
Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Louis, C;Ngo, D;D'Silva, DB;Hansen, J;Phillipson, L;Jousset, H;Novello, P;Segal, D;Lawlor,
KE;Burns, CJ;Wicks, IP

Title:
Therapeutic Effects of a TANK-Binding Kinase  Inhibitor in Germinal Center‒Driven
Collagen-Induced Arthritis

Date:
--

Citation:
Louis, C., Ngo, D., D'Silva, D. B., Hansen, J., Phillipson, L., Jousset, H., Novello, P., Segal,
D., Lawlor, K. E., Burns, C. J. & Wicks, I. P. (). Therapeutic Effects of a TANK-Binding
Kinase  Inhibitor in Germinal Center‒Driven Collagen-Induced Arthritis. Arthritis and
Rheumatology,  (), pp.-. https://doi.org/./art..

Persistent Link:
https://hdl.handle.net//



This is the author manuscript accepted for publication and has undergone full peer review but 

has not been through the copyediting, typesetting, pagination and proofreading process, which 

may lead to differences between this version and the Version of Record. Please cite this article 

as doi: 10.1002/art.40670 

This article is protected by copyright. All rights reserved 

 

 

 

Article type      : Full Length 

 

 

Article type: Full-length 

Therapeutic effects of a TBK1 kinase inhibitor in germinal center-driven, 

autoantibody-mediated inflammatory arthritis 

 

Cynthia Louis PhD1,5, Devi Ngo PhD1,5, Damian B D’Silva1,5, Jacinta Hansen1,5, Louisa 

Phillipson PhD2,5,, Helene Jousset PhD3,5, Patrizia Novello3,5, David Segal PhD4,5, Kate E 

Lawlor PhD1,5, Christopher J Burns PhD2,5,6, Ian P Wicks PhD

 

1,5,7 

1Inflammation Division, 2Chemical Biology Division, 3Systems Biology and Personalised 

Medicine Division, and 4 Cancer and Haematology Division, The Walter and Eliza Hall 

Institute of Medical Research, Parkville, VIC, 3052, Australia; 
5 Department of Medical Biology, The University of Melbourne, Parkville, VIC, 3010, Australia 
6 School of Chemistry, The Bio21 Institute, The University of Melbourne, VIC 3010, Australia. 
7

 

 Rheumatology Unit, Royal Melbourne Hospital, Parkville, VIC, 3050, Australia 

Running title: Targeting GC using TBK1 inhibitor in CIA  
 

 

 

 

# To whom correspondence should be addressed: 

 Prof. Ian Wicks 

The Walter and Eliza Hall Institute of Medical Research 

Inflammation Division 

1G Royal Parade, Parkville, VICTORIA 3052, Australia 

wicks@wehi.edu.au  

 

ABSTRACT  

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t

https://doi.org/10.1002/art.40670�
https://doi.org/10.1002/art.40670�
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fart.40670&domain=pdf&date_stamp=2018-11-26


This article is protected by copyright. All rights reserved 

Objective 

The production of class-switched high-affinity autoantibodies derived from organised 

germinal centers (GC) is a hallmark of many autoimmune inflammatory diseases, including 

rheumatoid arthritis (RA). TANK-binding kinase 1 (TBK1) is a serine-threonine kinase 

involved in the maturation of GC T follicular B helper cells (TFH

Methods and Results 

) downstream of inducible T 

cell costimulator (ICOS) signalling. We therefore assessed the therapeutic potential of TBK1 

inhibition using a small molecule inhibitor – known as WEHI-112 – in antibody dependent 

models of inflammatory arthritis. 

WEHI-112 - a tool compound, which is semi-selective for TBK1, but also has activity against 

IKKε and JAK2 - abolished TBK1-dependent IRF3 activation and inhibited type I IFN 

responses in vitro. In vivo, treatment with WEHI-112 selectively abrogated clinical and 

histological features of established, antibody-dependent collagen-induced arthritis (CIA), but 

had minimal effects on an antibody-independent model of antigen-induced arthritis (AIA) or 

on K/BxN serum transfer-induced arthritis (STIA). In keeping with these findings, WEHI-112 

reduced arthritogenic collagen type II (CII)-specific IgG1 and IgG2b antibody production. 

Furthermore, WEHI-112 altered the GC TFH

Conclusion 

 phenotype and GC B cell function in CIA.  

In summary, we report that TBK1 inhibition using WEHI-112, albeit semi-selective for TBK1, 

abrogated antibody-dependent CIA, most likely explained by targeting TBK1-mediated 

mechanisms in the GC reaction as its major effect. This approach may have therapeutic 

potential in RA and in other GC-associated autoantibody-driven inflammatory diseases. 

 

INTRODUCTION 

The presence of high-affinity autoantibodies, such as anti-citrullinated peptide 

autoantibodies (ACPAs) in rheumatoid arthritis (RA) 1 and anti-nuclear autoantibodies 

(ANAs) in systemic lupus erythematosus (SLE) 2 is a common feature of humorally mediated 

autoimmune diseases and has been linked to the induction of autoimmune inflammation 3, 4. 

