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Aberrant tumour necrosis factor (TNF) signalling is a hallmark of many
inflammatory diseases including rheumatoid arthritis (RA), irritable bowel
disease and lupus. Maladaptive TNF signalling can lead to hyper active
downstream nuclear factor (NF)-xp signalling in turn amplifying a cell’s
inflammatory response and exacerbating disease. Within the TNF intracellu-
lar inflammatory signalling cascade, transforming growth factor-p-activated
kinase 1 (TAK1) has been shown to play a critical role in mediating signal
transduction and downstream NF-kf activation. Owing to its role in TNF
inflammatory signalling, TAK1 has become a potential therapeutic target
for the treatment of inflammatory diseases such as RA. This review high-
lights the current development of targeting the TNF-TAK1 signalling axis
as a novel therapeutic strategy for the treatment of inflammatory diseases.

1. Introduction

Tumour necrosis factor (TNF) is a pleotropic proinflammatory cytokine widely
regarded as the master regulator of proinflammatory signalling. Its role in
mediating inflammatory diseases, such as autoimmune and chronic pain
syndromes, has been widely documented and resulted in the development of
targeted therapies aimed at inhibiting TNF [1]. To date, anti-TNF targeted
biologics, such as etanercept and adalimumab, represent a 25 billion dollar
industry with the majority of use in the treatment of rheumatoid arthritis
(RA) and other auto-immune indications [2]. In these diseases, TNF has been
shown to play an integral role in the pathogenesis of aberrant maladaptive
inflammatory signalling in the absence of physiological needs. This elevated
TNF signalling activates immune cells in the joints of patients, leading to
increased infiltration of immune cells, resulting in the deterioration of bone
and synovial tissue and causing chronic joint pain and destruction. Anti-
TNF-based therapies decrease TNF concentration and function, therefore
dampening proinflammatory signalling mediated by nuclear factor (NF)-«B,
p38 and c-JUN N-terminal kinase (JNK). Despite significant attenuation of dis-
ease in many RA patients, the development of antibodies against biological
anti-TNF therapies can limit their long term use, resulting in up to 40% of
patients failing to realize long-term disease mitigation [3]. Additionally, anti-
TNF biological therapies completely remove all circulating TNF, potentially lim-
iting critical immune-pathogen detection leading to increased risk of infection
in patients [4]. By contrast, small molecule inhibitors of TNF expression can
be dialled in to reduce TNF expression without complete TNF signalling abla-
tion, allowing critical immune-pathogen detection to occur and potentially
reducing the increased risk associated with biological therapeutics. Therefore,
the development of small-molecule inhibitors which circumnavigate issues
observed in biological anti-TNF therapies may provide a novel treatment
strategy for TNF mediated inflammatory diseases.
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DFG motif

Figure 1. Crystal structure of TAK1 (PDB:5V5N); ribbon (a), hydrophobicity surface (b). Key interacting residues highlighted. Binding surface illustrates hydrophobicity
surface, hydrophilic (blue) and hydrophobic (red) regions of TAK1 ATP binding pocket.

2. TAK1

Transforming growth factor-B-activated kinase 1 (TAKI)
serves as a key node in the TNF inflammatory signalling path-
way. It is a serine/threonine kinase and can be activated by a
range of proinflammatory cytokines and ligands including
TNE interleukin-1p (IL-1B), liposaccharide (LPS) and trans-
forming growth factor beta (TGFB) [5]. TAK1l is an
evolutionarily conserved member of the MAP3 K family and
cluster with the tyrosine-like and sterile kinase families [6].
Similar to the majority of kinases, TAK1 contains an N (resi-
dues 1-104)- and C (residues 111-303)-terminus connected
through the hinge region (Met 104-Ser 111). This region pro-
vides an opening for the ATP binding pocket. Additionally,
like most kinases, TAK1 has a catalytic lysine in the active
site (Lys 63, figure 1). The purine moiety of ATP forms two
hydrogen bonds with residues Ala 107 and Glu 105 [7]. Crys-
tallization of inactive adenosine-bound TAK1 demonstrated a
critical hydrogen bond of the ribose 3’-O to Pro 160. Further
hydrogen bonding is observed to Asp 175, which is the leading
residue of the DFG motif. This residue is thought to interact
with Lys 63 through polar interactions and is catalytically
important for phosphate transfer to substrate molecules [7].
Critical for TAK1-TGF-beta-activated kinase 1 (TAB1) inter-
actions is a helical loop centred around Phe 484, which
provides extensive surface contact between the two proteins.
A similar protein interaction has been observed during the
functional activation of c-Abl; the myristoylated N-terminus
of c-Abl binds to the base of its C-terminus and allows a con-
formational change to incorporate SRC homology (SH)2 and
SH3 domain binding [8]. Because the interacting protein
binds in close proximity to the helix al in both TAK1 and c-
Abl], it can be speculated that a conformational change in the
TAK1 C-terminus occurs to fully incorporate TAB1, which is
part of a more complex kinase activation process. Based on
the importance of TAB1 during the TAK1 activation process,
most enzymatic studies of TAK1 use a TAK1-TAB1 fusion
protein to assess functionalities of the activated kinase. In
addition to enzymatic studies, in vitro experiments using cyto-
kine stimulations have shown that TAK1 forms a ternary

