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Abstract

The serine/threonine protein kinase, TBK1, plays a crucial role as the hub for many innate
immune signaling pathways that lead to the induction of type I interferon (IFN) and interferon-
stimulated genes (1ISGs). Due to its key function in maintaining homeostasis of the immune
system, cell survival and proliferation, TBK1 activity is tightly regulated. Dysregulation of TBK1
activity is often associated with autoimmune diseases and cancer, implicating the potential
therapeutic benefit for targeting TBK1. Tremendous effort from both academic institutions and
private sectors during the past few years has led to the development of many potent and selective
TBK1 inhibitors, many of which have shown great promise in disease models in vivo. This review
summarizes recent advance on the pharmacological inhibition of TBK1 and its potential for
treating autoimmune diseases and interferonopathies.
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1. General overview of TBK1 signaling

The serine/threonine protein kinase, TBK1, is ubiquitously expressed and it belongs to the
IxB kinase (IKK) family. Canonical IKK family members include IKKa and IKKB. They
are key molecules in the NF-xB pathway involved in the clearance of incoming pathogen,
cell survival and proliferation. Given the importance of IKKa/p, collective effort from
several research groups led to the discovery of two IKK-related kinases [1]. One of which is
TBK1 (TANK-binding kinase), originally identified by yeast two-hybrid screen using
TANK as the bait. TBK1 is also known as NAK (NF-xB-activating kinase), discovered in
parallel based on sequence similarity to IKKa/p and the ability to activate NF-xB. The other
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IKK-related kinase is IKKe (also known as 1KKi), also discovered through homology
search and functional screens. IKKe shares 60% sequence identity to TBK1. IKKze is the
only IKK family member that is inducible, in response to LPS, viral infection and several
cytokines. Its expression is also limited to pancreas, thymus, spleen and peripheral blood
leukocytes. In contrast, IKKa, IKK, and TBK1 are all constitutively expressed in all tissue
and cell types. Both TBK1 and IKKe are also essential player of the NF-xB pathway; MEFs
deficient for either enzyme would abrogate NF-xB target gene expression in response to
classical inducers [2,3]. In addition, TBK1-deficienct mice are embryonic lethal and arrest
development at embryonic stage E14.5 due to liver degeneration and apoptosis, a phenotype
similar to IKK- or p65-deficient mice [3].

The unique function that sets TBK1 and IKKe apart from IKKa/f is their ability to
phosphorylate interferon regulator factor (IRF) 3 and 7, both of which are transcription
factors critical for activation of type I interferon (IFN-1) genes and interferon-stimulated
genes (ISGs) in response to microbial infection [4,5]. Upon phosphorylation, IRF3 and IRF7
homao- or hetero-dimerize and translocate into the nucleus, where they activate IFN-1 genes,
ISGs and proinflammatory genes [6]. A variety of pattern recognition receptors (PRRs),
such as endosomal TLR3, 7, 9, cytosolic RNA and DNA sensors, once engaged with a
ligand, could activate TBK1/IKKe, leading to both NF-xB and IRF3/7 signaling. These
innate immune signaling pathways are crucial for establishing an immediate antiviral state
during acute infection. On the other hand, these signaling pathways also need to be carefully
regulated, because their chronic activation could be detrimental to the host and cause
autoimmune diseases. A schematic overview of TBK1-mediated signaling as well as
downstream IFN-I receptor (IFNAR) and the JAK/STAT pathway is shown in Fig. 1.

Besides innate immune signaling, TBK1 also mediates crosstalk between innate immunity
and autophagy [7]. TBK1 contains an N-terminal kinase domain, an ubiquitin-like domain
(ULD) in the middle and an a-helical scaffold dimerization domain on the C-terminus.
TBK1 is required for autophagic clearance of sa/monella enterica, through binding and
phosphorylation of autophagsome adaptor proteins optineurin (OPTN) and NDP52 [8,9].
Phosphorylation enhances OPTN interaction with LC3 and facilitates the recruitment of
salmonellato autophagosomes. This TBK1-mediated autophagy function is also important
in maintaining motor neuron homeostasis; genetic mutations that truncate TBK1 C-terminus
OPTN-binding domain while preserving the kinase activity were associated with a
neurodegenerative syndrome called familial amyotrophic lateral sclerosis (ALS) [10]. Thus,
it is also possible that TBK1 acts as a scaffolding protein in autophagy in neurons.