The pathogenicity of high-affinity autoantibodies is exemplified in the K/BxN serum transfer-

induced arthritis model of RA 5. Transfer of serum or purified autoantibodies generated from 

autoimmune K/BxN transgenic arthritic mice alone is sufficient to induce arthritis in naive 

recipients 5. Key cytokines, such as TNF-α and IL-1β, are downstream amplifiers of joint 

inflammation in this model 6

Germinal center (GC) formation in secondary lymphoid tissues plays a major role in 

humoral autoimmunity 

.  

7. In the inductive phase of an antibody response, GC T follicular B 

helper cells (TFH) cells and GC B cells cooperate to mediate immunoglobulin class-

switching, affinity selection and the generation of GC-derived memory B cells and antibody-
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secreting plasma cells. GC reactions, including cytokines produced by Th17 cells within the 

GCs, also induce post-translational modification of antibodies produced by recently 

generated, GC-derived plasma cells and thereby influence the pathogenicity of arthritogenic 

autoantibodies in the autoimmune collagen-induced arthritis (CIA) model 8

Biological therapies to deplete B cells and antagonize key inflammatory cytokines 

such as TNF, have been employed clinically with success in treating RA. Small molecule 

kinase inhibitors targeting Janus kinases (JAK inhibitors/Jakinibs) have also been approved 

for RA 

.  

9

High affinity autoantibodies arise from GC reactions occurring in B cell follicles, 

following iterative rounds of somatic hypermutation of GC B cells and selection/maturation 

facilitated by T follicular B helper T cells (T

. Nevertheless, important challenges remain in the treatment of RA. Responsiveness 

to these therapies varies in different patients, reflecting the heterogeneity of underlying 

pathogenic mechanisms and stage of disease. Additionally, TNF antagonism and Jakinibs 

exert effects on the immune response that increase the risk of infection. Thus, therapies 

aimed at curbing humoral autoimmunity while balancing immune competence are required. 

We propose that targeting key pathways involved in autoantibody development may be one 

such approach.  

FH) 7. GC B cells with high affinity for antigen 

eventually form antibody-producing plasma cells 10. Accordingly, we reasoned that by 

targeting regulators of the GC reaction, the production of pathogenic autoantibodies could 

be limited, thereby inhibiting inflammation. Three target pathways are of relevance in this 

context. First, elevated type I IFN activity (the so-called type I IFN signature) is a remarkable 

feature of SLE, which can also be observed in some patients with RA and Sjögren’s 

syndrome, and is associated with high-affinity autoantibodies, disease progression and poor 

prognosis 11, 12. Type I IFN signalling through the common receptor IFNAR, can prime DCs 

to produce IL-6 in secondary lymphoid tissues. In turn, IL-6 supports the development of TFH 

and Th17 in secondary lymphoid tissues, as well as the maintenance of terminally 

differentiated antibody-secreting plasma cells 13. Third, the inducible T cell costimulator 

(ICOS) is required for the differentiation and maintenance of GC TFH, which mediate GC 

interactions and facilitate antibody responses 14, 15, 16. Loss or inhibition of these pathways 

has been shown to abrogate disease in humorally mediated autoimmune disease models 17, 

18, 19, 20

TANK-binding kinase 1 (TBK1) is an IKK-related Serine/Threonine kinase that is 

critical for the induction of IRF3-driven type I IFN responses in nucleic acid sensing 

pathways, such as TLR3/4-TRIF, RIG-I/MDA5-MAVS and cGAS-STING 

.  

21. TBK1 also 

regulates IL-6 expression in response to TLR3 ligands 22 and to cytosolic DNA downstream 

of STING, but not to TLR9 ligands 23. Because TBK1-/- mice are embryonic lethal, by using 

viable TBK1-/- TNF-/- mice 24 and STING-/- mice 23, TBK1-dependent induction of type I 
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IFNs and IL-6, respectively, have been shown to be required for humoral responses in vivo. 

TBK1 was also recently identified as a critical kinase for ICOS signalling in TFH cells 25

Given the involvement of TBK1 in regulating the production of type I IFNs and IL-6, 

as well as ICOS signalling, we hypothesized that TBK1 inhibition might provide an 

alternative approach to treatment of antibody-mediated inflammatory diseases. To explore 

this hypothesis, we generated WEHI-112 (a relatively selective small molecule inhibitor of 

TBK1) as a tool compound. TBK1 inhibition by WEHI-112 was confirmed by effective 

suppression of TRIF-TBK1-dependent IRF3 activation and IRF3-associated mediators in 

macrophage cell culture. In vivo, TBK1 inhibition alleviated the progression of established 

autoantibody-mediated CIA, but not the antibody-independent, antigen induced arthritis 

(AIA) model, nor the K/BxN serum transfer-induced arthritis (STIA) model. TBK1 inhibition 

reduced cytokine signalling and arthritogenic GC-driven humoral responses in CIA, in 

conjunction with lowered serum collagen type II (CII)-specific IgG1 levels. TBK1 inhibition 

may therefore provide an alternative therapeutic approach in RA and other autoantibody-

mediated inflammatory diseases.  

.  

 

 

MATERIALS AND METHODS 

Mice. Eight-to 10-week-old C57BL/6 and DBA/1 mice were obtained from WEHI Animal 

Supplies (Kew, Victoria, Australia). Mice were housed under standard conditions in the 

WEHI Animal Facility. All procedures were approved by the WEHI Animal Ethics Committee.  