complex with TAB1 and TAB2/3 and undergoes phosphoryl-
ation on residues of its activation loop (Thr 178, Thr 184, Thr
187, Ser 192) and Ké63-linked polyubiquitination at Lys 158
to be fully functional [9,10]. While polyubiquitination of
TAK1 is required for signal transduction in cells, kinase
activity can be modelled by TAK1-TAB1 fusion proteins for
kinetic and enzymatic studies [11].

3. TAKT and cytokine signalling

3.1. TAKT—tumour necrosis factor signalling

Much of the intracellular actions of TNF are thought to be
mediated through TAK1 (figure 2). Following binding of
TNF to the TNF-Receptor 1 (TNFR1), TAK1 in complex with
TAB1-3 activates inhibitor of nuclear factor kappa-B kinase
(IKK), leading to ubiquitination and proteasomal degradation
of IKPB subunit subsequently leading to activation and trans-
location of NF-kp to the nucleus for TNF gene transcription
[12]. In addition to NF-kp signalling, TAK1 can also signal
through MKK3/4/6, which leads to p38 and JNK activation
and subsequent translocation to the nucleus to activate tran-
scription of pro-survival and proinflammatory cytokine
genes [12,13] (figure 2). Receptor interacting serine/threonine
kinase 1 (RIPK1) is another parallel regulator in TNF-mediated
cell death. While RIPK1 activation can trigger its own apopto-
sis pathways, TAK1 inhibition, regardless of subsequent NF-«f
signalling, can also promote TNF-mediated RIPK1-dependent
cell death [14,15].

In addition to blocking intracellular TNF signalling
through the TNF receptor, TAK1 inhibition has also been
shown to downregulate TNF expression from other inflamma-
tory ligands such as LPS [12]. Data have shown that TAKI
inhibition with the TAKI inhibitor, takinib, leads to potent
inhibition of TNF secretion and signalling in immune cells. Pre-
vious work by Scarneo et al. showed following stimulation of
THP-1 macrophages by LPS and interferon gamma (IFNy),
cells treated with the TAK1 inhibitor, takinib, showed selective
inhibition of TNF (greater than ninefold reduction) compared
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Figure 2. TAK1 inflammatory signalling pathways. TAK1 is activated by many inflammatory signalling ligands, such as TNF and LPS which bind TNF-receptor 1
(TNFR1) and toll-like receptor (TLR4). Following upstream ligand stimulation, TAK1 complexes with its adapter proteins TAK-binding protein 1 (TAB1) as well as TAB2
and 3. TAK1 phosphorylation leads to activation of downstream inflammatory signalling including nuclear factor (NF-xf3), p38 and JNK.

to 110 other cytokines/chemokines profiled. Interestingly,
other inflammatory cytokines stimulated by LPS and IFNy,
such as interleukin-6 (IL-6) and IL-1B, showed significantly
less suppression by TAK1 inhibition, supporting the role that
TAK1 signalling potently regulates TNF expression over
other inflammatory cytokines [12]. Further evidence support-
ing TAK1’s role in TNF signalling comes from in vitro genetic
knockout studies in THP-1 macrophages. Genetic knockout
of TAK1 has shown that loss of TAK1 blocks LPS induced
TNF pro-inflammatory responses [12]. Thus, it has become
apparent that TAK1 potently regulates TNF signalling in
immune cells.