2. Role of TBK1 in autoimmune diseases, cancers and beyond

Canonical IKKs such as IKKa/p are clearly important for broad NF-xB signaling governing
cell survival, proliferation and cancer development. TBK1 and IKKe are better known for
activating NF-xB and IRF signaling in infection and autoimmune disease settings. Recent
findings also revealed a role for TBK1 and IKKe in Rasinduced oncogenesis [11]. TBK1
acts as an effector downstream of Ras, through RalGEF-RalB-Sec5 pathway, where it
directly phosphorylates AKT to promote pro-survival signaling in transformed cells [12].
TBK1 also binds mTORC1 and inhibits its activity to regulate prostate cancer dormancy,
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although it is unclear whether kinase activity or scaffolding function is involved in
regulating mTORCL [13]. In certain cancers like lung, breast, pancreatic, and colon cancers,
TBK1 is highly expressed and provides pro-survival signals [14]. It is remarkable that the
same kinase is involved in both antiviral immune response and oncogenic transformation.
This may be due to the fact that TBK1 can act on different targets in different pathological
settings.

In the settings of autoimmune disease, TBK1-mediated signaling contributes to production
of IFN-1, autoantibodies and chemokines such as CXCL10/IP-10. These molecules then
initiate and amplify immune attack on tissues leading to organ damage and disease. Immune
cell activation (e.g. T cells, B cells and neutrophils) and subsequent migration to peripheral
organs also play important role in tissue destructions including the nervous system in
autoimmune disease. One example is Aicardi-Goutieres syndrome (AGS), a several
neurological autoinflammatory disease that is a genetic mimic of congenital viral infection,
with elevated levels of IFN-I in the serum and cerebrospinal fluid [15]. Seven genes are
associated with AGS, including RNASEHZA, RNASEHZB, RNASEHZC, TREX1,
SAMHDI1, ADARI, and /FIHI (encodes MDADS), all of which are nucleases or nucleic acids
sensor. Accumulating evidence suggest that the cytosolic innate immune response to self-
DNA or RNA, both require TBK1 kinase activity, is likely a common molecular cause of
AGS [16-21]. Pharmacological inhibition of TBK1 in the most well-studied AGS mouse
model, 7rexI-/-, showed clear therapeutic benefit, such as reduced inflammation and
mortality caused by the disease [22].

Recent technological advance on the next-generation sequencing (NGS) allowed rapid
discovery of causal mutations in more monogenic autoimmune diseases like AGS. Many of
these patient cells exhibit elevated IFN-I or ISG gene expression (also known as the “IFN
signature™), and these diseases are collectively called interferonopathy [23]. Although
underlying causes and immune pathways leading to elevated IFN signature may be diverse
amongst these diseases, given the critical role of TBK1 in activating IFN-1 gene expression,
pharmacological inhibition of TBK1 is an attractive avenue of therapeutic intervention that
could have a broad impact on many interferonopathies.

TBK1-mediated immune signaling has also been implicated in complex autoimmune disease
such as systemic lupus erythematosus (SLE) [22,24]. TBK1 mRNA expression, but not other
IKK mRNAs, is elevated in several key immune cell populations isolated from SLE patient
blood compared to healthy controls [22]. Many common genetic variants associated with
SLE encode proteins associated with molecular pathways involved in TBK1-mediated
induction of IFN-I. In lupus patients, elevated IFN signature is associated with the presence
of RNA/protein-complex autoantibodies [25,26]. Recent studies of monogenic SLE
associated with chronic activation of cytoplasmic nucleic acid receptors also demonstrate
that IFN-1 is induced through TBK1-mediated activation of IRF3. Collective evidence from
both murine and human systems suggest IFN-1 pathway as a rational therapeutic target for
patients with SLE. As a proof-of-concept, we recently showed that lymphoblasts derived
from SLE patients with high IFN signature responded well to TBK1 inhibition in vitro [22].
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Autoimmune diseases such as rheumatoid arthritis (RA) and multiple sclerosis (MS) may
also benefit from inhibiting TBK1-mediated immune signaling. Innate immunity plays an
important role in inflammatory cell activation and pathogenesis of RA and MS. Rheumatoid
fibroblast-like synoviocytes (FLS) express TLRs and produce inflammatory mediators such
as cytokines and matrix metalloproteinases that contribute to the destruction of rheumatoid
joints [27,28]. One study highlighted the importance of TLR3-TBK1 signaling pathway in
FLS, leading to IRF7 activation and CXCL10/IP-10 expression, which is closely related to
the pathogenesis of RA [28]. TBK1 also controls the migration of autoreactive T cells to the
brain and is involved in the pathogenesis of MS-like autoimmune manifestations [29]. TBK1
also interacts with the master regulator of cellular metabolism, mMTORC1, and suppresses its
function [13]. Metabolic dysregulation is becoming more commonly detected in
autoimmune diseases such as SLE and AGS [30-32]. Thus, it is logical to speculate that
TBK1 may play a broader role than previously thought, coordinating the crosstalk between
immune response and metabolism.