 

Chemical compounds. MRT67307 26

 

 was purchased from Sigma. Baricitinib (JAK2 

inhibitor) was purchased from SelleckChem. WEHI-112 was synthesized at the Walter and 

Eliza Hall Institute. All compounds were dissolved in DMSO and diluted in 20% Captisol 

saline carrier solution.  

Induction of arthritis and inhibitor treatment. 

For CIA, DBA/1J mice were immunized intradermally with chicken type II collagen (CII) (2 

mg/mL; Sigma-Aldrich) emulsified in an equal volume of CFA (containing 5 mg/mL heat-

killed Mycobacterium tuberculosis H37RA, Difco Laboratories, Detroit, MI, USA) on day 0 

and day 21. Intraperitoneal injection of vehicle or WEHI-112 (30 mg/kg) was initiated upon 

disease onset and mice were randomly enrolled into treatment and control groups.  

For AIA, C57BL/6 mice were immunized intradermally with methylated BSA (mBSA) (2 

mg/mL; Sigma-Aldrich) emulsified in an equal volume of CFA on day 0. Arthritis was induced 

on day 7 by an intraarticular injection of 200 μg mBSA in 10 μl of 0.9% w/v saline into the left 

knee. Intraperitoneal injection of vehicle or WEHI-112 (30 mg/kg) was initiated immediately 

A
u

th
o

r 
M

a
n

u
s
c
ri
p

t



This article is protected by copyright. All rights reserved 

after intraarticular injection and mice were randomly enrolled into treatment or control 

groups.  

For K/BxN STIA, C57BL/6 mice were injected with 100 ul serum from K/BxN mice on day 0. 

Intraperitoneal injection of vehicle or WEHI-112 (30 mg/kg) was initiated on day 1 and 

continued daily for 8 consecutive days. 

 

Ag-specific Ab ELISA. Serial dilutions of sera were added to 96-well PolySorb microtiter 

plates (Nunc, ThermoFisher Scientific) coated with 5 μg/mL CII (Sigma-Aldrich) and 

incubated at room temperature for 2 h, followed by incubation with HRP-conjugated 

secondary antibodies against mouse IgG1 (1144-05), IgG2a (1155-05), IgG2b (1186-05), 

and IgM (1140-05) (Southern Biotechnology). The plates were developed with TMB 

substrate solution (BD Biosciences), and optical densities read at 450 nm. A mixture of sera 

from hyperimmunized DBA/1 mice with CIA was used to establish standard curves, and 

antibody levels are shown as relative titers. 

 

Immunofluorescence. Lymph nodes were fixed in 4% PFA overnight, immersed in 20% 

sucrose for 1 h, embedded in TissueTek OCT compound and 8 μm cryostat sections were 

prepared. After blocking of non-specific binding sites with Avidin, Biotin and Protein block 

solutions (Dako) supplemented with 2.4G2 (100 μg/mL), sections were stained with Alexa 

Fluor 488-coupled GL7 (anti-GL7) and Alexa Fluor 647-coupled RA3-6B2 (anti-B220) 

(Biolegend). Nuclei were stained with DAPI. Whole lymph node sections were captured on 

an LSM 780 with ZEN2010 imaging software using the tile-scan function (Carl Zeiss).  

 

T cell-restimulation assay. Primary CD4 T cell populations were isolated from pooled 

lymph nodes of DBA/1 mice with CIA. CD4 T cells were pre-gated as CD3+ CD4+ CD25- 

cells and sorted into CD44hi and CD44int populations. T cells were cultured in RPMI-1640 

medium, supplemented with 10% FBS, glutamine, HEPES (10 mM), sodium pyruvate 

(1mM), β-mercaptoethanol, penicillin and streptomycin. Cells were left unstimulated or pre-

conditioned with vehicle or WEHI-112 for 30 mins. Vehicle- or WEHI-112-treated cells were 

stimulated by combinations of purified endotoxin low and azide free anti-CD3 (3 μg/mL; 

2C11 from Biolegend) and anti-ICOS (3 μg/mL; C398.4A from Biolegend). The antibodies 

were cross-linked at 37oC by goat antibody to hamster IgG (20 μg/mL; 127-005-099 from 

Jackson ImmunoResearch). For immunoblotting, cells were lysed in RIPA buffer after in vitro 

stimulation for 10 mins and the cell lysates probed for phospho-FoxO1 or β-actin by 

immunoblotting. For ImageStream analysis, sorted CD44hi cells were collected after 

stimulation for 30 mins, stained for total FoxO1 (C29H4) from Cell Signalling Technology, 
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counterstained with DAPI, acquired using AMNIS ImageStreamX MKII instrument, and 

analysed using the IDEAS software. 

 

qRT-PCR. Total RNA was extracted from cells using ISOLATE II RNA Mini Kit (Bioline), 

digested with RNase-free DNase I (Bioline) and reverse transcribed into cDNA using 

superscript III (Invitrogen) using oligo-deoxy thymidine primers (Promega). Real-time qPCR 

was performed using Fast SYBR Green master mix (Thermo Fisher Scientific) and on a 

Viia7 PCR System (Thermo Fisher Scientific). Primers for the genes assessed are available 

in Supplementary Table 1. Gene expression levels were normalized to cellular GAPDH 

RNA levels. 

