenic pathways that are each individually
validated in the clinic, including BAFFR and CD40/
CD40L. Belimumab is an approved drug in SLE. Several
‘modulatory antibodies or fusion proteins — anti-CD40
(CFZ533 (NCT02291029), leselumab (NCT01585233),
1-655064 (NCT03385564) and FFP104 (NCT02465944))
and anti-CD40L (dapirolizumab (NCT02804763) and
letolizumab (NCT02273960)) — are being investigated
in the clinic for various indications such as psoriasis, RA,
Crohus disease, SLE, ITP, primary biliary cirrhosis and
transplantation””.

CDK8 and CDK19

CDKS and its paralog CDK19 (which share 97% protein
homology with each other) regulate RNA polymerase 1T
(RNAP II) activity™*. Certain subsets of CDKs (CDK1,
CDK2, CDK4 and CDK6) and the corresponding cyc-
lins are directly involved in cell cycle regulation®..
Overexpression of CDK8 or CDK19 was found in sev-
eral cancers and led to the discovery of multiple CDK8
inhibitors™. Numerous potent inhibitors targeting the
kinase activities of CDK8 and CDK19 have been devel-
oped, such as Cortistatin A* CT251921
(REF**), MSC2530818 [REF**") and BRD6989 (REF**). Most
studies focus mainly on the oncogenic function of CDK8
and CDK19, but emerging data suggest that CDK8 and
CDK19 may also have a function in cellular reprogram-
‘ming. In dendritic cells and macrophages, BRD6989, an
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Amyotrophic lateral
sclerosis

Adisease of the central
nervous system that affects
nerves in the brain and spinal
cord, causing the progressive
loss of muscle control

Combined
immunodeficiency
syndrome

Rare disorders caused by
mutations in ifferent genes
involved in the development
and function of B cells and
T cells.

Peyer's patches

Lymphoid nodules located

on the outer lining of the small
in

bacteria of the microbiorme,
to prevent the outgrowth of
pathogenic bacteria in the gut

secretory pathways®". This pathway is important in
the assembly and entry of certain viruses that hljnck

CD40, TWEAK, RANK, TNFR2, EN14, CD27, CD30
and OX40 (REF*) (FIG. 8). NIK deficiency results in

clathrin-mediated pathways, and is being i
for antiviral therapeutics*”. Given the central role of
TBK1 and IKKe in the production of type I interfer-
ons, both TBK1 and IKKe are attractive drug targets
especially in interferonopathies. Mutations in TBK1
result in n y and

tive disorders of the central nervous system, such as
amyotrophic lateral sclerosis, which in part might be a
consequence of dysregulated interferon signalling*
Whether TBK1 kinase inhibition results in amyotrophic
lateral sclerosis pathology is unclear.

TBKI1 is constitutively and broadly expressed, but
IKKe expression is inducible and limited to specific
cell types, including lymphocytes**.. Both phospho-

rylation and ubiquitylation regulate TBK1 signalling.
D of K63-linked p quitin chains
from TBKI terminates TBK1 activation and neg-
atively regulates the antiviral immune response*.
Mutation studies of TBK1 in cells suggest that TBK1
has a dominant role in interferon production and may
be an essential component of antiviral immunity”
IKKe-deficient mice are susceptible to few viral mfec-
tions, including y-herpesvirus (YHV68) DNA vir
Intriguingly, IKKe may positively regulate IL-17R si
nalling via its interaction with NF-kB activator 1 (ACT1)
to induce expression of pro-inflammatory cytokines'”.
IKKe-deficient mice are viable whereas TBK1 defi-
ciency is embryonic lethal, which raises concerns about
systemic inhibition of TBK1 (REFS****). Multiple TBK
inhibitors are currently under development mainly at
the preclinical stage, including the original BX795 mol-
ecule (developed by Amgen with suboptimal potency
of 1 M), MRT67307 (developed by the University of
Dundee, similar to BX795 with much improved potency
of 19nM), AZ13102909 (developed by Astrazeneca
with an IC50 of 5nM), Domainex TBK1i (IC50 of
2nM), and Myrexis MPI-0485520 (potency of 0.5nM)
and compound II (developed by University of Texas
Southwestern Medical Center with potency of
13nM)*", Finally, amlexanox is an anti-inflammatory
drug approved by the FDA to treat recurrent aphthous
ulcers of the mouth and asthma that was later shown to
inhibit TBK1 and IKKe, although at much lower potency
0f 1000nM.

The generation of selective IKKe or TBK1 inhibitors
has been extremely challenging, owing to the high degree
of homology within the kinase domains of the two
proteins™”. Studies with current IKKe or TBK1 inhibi-
tors in preclinical models of interferonopathies (such
as compound IT in three prime repair exonuclease 1
(Trex1)-knockout mice)*"' as well as neuroinflammatory
mouse models (such as MRT67307 inhibitor in experi-
mental autoimmune encephalomyelitis)** suggest that
targeting IKKe and TBK1 might be safe and beneficial
in certain autoimmune or autoinflammatory disorders.