3. Potential benefits of targeting TBK1 in autoimmune disease

Autoimmune disease such as SLE is a complex immune disorder caused by a combination
of genetic and environmental factors. Although the underlying causes of this disease is
heterogeneous, the majority of SLE patients share a prominently common feature, which is
increased serum levels of IFN-1 and increased expression of ISGs. Accumulating evidence
from animal studies and human clinical trials implicate an important ethiopathogenic role of
dysregualted IFN-1 system in SLE [25]. Therapeutic targeting of IFN-1 pathway thus is
becoming an exciting option for treating SLE.

Current clinical studies have focused on targeting IFN-1 downstream signaling, including
IFN-1 proteins, IFNAR and the JAK/STAT signaling pathway [25]. Sifalimumab, an anti-
IFNa antibody, partially reduced IFN signature in whole blood cells in moderate SLE
patients, while may be less effective in severe SLE patients. The anti-IFNAR antibody
anifrolumab was also tested in a phase Ilb study with encouraging results, and will progress
to phase Il studies. Ruxolitinib and tofacitinib are JAK inhibitors approved by the FDA to
treat psoriasis and rheumatoid arthritis. Clinical studies are just beginning to evaluate these
drugs in SLE patients. These important clinical studies bring exciting new hope to SLE
treatment. However, one important consideration is that blocking downstream IFN-I
signaling would only temper IFN-1 target cell function, and have little or no affect on IFN-I
producing cells, thus allowing endogenous pathogenic stimulus continue to induce IFN-I and
ISGs (Fig. 1).

In comparison, upstream signaling pathways initiated by many PRRs signal through TBK1/
IKKe to induce IFN-I expression; thus therapeutic targeting of these two closely related
kinases could be effective at blocking IFN-I induction by a variety of stimuli. The rationales
for targeting TBK1/IKKe are: 1) Correct the “root cause”. Inhibiting TBK1 would eliminate
endogenous ligand-stimulated induction of IFN-I, thus correcting the “root cause” of the
problem. This can be done as a single therapy in moderate SLEs, which would leave the
downstream IFNAR and JAK/STAT pathway operational for maintaining important cell-to-
cell communication and immune hemostasis. TBK1 can also be targeted in combination
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with IFNAR and/or JAK inhibitors for more complete block of IFN-I signaling in severe
SLEs. 2) Kinase activity is amendable to small molecule targeting. TBK1/IKKe are kinases
that can be conveniently targeted with small molecule inhibitors that are easy to deliver and
pharmacologically more stable, compared to large bulky antibodies currently being used to
target downstream IFN-Is and IFNAR. In fact, many potent and selective TBK1/IKKe
inhibitors have already been developed to treat cancer and inflammatory diseases ([33], see
below). Re-purposing these inhibitors for treating SLE could drastically expedite therapeutic
development. 3) Also effective at blocking IFN-independent pathways. Some aspect of SLE
pathology may be caused independent of or only partially dependent on IFN-I. For example,
CXCL10 plays an important role in systemic vasculopathy, and it can be activated by TBK1-
IRF3 signaling pathway in a cell-intrinsic manner [17,34]. 4) “On-target” for TBK1-
dependent monogenic SLE. Many monogenic SLE and interferonopathies are clearly caused
by TBK1-dependent signaling, such as AGS and STING-associated vasculopathy with onset
in infancy (SAVI) [35]. These patients could potentially benefit more from direct therapeutic
targeting of TBK1. We recently demonstrated that inhibiting TBK1 with a small molecular
inhibitor, Compound Il, ameliorated autoimmune disease phenotypes in an AGS disease
model 7rexI-/- mouse. 5) TBK1 expression is elevated in SLE. TBK1-mediated immune
signaling has been implicated in SLE [22,24]. In addition, TBK1 mRNA expression, but not
other related family member IKK mRNAs, is elevated in several key immune cell
populations isolated from SLE patient blood compared to healthy controls [22]. We recently
also showed that lymphoblast cell lines derived from SLE patients with high IFN-I
signatures responded well to TBK1 inhibition in vitro [22]. Taken together, TBK1 is an
attractive target for therapeutic inhibition of IFN-I induction in autoimmune diseases such as
SLE.