 

Statistical analysis. Data are expressed as mean ± SEM. Statistical differences were 

assessed using the unpaired Student t test, paired Student t test, or one-way ANOVA Prism 

6.0 software (GraphPad Software) as indicated. A P value ≤ 0.05 was considered 

statistically significant.  

 

 

 

 

 

RESULTS 

In vitro assessment of WEHI-112 as a TBK1 inhibitor. 

Current pharmacological TBK1 inhibitors display off-target inhibition on other major 

kinases and some are poorly stable for in vivo use 26, 27. We identified WEHI-112 as a lead 

compound of TBK1 inhibitor with improved selectivity and bioactivity. WEHI-112 potently 

inhibited TBK1 and its homolog IKKε (Supplementary Table 2), owing to a high degree of 

sequence homology. Cell-free biochemical assays revealed that WEHI-112 and literature 

standard TBK1 inhibitor MRT67307 26 blocked TBK1 activity with a half-maximal inhibitory 

concentration (IC50) of approximately 0.01 and 0.05 μM, respectively (Figure 1A). WEHI-

112 and MRT67307 also inhibited IKKε activity at IC50 of 0.003 and 0.03 μM and JAK2 

activity at 0.01 and 0.08 μM, respectively (Figure 1A). WEHI-112 and MRT67307 inhibited 

LPS-induced IRF3 phosphorylation of the TRIF-TBK1-IRF3 pathway in RAW264.7 

macrophages (Figure 1B). In line with other TBK1 inhibitors, both WEHI-112 and 

MRT67307 paradoxically enhanced the phosphorylation of TBK1 and IKKε (Figure 1B), 

despite efficient inhibition of TBK1 activity 28. The induction of TRIF-TBK1-IRF3-dependent 

genes (Ifnb, Cxcl10, and Ccl5) was reduced in LPS-induced macrophages in the presence 

of either WEHI-112 or MRT67307 (Figure 1C). WEHI-112 and MRT67307 did not affect the 
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induction of LPS-induced Tnf or Il1b, but suppressed Il6 transcription in RAW264.7 

macrophages (Figure 1D). Additionally, TBK1, rather than IKKε, was required for optimal Il6 

induction in response to LPS (Figure 1E). In summary, WEHI-112 is a potent and relatively 

selective inhibitor of TBK1.  

 

WEHI-112 ameliorates T- and B cell-dependent CIA, but had minimal effect on B cell 

independent AIA, or T- and B- cell independent STIA.  

To test the therapeutic potential of TBK1 inhibition using WEHI-112, we used the 

autoimmune CIA model of inflammatory arthritis. The CIA model is dependent on both 

cellular and humoral responses to collagen type II (CII) 29, 30. Vehicle or WEHI-112 was 

administered immediately upon clinically evident signs of arthritis in immunised DBA/1 mice. 

Vehicle-treated mice developed progressive arthritis, but this was markedly inhibited in 

WEHI-112-treated mice (Figure 2A). Myeloperoxidase (MPO)-based IVIS imaging spectrum 

showed markedly attenuated inflammation in the limbs of mice treated with WEHI-112 

(Figure 2B). Histological evaluation of the inflammatory cell influx, cartilage damage and 

bone degradation supported these observations (Figures 2C-2D). There were significant 

reductions in tissue-infiltrating neutrophils (CD45+ Ly6G+ CD88+ CD64- CD11b+) and 

macrophages (CD45+ Ly6G- CD88+ CD64+ CD11b+

WEHI-112 was next evaluated in the AIA model. AIA is T cell dependent, but 

independent of B cells and antibody production 

) (Supplementary Figure 1) in CIA mice 

treated with WEHI-112, relative to vehicle (Figure 2E).  

31. Vehicle or WEHI-112 was given 

immediately after intra-articular antigen challenge to induce AIA. WEHI-112 failed to inhibit 

inflammatory arthritis in the AIA model, as demonstrated by histology (Figures 2F-2G) and 

FACS analysis of the inflamed joint (Figure 2H). Additionally, WEHI-112 did not prevent the 

evolution of inflammatory arthritis in the K/BxN STIA model (which develops independently 

of adaptive immune mechanisms)5

CIA development relies on efficient priming of humoral responses for the generation 

of arthritogenic CII-specific IgG1, and to a lesser extent, IgG2b autoantibodies 

, but may have had a modest effect on the severity of 

disease at later time points (Figure 2I). Collectively, these well described arthritis models 

show that WEHI-112 targets specific arthritogenic event(s) in CIA, to a much greater extent 

than AIA or STIA.  

5

Relative to naïve lymph nodes (LNs), there was no alteration in Ifnb or Cxcl10 in CIA 

LNs (Figure 2K). In contrast, Ccl5 was increased in CIA LNs relative to naïve LNs, but was 

reduced in CIA LNs upon treatment with WEHI-112 (Figure 2K). Tnf, Il1b and Il6 were all 

. Consistent 

with reduced arthritis, there was a significant reduction in pathogenic IgG1 anti-collagen 

antibodies and a modest reduction in IgG2b isotypes in WEHI-112-treated mice, compared 

to vehicle-treated mice. IgG2a and IgM anti-CII isotypes were not affected (Figure 2J).  
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elevated in the CIA LNs compared to naïve LNs, but only Il6 was reduced with WEHI-112 

(Figure 2L), in line with reduced IL-6 induction in vitro with WEHI-112 or TBK1 deletion 

(Figures 1D-1E). Thus, the alleviation of CIA following TBK1 inhibition with WEHI-112 could 

be due to reduced levels of particular cytokines and chemokines in secondary lymphoid 

tissues. 