3.2. TAK1-interleukin-1P signalling

In addition to its role in TNF signalling, TAK1 regulates var-
ious upstream inflammatory signalling cascades, including
the inflammatory cytokine IL-1B. Like TNE IL-1p signalling
regulates a variety of inflammatory responses following infec-
tion. Many immune cells (i.e. neutrophils, and Langerhans
cells) and epithelial cells are sensitive to IL-1B, which can
induce transmigration to target tissues including cartilage,
bone, blood vessels, the hypothalamus and the pancreas
[16,17]. Following IL-1B binding to its receptor (IL-1-R1), a
high-affinity multimeric complex consisting of IL-1, IL-1-R1
and IL-1 receptor-accessory protein (IL-1-RAP) is formed
[18]. This complex recruits MyD88, IL-1 receptor-associated
kinase 1 (IRAK1) and IL-1 receptor-associated kinase 4
(IRAK4). IRAK1 and IRAK4 then associate with TRAF6 and
recruit TAB2 to the complex. TNF receptor associated factor
(TRAF)6 is an E3-ubiquitin ligase and post-translationally

modifies TAB2 through K63-polyubiquitination. Formation of
the TRAF6-TAB2-TAK1 complex is necessary for TAK1 acti-
vation. In addition to TAK1’s role in regulating downstream
IL-1B signalling, inhibition of TAK1 has shown to modestly
reduce IL-1p secretion in stimulated macrophages [12].

3.3. TAK1-toll-like receptor signalling

Toll-like receptors (TLRs) are a large receptor family and
belong to the pattern recognition receptors (PRR), which are
a crucial part of innate inflammation and immunity. While sev-
eral endogenous and exogenous ligands for TLRs are known,
TLR4 will be discussed because of the importance of its LPS
ligand and downstream TAK1 signalling. Following LPS bind-
ing to TLR4, a signalling cascade similar to IL-1p is activated.
MyD88 recruits IRAK proteins, leading to TAK1 activation
[19] (figure 2). TAK1 has been shown to play a critical role in
mediating LPS and TLR4 inflammatory signalling cascades.
For example, pharmacological inhibition of TAK1 has been
shown to block both in vitro and in vivo immune response to
LPS [20-22]. In the LPS sepsis mouse model, previous work
has shown that administration of takinib blocked LPS induced
increases in serum TNF [12].

3.4. TAK1-transforming growth factor [3 signalling

TGEFp is a pleiotropic cytokine that regulates angiogenesis,
migration, cell proliferation, differentiation and apoptosis in
a variety of tissues [23]. TGFp binds to TGFp-RII (TGFp type
II receptor) and induces dimerization of receptor monomers.
TGFB-RII recruits and phosphorylates two TGFB-RI (TGFp
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type I receptor) molecules with its cytoplasmic kinase domain,
subsequently leading to Smad phosphorylation. The Smad-
dependent signalling pathway results in transcription of
genes involved in apoptosis, immune suppression, and extra-
cellular matrix (ECM) neogenesis [24]. Recent studies suggest
that TAK1 activation in TGF signalling functions in a receptor
kinase-independent manner [25,26]. TRAF6 associates with
TGFp26 R1 following TGFp binding, which leads to polyubi-
quitination of TAK1 and NF-kp, p38, and JNK activation,
which subsequently triggers a proliferative and inflammatory
transcriptional programme. Although TGFp was originally
thought to be a major activator of TAKI, growing consensus
in the field recognizes TGFp as a weak activating ligand in
the TAK1 pathway.