4. Viral antagonism of TBK1-mediated induction of interferon response

The immunological profiles of SLE patient bear striking similarity to patient with chronic
viral infection, especially the IFN signature. Many viruses have evolved mechanisms to
antagonize the IFN-I pathway, which is highly similar to our ongoing therapeutic effort in
developing inhibitors for the IFN-I pathway for treating autoimmune diseases. In the
majority of cases of viral antagonism, virus usually targets intermediate steps of the
upstream signaling pathway to prevent induction of IFN-I, as oppose to targeting
downstream IFN-I signaling. Part of this may be because virus directly encounters
components of the upstream signaling pathway, thus providing an opportunity for direct
host:pathogen interaction. These lessons from virus nonetheless implicate that it may be
advantageous or more efficient to target upstream signaling pathway that induces IFN-I
expression. Taking herpesvirus (an DNA virus) for an example [36], innate immune cGAS/
IF116-STING-TBK1-IRF3/7 signaling cascade is critical for inducing IFN-I response to
herpesvirus infection. To counteract at the PRR level, KSHV encodes ORF52 to block
cytosolic DNA sensor cGAS activity; HSV-1 ICPO causes degradation of another DNA
sensor IFI16. The intermediate steps, especially TBK1-mediated signaling, are more
extensively targeted by herpesviruses, including KSHV ORF45 and vIRF1, MHC68 ORF11,
HSV-1 ICP34.5 and ICPO, that either block TBK1 interaction with STING or with IRF3/7,
or cause its degradation [36]. A unified theme of these viral evasion mechanisms is to
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prevent IFN-1 induction, which is most effectively achieved by targeting multiple steps of
the upstream signaling cascade including the signaling hub TBK1.

5. TBK1 inhibitors and therapeutic potential

During the past few years, many academic institutions and private sectors have developed
inhibitors against TBK1 [33]. The most well-known and widely used compound, BX795, is
a potent TBK1 inhibitor, but non-selective. Thus, BX795 has served as the basic structure
for further modification to achieve more potency and selectivity. We summarize below major
groups of TBK1 inhibitors from published literatures and patents (Table 1).

5.1. MRT67307

MRT67307 was developed by University of Dundee, and is similar to BX795 in chemical
structure [37]. Both compounds are Aminopyrimidine derivatives. The potency and
specificity of MRT67307 is drastically improved over BX795. The 1C50 of MRT67307
against TBK1 is 19 nM, compared to 1 uM for BX795. MRT67307 also does not inhibit
related kinases such IKKa/B, JAK and p38 MAPK up to 10 uM.

5.2. AZ13102909

During the past few years, AstraZeneca has reported more than 44 compounds as part of an
azabenzimidazole derivative series. Several of these compounds inhibit TBK1 at or below 10
nM [37]. The best compound, AZ13102909, inhibits TBK1 with IC50 of 5 nM. Treatment of
AZ13102909 together with MEK inhibitors demonstrated clear efficacy at enhancing cancer
cell apoptosis in 3D tissue culture models [38].

5.3. SR8185-related compounds

The Scripps Research Institute developed SR8185 with phenylpyrimidine scaffold as an JAK
inhibitor [39]. Modification of SR8185 generated SR8185-related compounds with 1C50
against TBK1 below 1 nM. These compounds have low molecular weight and high
metabolic stability. They were also tested in tissue culture and xenograft and allograft mouse
models to have excellent efficacy at inhibiting tumor development.

5.4. Domainex compounds

Domainex is an advanced drug discovery company that developed the first-in-class small
molecule inhibitors of TBK1/IKKe. Subsequently, Domainex developed more than 80
pyrimidinyl compounds that show high potency and selectivity against TBK1. These
Domainex TBK1 inhibitors have 1C50 of 1-2 nM, and inhibitions to related kinases such as
IKKp and JAK were more than 200 times higher. These compounds have been tested in
inflammatory disease animal models, where they inhibited production of inflammatory
cytokines without toxicity.