  

Characterization of GC populations during the development of CIA.  

Given the effect of WEHI-112 in reducing CII-specific IgG1 titers in CIA (Figure 2J), 

the importance of GC for development of CIA 32, and the requirement for TBK1 in mediating 

ICOS signalling during TFH maturation 25

We defined mature GC T

, we examined the GC response following WEHI-

112 treatment in the CIA model. Immunohistochemistry revealed an overall reduction in the 

GC size as determined by GC area relative to total LN size (Figures 3A-3B), although GC 

numbers were not affected by WEHI-112 (Figure 3C).  

FH as CD3+ CD4+ GL7+ cells and activated ICOS+ CD4 T 

cells as CD3+ CD4+ GL7- ICOS+ 33. Compared to naïve mice, the LNs of mice with CIA had 

an expanded number of ICOS+ CD4+ T cells and GC TFH cells (Supplementary Figure 

2A). Upregulation of ICOS and GL7 expression in the DLNs of mice with active CIA was 

restricted to CD4+ T cells (Supplementary Figure 2A). GL7+ CD4+ GC TFH cells had the 

highest expression of Bcl6 (regulates TFH differentiation and GC reactions), followed by GL7- 

ICOS+ CD4+ T cells and GL7- ICOS- CD4+ T cells (Supplementary Figure 2B). Markers of 

TFH (Cxcr5 and Tnfsf5 (encodes CD40L)) were also higher in both GC TFH and GL7- ICOS+ 

CD4 T cells (Supplementary Figure 2B), suggesting that the GL7- ICOS+ CD4 T cells likely 

contain pre-TFH cells that have acquired CXCR5. Il4 (for IgG1 class-switching) was 

exclusively enriched in the GC TFH population (Supplementary Figure 2C), consistent with 

a previous report 34. There was no difference in the expression level of Il21 (for GC B cell 

proliferation) 35. Ifng (for IgG2a class-switching) was enriched in both GC TFH cells and 

ICOS+ CD4+ T cells, but no clear demarcation between the two subsets (Supplementary 

Figure 2C). Csf2 (encodes GM-CSF) and Il17a (encodes IL-17) transcripts were less 

restricted to the GC TFH population, compared to Il4 (Supplementary Figure 2C). Thus, 

GL7 expression defines a population of IL-4-producing GC TFH that might drive IL-4-

dependent IgG1 responses in the LNs of mice with CIA. Indeed, ICOS-dependent GC TFH 

cells have been shown to be indispensable for optimal maturation and selection of high-

affinity IgG1 Abs via the secretion of IL-4 34. Complementary to the expanded GC TFH 

population (Supplementary Figure 2A), LNs of mice with established CIA had an expanded 

CD19+ GL7hi GC B cell population (Supplementary Figure 2D). A large proportion of GC B 

cells from CIA LNs had undergone IgG1 class-switching, as these cells expressed 

membrane-bound IgG1 (IgG1+) and were actively cycling, as shown by BrdU uptake 
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(Supplementary Figure 2E) 35. These GC B cells also exclusively expressed Bcl6 (a master 

regulator of GC B cells) and Aicda (encoding activation-induced cytidine deaminase/AID for 

class switch recombination and somatic hypermutation) (Supplementary Figure 2F) 36

 

.  

WEHI-112 disrupts the established GC response in CIA.  

TBK1-dependent ICOS signalling is required for GC TFH differentiation from the pre-TFH 

stage 25. In turn, GC TFH supports affinity maturation and selection of GC B cells for optimal 

production of high-affinity antibody 7, 37. We examined if WEHI-112 impaired the 

differentiation of CD4+ T cell populations in reactive CIA LNs. WEHI-112 did not affect the 

frequency of GC TFH, nor of ICOS+ CD4 T cells during CIA (Figures 4A-4B). Nevertheless, 

the absolute numbers of both GC TFH and ICOS+ CD4+ T cells (Figure 4B) were reduced. 

WEHI-112 did not alter the expression levels of Il4, Il21, or Tnfsf5, relative to TFH cells taken 

from vehicle-treated mice (Figure 4C). However, Ccr7 and Sell (encoding CD62L) were 

increased in TFH from WEHI-112-treated mice (Figure 4D), suggesting relocation of GC TFH 

away from the B follicle, and presumably towards the T cell zone 37, 38. Klf2 (a zinc-finger 

transcription factor, the down regulation of which is associated with the ICOS-dependent TFH 

phenotype) and Tbx21 (encoding the Th1-inducer T-bet transcription factor) were also 

increased in GC TFH cells from WEHI-112-treated mice compared to control mice (Figure 

4D), indicating phenotypic reversion to a pre-TFH stage 15, 37, 38. This pre-TFH reversion has 

been noted with ICOSL blockade 15. There was no obvious difference in Bcl6, Cxcr4, S1p1r 

or Cxcr5 expression in the sorted GC TFH cells (Figure 4E), consistent with CXCR5 

induction being independent of ICOS 39. Bcl6 mRNA levels can be a poor indicator of Bcl6 

expression 40. We assessed changes in Bcl6 protein by flow cytometry, comparing WEHI-