NIK

NIK is an integral component of non-canonical
NF-kB signalling, and is found downstream of a sub-
set of TNER superfamily members including BAFE,

combined y syndrome a by
B cell lymphopenia, impaired differentiation of mem-
ory B cells, abnormal natural killer cell development
and function as well as aberrant T cell responses™"

NIK-mutant mice have disorganized lymph nodes,
Peyer's paiches and splenic and thymic structures that
lead to reduced B cell numbers and immunoglobulins'*.
Conditional NIK-mutant mice and bone marrow chi-
meric mice have revealed the cell-specific functions
of NIK****", Broad deletion of Map3k14 in adult mice
recapitulates the B cell effects observed with germline
deletio B cells from mice in which Map3k14 is
deleted fail to respond to BAFF stimulation, which
supports the essential role of NIK in BAFF receptor
signalling””. Intriguingly, T cell-specific deletion of
‘Map3k14 revealed non-redundant functions of NIK in
T cells”. Furthermore, deletion of Map3k14 in myeloid
cells compromises CD40 signalling and cross-priming
in dendritic cells™*.

NIK activation is partly regulated by intricate mecha-
nisms that regulate its protein stability (FIG. 8). At steady
state, NIK protein levels remain low as it is actively
degraded by the proteasome via a Ub ligase complex
comprising TRAF3, TRAF2 and IAP1/2 (REF") (FIG. 8).
‘When the non-canonical NF-kB pathway is activated,
NIK activates IKKa, which in turn regulates the pro-
cessing of NF-kB p100 to p52. p52 dimerizes with RelB,
and the complex translocates to the nucleus to trigger
transcription of target genes'” (FIG. ).

Systemic canonical NF-kB inhibition (and proteo-
somal inhibitors) may not offer a sufficient therapeutic
index in chronic indications given the broad require-
ments for NF-kB signalling in biological processes.
However, inhibiting immune-regulatory nodes such
as NIK offer plausible therapeutic approaches for the
treatment of diseases in which non-canonical NF-xB
signalling is aberrantly activated, including RA, IBD,
SLE, IgA metaboli d multiple
sclerosis. Inhibition of NIK with the inhibitor NIK SMI1
provided evidence that NIK kinase activity positively
regulates several important pathways, such as BAFF,
0X40, CD40, inducible T cell co-stimulator (ICOS),
IL-21 and TNFRSF12A (also known as TWEAK recep-
tor) signalling, and its inhibition was protective in pre-
clinical models of lupus*”. This finding corroborates the
findings from the NIK-mutant mice, in which its action
downstream of the same immune receptors had been
established”*", In a 4-week NZB/W mouse model,
NIK inhibition decreased the frequency and numbers
of splenic B cells, germinal centre B cells and plasma
cells*". NIK inhibition was superior to BAFF blockade in
the suppression of autoantibody titre*””. In addition, NIK
SMI1 significantly reduced the frequency and numbers
of splenic T effector memory and T follicular helper as
well as the production of cytokines: IL-21, P40 subunit of
IL-12 and IL-23. In a 9-week NZB/W efficacy study, NIK
SMII improved survival and renal function™”. NIK SMI1
is fairly selective, inhibiting only 3 out of 222 off-target
kinases (KHS1, LRRK2 and PKD1 (PKCp)) to an extent
>75% at a concentration of 1 uM*", In rodent models,
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inhibitor of both CDK8 and CDK19, upregulales IL-10
production by enhancing AP-1 activity™, which indi-
cates that CDK8 and CDK19 have roles in innate immu-
nity. Therefore, the function of the CDK module in

seems to be dependent, such that
its biological function may vary among different cell
types or in response to distinct stimuli.