4. TAK1 as a target for inflammatory
disorders

Inflammatory disorders, such as RA, Crohn’s disease and
inflammatory bowel disease (IBD), have shown increased
expression of TNE IL-1B and IL-6, which contribute to joint
erosion and tissue destruction [27-30]. Genome-wide associ-
ation studies (GWAS) identified several disease-relevant loci
related to TAKI-TNF signalling, which primes TAK1 as a
therapeutic target. For example, GWAS meta-analysis in RA
patients from Asia found enrichment of MAP3K7 (TAK1) as
well as enrichment of the TAK1 activator protein TAB1 [31].
Furthermore, single nucleotide polymorphisms (SNPs) in
the TAKI-TNF pathway including MAP3K7 and TNFSF18
(Crohn’s disease), TNFSF14 and 16NFKBI1 (ulcerative colitis),
TRAF3IP2 and TNFAIP2 (general inflammatory bowel
disorder) are associated with higher risk for disease develop-
ment [32-34]. Although many of these SNP’s have been
identified to influence one’s risk towards disease develop-
ment, further studies are needed to tease out the functional
implications of the individual SNPs on protein function.
Table 1 provides an overview of diseases for which TAKI
has been implicated as a potential drug target.

In RA, TNF is overexpressed and promotes disease pro-
gression. Following initial joint injury, immune cells secrete
TNE leading to a tumour-like cell transformation of fibro-
blast-like synoviocytes (FLS) and increased migration,
protease expression, and secretion of inflammatory mediators
[45]. While effective biological therapeutics targeting TNF
and TNF-R have been established in recent years, non-
responders and cases of resistance have been reported
[46,47]. With the arrival of selective TAK1 inhibitors, pre-
clinical pharmacological studies have established the thera-
peutic potential of TAK1 inhibition in RA. For example, our
group found that daily administration of takinib, a TAKI
inhibitor, significantly reduced the clinical arthritic score of
mice in the collagen-induced arthritis (CIA) mouse model
of human RA. In addition, we found that inhibition of
TAK1 in human-derived RA-FLS cells leads to decreased acti-
vation of intracellular NF-«xp signalling as well as a reduction
in inflammatory cytokine expression [36].

4.1. In vivo genetic evidence of TAK1

Based on the potent regulation of TNF signalling in immune
cells, TAK1 may represent a novel intracellular therapy for
TNF mediated diseases. However, in vivo genetic studies in

Table 1. Inflammatory disorders with TAK1 indication.

inflammatory disorders references

rheumatoid arthritis [35,36]
inflammatory bowel syndrome [37]

kidney disease [38,39]
skin inflammation [40-42]
chronic pain [43,44]

mice have raised doubts to the therapeutic potential of TAKI.
Early studies of TAKI1 in vivo had shown that global knockout
of TAK1 in mice led to early embryonic lethality owing to
abnormal neural tube development [1048]. Additionally,
knockout of co-stimulatory proteins TAB1 and 2, which are
necessary for TAK1 activation, are not viable owing to cardio-
vascular and liver abnormalities, respectively [49,50]. Thus, the
use of conditional knockouts of TAK1 using tissue-specific pro-
motors have provided greater insight of the in vivo function of
TAK1. Immune cell-specific knockouts such as B cell- TAK1%°
demonstrated impaired B cell maturation and antigen-induced
immune responses [48]. Non-immune cell conditional knock-
out studies have been performed in the epidermis, liver
parenchyma, and enterocytes and have resulted in abnormal
cell development and inflammatory phenotypes [51-53].

Loss of function TAK1 mutations in humans have not yet
been identified, but recent discovery of a gain of function
developmental phenotype owing to expression of a truncated
form of the protein kinase has been reported [54]. Patients
with this TAK1 gain of function mutation present with
craniofacial abnormalities [54,55]. These deficits reflect
the actions of an unregulated TAK1 protein kinase during
embryogenesis leading to severe developmental issues. As
with many other kinase drug targets, often genetic data has
contradicted pharmacological studies, complicating their
therapeutic potential [56,57]. This is largely because many
protein kinase-mediated pathways either have built in redun-
dancy, or the cell compensates by reprograming its signalling
networks [58]. Additionally, protein kinases like TAK1 have
scaffolding functions in addition to its enzymatic functions
[59]. Removal of the protein therefore is likely to have impacts
on other pathways, which makes interpretation of genetic
in vivo studies of TAK1 difficult. Despite contradictory gen-
etic data supporting the therapeutic potential of TAK1,
early pharmacological data have strongly supported the
potential of pharmacological manipulation as a therapeutic
approach. Benefits of a pharmacological approach include
the retention of TAK1’s scaffolding function as well as ability
to restore TNF signalling to normal levels rather than comple-
tely ablate it. Thus, the development of a selective TAKI
inhibitor will advance our understanding of the therapeutic
potential of TAK1 in disease contexts.