112 or Baricitinib (a JAK2/JAK1 inhibitor, which has negligible inhibitory activity towards 

TBK1)41 to separate TBK1 and JAK2- mediated events seen with WEHI-112. WEHI-112 or 

Baricitinib were given for a short duration (4 days) to examine direct effects on GC 

responses. In line with gene expression profiling (Supplementary Figure 2B), GC TFH 

(GL7+ ICOS+ CD4+) had the highest Bcl6 protein level, followed by GL7- ICOS+ CD4+, and 

GL7- ICOS- CD4+ T cell subsets (Figure 4F). WEHI-112, but not Baricitinib, reduced Bcl6 

expression significantly in both GC TFH and GL7- ICOS+ CD4+ T cells (Figure 4F). The 

suppression of Bcl6 by WEHI-112 most likely occurs through the inhibition of TBK1 

downstream of ICOS signalling, consistent with Bcl6 induction being dependent on ICOS 

signalling 16. The reduction of Bcl6 protein expression upon treatment WEHI-112 is also 

consistent with increased expression of mediators of T cell migration (Ccr7 and Sell), as well 

as Klf2 and Tbx21. This profile is suggestive of phenotypic reversion, as Bcl6 is known to 

repress programming of these alternative effector T cells 42. Of note, both WEHI-112 and 

Baricitinib were able to suppress expression of osteoclast-associated genes, most notably 
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Mmp9 (Supplementary Figure 3). Altogether, these results also suggest that TBK1 

inhibition with WEHI-112 suppressed the GC components while JAK inhibition alone may not 

be sufficient to exert such effect in the short period of time observed. 

Sustained ICOS signalling is required for maintenance of the GC TFH phenotype 

through the inactivation of FoxO1, as FoxO1 inhibits TFH differentiation 14. Inactivation of 

FoxO1 occurs through its phosphorylation, which induces cytosolic localization and thereby 

relieves the negative regulation of Bcl6 imposed by nuclear FoxO1 14, 15. We sorted CD3+ 

CD4+ CD25- cells T cells from the CIA LNs into CD44hi and CD44int populations. Consistent 

with published findings 43, engagement of ICOS enhanced phosphorylation of FoxO1 in 

CD44hi CD4 T cells, but not CD44int CD4 T cells (Figure 5A). WEHI-112 pre-treatment 

reduced ICOS-driven FoxO1 phosphorylation in CD44hi CD4 T cells (Figure 5A), consistent 

with maintenance of non-phosphorylated FoxO1 in the nucleus and negative regulation of 

Bcl6. This was also confirmed using ImageStream analysis. Total FoxO1 (in green) in 

unstimulated CD44hi

 Proportion and absolute number of established secondary GC B cells were reduced 

with WEHI-112 treatment in CIA LNs (Figure 6A). Proliferative activity of the secondary GC 

B cells, however, was not altered (Figure 6B). Further supporting the possibility of 

phenotypic reversion of GC T

 CD4 T cells was mainly intranuclear (nuclear stain in purple). Agonistic 

anti-CD3 and anti-ICOS monoclonal antibodies induced FoxO1 cytoplasmic translocation, 

but nuclear egress was prevented in the presence of WEHI-112 (Figures 5B and 5D), 

without affecting overall FoxO1 expression (Figure 5C). 

FH, sorted GC B cells from WEHI-112-treated CIA mice 

expressed lower mRNA levels of GC function regulators, Aicda and Bcl6, but not Cxcr5, 

relative to cells isolated from vehicle-treated mice (Figure 6C). Bcl6 protein in GC B cells 

was also reduced with WEHI-112, but not Baricitinib treatment (Figure 6D). These 

observations in the CIA model (Figures 4-5) are similar to the alterations of TFH and GC B 

cell phenotypes following ICOSL blockade 15, as TBK1 inhibition with WEHI-112 resulted in 

the induction of chemokine receptor genes associated with alternative effector T cell fate. In 

agreement with GC size being directly linked with the magnitude and quality of humoral 

responses 44

 

, inhibition of the GC reaction in CIA with WEHI-112 correlated with reduced 

arthritogenic antibody levels and a marked therapeutic effect on inflammatory arthritis. 

DISCUSSION  

Although the pathogenic sequence of events leading to breaches of immunological 

tolerance is likely to vary between RA patients, most patients have circulating, class-

switched autoantibodies (e.g. ACPAs) and this is a well-documented risk factor for greater 

disease severity 45. Therapeutic B cell-depletion using anti-CD20 antibody (Rituximab) 

underscores the importance of B cells in maintaining disease activity in RA. However, 
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Rituximab mainly targets short-lived antibody-secreting CD20+ plasma cells, leaving long-

lived plasma cells intact 46. GC-mediated somatic mutations and clonal selection are 

responsible for the generation of affinity-matured, autoantibody-producing long-lived plasma 

cells 7, 47, 48. Thus, inhibition of ongoing GC that contributes to autoreactive plasma cell 

development offers therapeutic potential 3

Optimal GC development and maintenance is positively regulated by type I IFNs, IL-

6 and ICOS signalling 

.  