Two independent studies have demonstrated that
inhibitors against both CDK8 and CDK19 promoted
T, cell differentiation®”**". Akamatsu et al. elegantly
carried out a functional screen using a compound
library of close to 5,000 inhibitors with different mole-
cular scaffolds to assess their effects on the differen-
tiation of naive CD4" T cells into FOXP3* T, , cells™".
The authors showed that inhibition of CDK8 and
CDK19 can activate STATS, which positively regulates
FOXP3 expression, in a TGFB-independent manner™*.
Inhibition of CDK8 and CDK19 in vivo enhanced the
development of antigen-specific T, cells, which dam-
pened autoimmunity in preclinical models of experi-
mental autoimmune encephalomyelitis and non-obese
diabetes’. In a separate study, Guo et al. used CDK8 and
CDK19 inhibitors (CCT251921 or Senexin A), which
enhanced TGEp signalling and drove T, cell differenti-
ation. This pathway depends partially on the attenuation
of TFNy-STAT1 signalling and on elevated SMAD2
phosphorylation*”. Although the mechanisms of CDK8
and CDK19 inhibition elucidated in these studies dif-
fer, the net effects seem to promote T, cell differen-
tiation from effector T cells. More studies are needed
to understand how inhibition of CDK8 and CDK9
can reprogramme conventional T cells to T, cells.
Pharmacological inhibition of CDK8 and CDK19 may
have potential in T cell conversion of differentiated,
antigen-specific effector memory T cells into FOXP3*
T, cells for the treatment of autoimmune or inflamma-
tory diseases. Currently, a CDK8 inhibitor, BCD-115, has
been used in clinical trials to treat advanced-stage and
‘metastatic breast cancer via directly blocking cancer cell
differentiation (NCT03065010). In tumours, pathogenic
tissue-resident T, cells counteract productive immunity
by inhibitory mechanisms, such as the downregulation
of HLA and CD80/86 on dendritic cells and the modu-
lation of the cytokine milieu such as TGFp and IL-2
productio Therefore, CDK8 and CDK19 mhlbnon
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ATP-binding site of the kinase domain. However, as
the ATP-binding site is relatively conserved among
Kinases, the design and discovery of selective kinase
| remain . Furthermore, because
‘many kinases induced during inflammation also regu-
late non-inflammatory pathways, kinase inhibition
may also result in unknown on-target effects. It will be
critical to identify several independent lead chemical
scaffolds. The continued availability of extensive and
diverse small-molecule libraries increases the likelihood
of finding multiple candidates. The use of bioinformatics
combined with machine learning can further mine the
information provided by such libraries to expedite align-
‘ments and capture molecules with pharmacological and
selectivity potential. Artificial intelligence with a large
y of structured medical — including
numerous connections extracted from scientific litera-
ture by machine learning — holds great potential to
rapidly nominate rational targets*’. One example is
the identification of JAKis as a possible treatment for
COVID-19 patients, after the finding that bariticinib
inhibits clathrin-mediated endocytosis™ of the virus. In
addition, advances in structural methodologies (such as
cryo-electron microscopy) will broaden structure-based
design for molecule development. Adaptation of inno-
vative strategies, including platforms that determine
biochemical and cellular targets as well as profiling
selectivity against proteome, should help to prioritize
better molecules. Novel developments in kinase inhibitor
design to target allosteric pseudo-kinase domains (such
as TYK2) may broaden possibilities for target selectivity.
TYK2 pseudo-kinase inhibitors have shown that using
human genetics with the analysis of rare coding variants
enables both the identification and the design of novel
drug targets®'. Improving organ-specific (such as gut,
lung or skin)" and/or cell-specific*" delivery of kinase
inhibitors should also improve therapeutic efficacy with
reduced side effects.

Emerging evidence suggests that kinase function is
not limited to catalytic activity and may also serve as
structural scaffolds. Thus, the function of some kinases
(such as IRAK4) may be only partally susceptible to

le inhibition,
that full suppression can only be achieved by additive
modalities such as s targeting protein-protein interac-

may be a powerful tool to induce T, cell di
in vitro applicable to T, , cell-based cellular therapies.
However, given the likelihood of the broad action of
these kinases in other cell types, these inhibitors may
not be safe for chronic dosing.

Future directions and conclusions

‘Tremendous progress has been made to advance vari-
ous drugs, including inhibitors of JAKs, TYK2, IRAK4,
BTK, SYK, RIPs and TPL2, into the clinic. The diversity
of immunological pathways targeted by these molecules
provides a golden opportunity to understand human

tions, c or protein degra-
dation. Depending on the pathway, partial or full
suppression of kinase function may be advantageous
to calibrate desired safety and efficacy outcomes for the
disease indication. However, this also creates uncertain-
ties around the efficacy of the molecule in the clinic,
as, traditionally, full suppression of the pathways is the
most desired outcome in order to tune optimal dose
adjustments. Recent positive clinical data with [IRAK4
inhibitors argue that, ultimately, clinical assessment of
the target is needed to determine its net effect on disease
outcomes™.

immunology and to better design targeted therap Identifying pati il
for pl and a given disease indication is an important consideration
diseases. as man; y diseases are

Potent kinase inhibitors are designed to be selective
with minimal off-target effects, often by targeting the

y i in
nature, and, |herefore, require differential treatments
for effective symptom amelioration. For example, BTK
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inhibition may only be a suitable treatment for a fraction
of patients as RA is a heterogeneous disease and different
subsets of patients are responsive to different treatments,
including B cell depletion, TNF blockade or JAKi thera-
pies™®. Defining such subpopulations requires predictive
disease biomarkers and a deeper understanding of the
molecular mechanisms of kinase activity and the path-
ways they participate in. Identifying biomarker profiles
predictive of efficacy of inhibitor-specific treatments
remains a significant challenge.

As we gain confidence in the safety and efficacy of
novel small molecules, an additional therapeutic strategy
will be to use them in combination therapy. There is a
strong scientific rationale to consider therapeutics with
non-overlapping mechanisms of action. Oral treatment
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with kinase inhibitors may be advantageous given that
these drugs can be dosed to partially inhibit a pathway
and often are taken on a daily basis owing to their short
half-life. By contrast, biologics often ablate downstream
signalling and persist for a few days to weeks. The use
of multiple inhibitors, or both inhibitors and biologics,
holds promise in treating chronic inflammation, in part,
to address molecules that did not meet expectations in
the clinic when used as single agents. Although this is
a promising route to explore, combination therapy will
require completion of safety studies with single agents as
well as careful trial design in order to monitor undesired
safety effects.
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