4.2. Pharmacological development of TAK1 inhibitors

Owing to its role in mediating TNF signalling, TAKI is a
potential novel drug target for the treatment of inflammatory
diseases. Until recently, pharmacological inhibitors of TAK1
lacked selectivity in the kinome, limiting their use to support
the therapeutic role of TAK1 in diseases. However, discovery
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Figure 3. Chemical structures of current TAK1 inhibitors by covalent, type I, type 1.5 and type Il binding mode.

Table 2. TAK1 affinity of current TAK1 inhibitors.

1G5 PDB crystal  binding

name [nM] structure mode reference
57-7-Oxozeaenol 9 4GS6 covalent [60]
hypothemycin 100 n.a. covalent [61]
epoxyquinol 20000 na. covalent [62]
AZ-TAK1 8 unpublished  Type | [63]
ABC-FP 28 4153 Type | [64,65]
PF-04358168 1640  2YIY Type Il [66]
PF-05381941 156 N/A Type Il [66]
NG-25 4 4091 Type Il [67]
LYTAK1 N/A na. N/A [68]
takinib 9.5 5V5N Type 1.5 [13]

of the selective TAK1 inhibitor, takinib, has provided the first
selective chemical entity to probe the therapeutic potential of
TAKI in the absence of off target inhibition [13]. Previously,
covalent, type I and type II kinase inhibitors for TAK1 have
been identified (table 2 and figure 3). Type I inhibitors
target the kinase in the active DFG-in conformation, in
which the DFG aspartate residue is pointed into the ATP
binding site. In a DFG-out conformation, the aspartate and
phenylalanine residues switch positions, creating an allosteric
pocket next to the ATP binding site. While ATP binding is
now sterically blocked, type II inhibitors target the kinase
in this inactive DFG-out conformation. The most widely
used tool to study TAK1 biology is the resorcylic lactone
(56Z)-7-Oxozeaenol (5Z0) [60]. 5Z0 demonstrated increased
efficacy compared to the Federal Drug Administration-
approved Janus kinase inhibitor tofacitinib in RA cell
models [35]. However, this molecule also potently inhibits a
panel of at least 50 other kinases (RIOK3, MEK1,2,34,5
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Figure 4. TAK1 inhibitors in the ATP binding pocket of TAK1. (a) Overlay of covalent, type I, and type Il inhibitors in the TAKT ATP binding pocket. (b) Key interacting
residues of the covalent TAK1 inhibitor 5Z-7-Oxozeanol (PDB 4GS6), type | ABC-FP (PDB 4L53), type 1.5 takinib (PDB 5V5N) and type Il NG-25 (PDB 4091).

PDGEFRB, FI'T4, FL.T1/3, KIT, TGFBR2) and forms a covalent
bond with reactive cysteines in the activation loop of its targets,
rendering it inadequate for therapeutic purposes owing to off
target effects [60,69]. Despite the known limitations of 5Z0, it
is still widely used to study TAK1 biology in contexts of disease.
Structurally related compounds of 5ZO suffer from similar
selectivity issues; for example, hypothemycin also targets
mitogen-activated kinase kinase (MEK) (ICs 15 nM) and sup-
presses IL-2 production (ICso 9 nM) [61,70,71]. Progress has
been made with type I hinge region binders to the ATP binding
pocket of TAK1. AZ-TAK1 has shown efficacy in acute myeloid
leukemia, but it lacked selectivity characterization in a large
kinase panel [72]. In an initial study, AZ-TAK1 inhibited
TAK1 with an ICs5p < 100 nM, but also showed low nM potency
against HIPK2 (ICsp 3 nM) and CDK9 (IC5p 9 nM) [63]. Another
type I binder, ABC-FP also lacks selectivity profiling. NG-25
was recently developed and targets TAK1 in the DFG-out con-
formation (type II binder). As a dual inhibitor, it targets TAK1
and MAP4K2 (ICsy 22 nM) with similar potencies [67]. Drug
companies have developed several other small-molecule inhibi-
tors with diverse chemotypes, but little information is currently
available on these compounds including the widely used
LYTAK1 which has been removed from the public domain
[61]. Recently, the discovery of the takinib scaffold has provided

the first selective and potent (ICsp 9 nM) TAK1 inhibitor [13]. In
a panel of 146 human kinases, takinib showed a 12-fold degree
of selectivity over the next kinase, IRAK4. The development
and characterization of takinib has provided the first selective
pharmacological tool to study TAK1’s therapeutic potential
[13,36].