13, 14, 15, 16, 49, 50. Because TBK1 is a common denominator of these 

pathways 24, 25, TBK1 inhibition might be therapeutically effective, even in established 

autoimmune diseases. To this end, we assessed the therapeutic use of a semi-selective 

lead compound - WEHI-112. We confirmed WEHI-112 as a TBK1 inhibitor in vitro, as it 

suppressed the induction of Ifnb and Il6. In vivo, WEHI-112 suppressed arthritis in 

autoantibody-dependent CIA, but had much less effect in T cell-mediated AIA or in the T- 

and B-independent K/BxN STIA model. The varied effects seen in these arthritis models 

indicate discrete immune mechanisms are differentially impacted by WEHI-112 treatment. 

CIA is a T cell- and B cell-dependent, GC-driven, autoantibody-mediated arthritis model, 

while the AIA model is entirely independent of the B cell compartment and antibody 

responses 29, 30, 31 and the STIA model is entirely independent of adaptive immune 

mechanisms5. Abrogated CIA was accompanied by reduced levels of arthritogenic, collagen-

specific IgG1 and IgG2b isotypes, Il6 and Ccl5 expression, and GC size in reactive LNs. 

While IL-6 is well known for its importance in humoral responses and inflammation 13, CCL5 

(RANTES) has not been extensively described in the context of humoral autoimmunity. 

Nevertheless, CCL5 blockade has been shown to reduce antigen-specific antibody 

responses through unknown mechanisms 51. Although we could not detect type I IFN 

induction at the time point examined in CIA LNs, TBK1 inhibition has been shown to reduce 

the type I IFN signature and alleviate disease in the Trex1-/- murine model of SLE, through 

the inhibition of the cGAS-STING pathway 52. Other reports demonstrate synergies between 

IL-6 and type I IFN by driving optimal TFH polarization 50 and type I IFN-dependent IL-6 

induction in DCs that supports GC-driven affinity maturation of antibodies 49

The magnitude and quality of humoral responses is directly linked with GC size 

. Taken together, 

we propose that TBK1 inhibition reduces production of cytokines associated with humoral 

immunity, in particular IL-6, but likely type I IFNs as well.  

44. 

Consistent with this notion, inhibition of the GC reaction with WEHI-112 corresponded with 

reduced arthritogenic antibody levels and disease severity in CIA. Productive GC 

maintenance requires cooperative signals of GC TFH and GC B cells through cytokines and 

costimulatory molecules 7, 48. While the differentiation of naïve CD4 T cells into Bcl6+ nascent 

TFH requires ICOS-PI3K signalling, mature Bcl6hi GC TFH differentiation and maintenance 

require ICOS/ICOSL signalling through TBK1 15, 25. Bcl6 maintains TFH commitment by 
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repressing effector T cell programs 42. We showed that GC TFH from WEHI-112-treated CIA 

mice displayed phenotypic reversion towards an effector, Th1-like population, as indicated 

by the upregulation of Tbx21, Ccr7 and Sell (which are normally repressed in TFH) and 

accompanying reduction of Bcl6 protein expression. These findings are consistent with the 

re-acquisition of an effector T cell phenotype in the absence of ICOS/ICOSL signalling 15 and 

reduced Bcl6-mediated repression of effector T cell genes 42. This effect of WEHI-112 on the 

GC response is most likely mediated through TBK1 inhibition, because in our hands, the 

JAK2 inhibitor Baricitinib did not alter Bcl6 expression in TFH cells or GC B cells, although it 

did inhibit MMP9 expression to similar a degree in an osteoclastogenesis assay. Of note, 

conditional TBK1 deletion in CD4 T cells has been shown to augment effector Th1 

responses, and renders these effector Th cells incapable of exiting the secondary lymphoid 

tissue in experimental autoimmune encephalomyelitis (EAE, a model of multiple sclerosis), 

due to the greatly enhanced expression of CCR7 and CD62L 53

T

.  

FH differentiation also requires FoxO1 inactivation downstream of ICOS 14. WEHI-

112 blocked ICOS-mediated phosphorylation and subsequent nuclear egress (inactivation) 

of FoxO1, in agreement with TBK1 being downstream of ICOS signalling 25. Enforced 

nuclear retention of FoxO1 inhibits TFH development through negative regulation of Bcl6 14 

and WEHI-112 recapitulated this phenotype. Complementing the changes in GC TFH with 

WEHI-112, GC B cell responses were also abrogated in the CIA model. The effect of WEHI-

112 in the CIA model resembles ICOSL blockade or deficiency, with reversion of the TFH 

phenotype, dissolution of GCs and abrogation of downstream GC-dependent IgG antibody 

responses to T cell-dependent antigens 15. It has been shown that even late-stage blockade 

of ICOSL-ICOS pathway ameliorates autoantibody driven disease models, including CIA, 

spontaneous K/BxN arthritis, proteoglycan-induced arthritis, (NZB/NZW) F1 lupus mice, and 

spontaneous lupus in the Sanroque mice 17, 18, 19

Although the effects of WEHI-112 observed in this study appear to be relatively 

selective to TBK1 inhibition and downstream cytokine and GC responses, it is important to 

note that WEHI-112 is not completely TBK1 selective, as it also targets IKKε and JAK2. The 

JAK2 inhibitor Baricitinib did not abrogate Bcl6 expression in GC T

. Thus, TBK1 inhibition with WEHI-112 may 

recapitulate similar therapeutic effects of ICOSL blockade in humoral autoimmunity driven by 

GCs.  