5.5. MP1-0485520

Myrexis has developed many amino-pyrimidine compounds that inhibit TBK1 with IC50 in
the range of 10 nM or lower. The best compound, MPI1-0485520, has IC50 against TBK1 at
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0.5 nM [40]. Several of these compounds were tested in vitro and in vivo using
inflammatory disease models with excellent inhibition of RANTES, IP-10 and IFNP.

5.6. Amlexanox

Amlexanox is an anti-inflammatory drug approved by the FDA to treat recurrent aphthous
ulcers of the mouth in the US. Its mechanism of action is unknown. Recently, amlexanox has
been shown to inhibit TBK1 and IKKe, both of which are induced in the liver and fat by
high-fat diet-mediated NF-xB activation [41]. Treatment of obese mice with amlexanox
increased thermogenesis, reduced weight, improved insulin sensitivity and decreased
steatosis.

5.7. Compound I

Compound Il is a pyrazolo-pyrimidine derivative. Amgen developed it in collaboration with
Michael White’s group at University of Texas Southwestern Medical Center [12].
Compound Il was first shown as a potent and selective TBK1 inhibitor in cancer cells with
IC50 of 13 nM. Compound I1 inhibition of TBK1 impairs AKT signaling and promotes
apoptosis of several non-small-cell lung cancer cell lines [12]. More recently, our group
tested Compound 11 in autoimmune disease settings. We showed that Compound Il inhibited
poly(I:C)-induced immune activation in vitro and in vivo [22]. Interestingly, we found that
Compound Il potently inhibited TBK1 self-phosphorylation whereas BX795 did not,
although both compounds inhibited downstream IRF phosphorylation. Compound Il
treatment also ameliorated autoimmune disease phenotypes of 7rexZ—/— mice, increased
mouse survival, and dampened the IFN signature in 7REXZ mutant patient lymphoblasts
[22]. SLE cells with high IFN signature also responded well to Compound Il treatment [22].
Thus, Compound 11 is an excellent candidate for therapeutic development in treating AGS,
SLE and interferonopathies.

6. Possible risk of TBK1 inhibition

Although several studies convincingly demonstrated that pharmacological inhibition of
TBK1 improved autoimmune and inflammatory disease phenotypes in mice, prolonged
inhibition of TBK1 kinase activity may also increase the risk of viral infections. It is
possible that the human immune system has evolved redundant processes to cope with
infection during short or long term inhibition of TBK1 signaling. Antiviral drugs should be
considered when infections do occur. Haploinsuficiency of TBK1 causes neurodegenerative
diseases due to loss of TBK1 protein scaffolding function [10]. Thus identification and
development of novel drugs that selectively target the kinase function of TBK1 without
affecting total protein abundance will minimize the risk of potential adverse effects. Another
potential side effect of targeting TBK1 may be dysregulated NF-xB pathway that is critical
for cell proliferation and survival, although several potent TBK1 inhibitors mentioned above
have shown excellent safety profile and were well tolerated in animals.
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7. Conclusions and perspectives

TBK1 is critically involved in diverse biology including innate immune signaling, Ras-
mediated tumorgenesis, autophagy and diet-induced obesity. There are strong interests in
inhibiting TBK1 kinase activity as a novel avenue of therapeutics for autoimmune disease
and cancer. Significant development has been made over the past few years for small
molecule inhibitors of TBK1 by the combined efforts from academia and industries. Many
of these TBK1 inhibitors are potent and selective against the kinase activity, and are
effective at ameliorating autoimmune and inflammatory diseases in animal models with
minimal toxicity. Some of these compounds are already in or about to enter clinical trials. As
described earlier, prolonged inhibition of TBK1 may increase the risk of viral infections;
thus, such treatments should proceed with caution or be used in combination with
appropriate antiviral therapies. For severe life-threatening monogenic autoimmune and
autoinflammatory diseases such as AGS, SAVI and interferonopathies that presently have no
effective treatment, inhibiting TBK1 could potentially be an exciting life saving treatment
option. For chronic and complex autoimmune diseases such as lupus, rheumatoid arthritis
and multiple sclerosis, TBK1 inhibitors will provide much needed alternatives that can be
used alone or in combination with the current standard of care.
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TBK1 is the innate immune signaling hub mediating the induction of type | interferon
response.
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