The limited development of potent TAK1 inhibitors may
be a result of targeting the kinase in the active/DFG-in/
type I or inactive/DFG-out/type II conformation. While
type I binders often form hydrogen bonds within the hinge
region of the ATP binding site, type II binders extend
beyond the hinge region into a hydrophobic pocket in close
proximity to the ATP-binding site and are generally of
higher molecular weight. A general core structure for type
II binders has been developed, consisting of a hydrophobic
moiety with hydrogen-bond acceptors, a linker region that
often consists of amide moieties, and another hydrophobic
moiety with hydrogen bond donors and acceptors [67,73].
It is not clear if every kinase readily undergoes conformation-
al changes from the DFG-in to DFG-out conformation (less
than 10% of kinases in the protein databank are in the
DFG-out conformation). The relative conformational flexi-
bility of TAK1 is underlined in the fact that the activation
loop of TAK1 has not been crystalized. Structural disorder
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of this region is often cited as a reason for the missing resi-
dues of the activation loop in TAKI1 crystal structures.
While the DFG-in conformation is conserved across kinases,
the DFG-out conformation is unique to each kinase, poten-
tially allowing for more selective inhibitors. However, the
higher selectivity of type II inhibitors could also stem from
the fact that less kinases adopt this conformation and
therefore a smaller sample size is probed for these inhibitors.

All previously described TAK1 inhibitors occupy the ATP-
binding pocket of TAKI, and no allosteric binders have been
described to this date (figure 4). From the overlay of TAKI
inhibitors, it can be observed that the type II binders NG-25
and PF-04358168 ((grey, PDB 4091), (green, PDB 2YIY)) span
across the ATP-binding pocket from the hinge region to the
DFG motif and into a small hydrophobic binding pocket that
becomes available in the DFG-out conformation. Both com-
pounds hydrogen-bond to amino acid residues critical for
kinase function: Ala 107 (hinge region), Glu 77 (aC loop), 23
and Asp 175 (DFG motif). 5ZO (turquoise, PDB 4GS6) forms
a covalent bond with Cys 174 and hydrogen-bonds to Ala 107
and Pro 160. Ligand 10 (purple, PDB 4JGA), 11 (orange, PDB
4JGB) and 12 (dark green, PDB 4JGD) are type I binders derived
from a series of lead optimizations [74]. They interact with Ala
107, Asp 175 and Ser 111. Ser 111 interactions had not been
previously described for other TAK1 inhibitors. Optimized
7-aminofuro[2,3- c]pyridine behaves as classical hinge region
binders ((pink PDB 4L3P), (yellow, PDB 4L52), (salmon, PDB
4153)) and interact with Ala 107 and Glu 105. At present,

TAK1 inhibitors share commonalities in key interaction
residues observed for covalent, type I, and type II inhibitors.

TAK1 represents a novel drug target for the regulation of
TNF signalling in autoimmune diseases. As a key node in
major disease-related cytokine signalling pathways, it activates
proliferative and inflammatory gene programmes relevant to
disease progression. Despite its biological importance, a lack
of selective and potent TAK1 inhibitors and contradictory gen-
etic evidence had greatly reduced our therapeutic
understanding of TAK1. The most widely used TAK1 inhibitor
570 is a nonselective natural product, which inherently limits
conclusions of studies with this compound. However, recent
advent of novel TAK1 inhibitors such as takinib have revita-
lized the field and provided the first selective TAK1 inhibitor,
allowing for enhanced understanding and evaluation of the
therapeutic potential of TAK1 in inflammatory disorders.

All data generated in this review can be shared by
contacting Timothy Haytsead (timothy.haystead@duke.edu).
J.T., S.AS.,, KW.Y. and T.A.J.H. all wrote the
review and edited the final manuscript.

S.A.S. and T.AJ.H. both have ownership in EydisBio
which is currently investigating the development of TAK1 inhibitors.

We received no funding for this study.
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