FH and GC B cells, 

suggesting JAK2 inhibition is unlikely to explain the efficacy of WEHI-112 in the GC reaction 

of CIA. The observed effects on TFH phenotype may also be mediated through IKKε 

pathway. However, we could not separate TBK1- and/or IKKε-mediated effects of WEHI-112 

on the TFH phenotype as there are no IKKε-specific inhibitors. Comparative studies using 

targeted deletion of TBK1 or IKKε in CD4 T cells would be of interest. Although these 

inhibitory activities on IKKε and JAK2 seem unlikely to explain the therapeutic effect of 
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WEHI-112, some inhibition of IKKε and JAK2 may actually provide synergistic therapeutic 

benefit. For example, IKKε appears to be involved in optimal Th17 function in response to IL-

1β 54 and JAK2 is known to be downstream of several key inflammatory cytokines, such as 

IL-6, IL-12/23, GM-CSF and IFN-γ 55, 56. Th17 cells in the early GC have been shown to 

modulate sialylation and thus the arthritogenicity of GC-derived autoantibodies 8
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FIGURE LEGENDS 

Figure 1. WEHI-112 is a potent inhibitor of TBK1. (A) Dose-response curves showing 

inhibition of TBK1, IKKε and JAK2 kinase activity in the presence of WEHI-112 or 

MRT67307. Percentage activity was calculated using the no inhibitor control as 100% 

activity. Data show a representative from two independent experiments. (B) Immunoblot 

analysis of phosphorylated (P-) IRF3, TBK1 and IKKε in whole-cell lysates of RAW264.7 

macrophages that were preconditioned with vehicle, 0.25 μM WEHI-112, or 0.25 μM 

MRT67307 for 1 h prior to 1.5 h stimulation with LPS (0.1 μg/mL). Data show a 

representative experiment from two independent experiments. (C-D) Real-time PCR 

analysis of (C) Ifnb, Cxcl10 and Ccl5, and (D) Tnf, Il1b and Il6 in RAW264.7 macrophages 

left unstimulated (US) or preconditioned with vehicle or 0.25 μM inhibitor (WEHI-112, 

MRT67307) for 1 h followed by stimulation for 4 h with LPS (0.1 μg/mL). Data are pooled 

from five independent experiments. Mean ± SEM (Student’s t-test: US or inhibitor versus 

vehicle; ** P<0.01, *** P<0.005). (E) Real-time PCR analysis of Tnf, Il1b and Il6 in THP-1 

human monocyte-derived macrophages that were stimulated for 4 h with LPS (0.1 μg/mL) 

following CRISPR-Cas9-mediated deletion of endogenous TBK1 or IKKε. Data are pooled 

from five independent experiments. Mean ± SEM (Student’s t-test: Control versus TBK1 KO 

or IKKε KO; * P<0.05). 

 

Figure 2. WEHI-112 markedly inhibits the progression of established CIA, but has 

minimal effects on AIA or STIA. (A-E, J-L) DBA/1 mice with CIA were randomly enrolled 

into treatment or control groups at arthritis onset (day 1) to receive WEHI-112 (30 mg/kg) or 

vehicle i.p. daily for 7 days. (A) Mice were evaluated daily for clinical features of CIA. Data 

are pooled from four independent experiments with 4-5 mice per group per experiment. 

Mean ± SEM (Student’s t-test: WEHI-112 versus vehicle; ** P<0.01, **** P<0.0001). (B) 
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Representative bioluminescent images and quantification of MPO activity in arthritic DBA/1 

(described in 2A) at indicated times. Mean ± SEM (Student’s t-test: WEHI-112 versus 

vehicle; * P<0.05). (C) Representative Safranin-O staining of histological joint sections from 

CIA mice treated with vehicle or WEHI-112. (D) Histological evaluation of total arthritis 

clinical scores. Error bars represent SEM. (E) Quantification of joint infiltrating neutrophils 

and macrophages in the ankle joints of DBA/1 CIA mice. (F-H) C57BL/6 mice were 

immunized with antigen methylated BSA (mBSA) in CFA on day 0. Arthritis was induced by 

an intraarticular injection of mBSA into the knee on day 7. Vehicle or WEHI-112 was given 

daily i.p. from day 7 to 13 and knee joints were collected for analysis on day 14. (F) 

Representative Safranin-O staining of histological joint sections from AIA mice treated with 

vehicle or WEHI-112. (G) Macroscopic score of histological changes in affected AIA knee 

joints (0 = normal, 1 = mild, 2 = moderate, 3 = severe). Data are pooled from two 

independent experiments with 4-5 mice per group per experiment. (H) Quantification of joint 

infiltrating neutrophils and macrophages in the knee joints of C57BL/6 AIA mice. Data are 

pooled from two independent experiments with 4-5 mice per group per experiment. Mean ± 

SEM. (I) Clinical arthritis severity in C57BL/6 mice receiving K/BxN serum on day 0 (STIA), 

followed by WEHI-112 or vehicle i.p daily for the next 8 days. Data are pooled from two 

independent experiments with 4-5 mice per group, per experiment. (J) ELISA of 

immunoglobulin isotypes specific for CII in the serum from CIA mice collected at endpoint. 

Data are pooled from three independent experiments (Student’s t-test: WEHI-112 versus 

vehicle: * P<0.05, *** P<0.005). (K-L) Real-time PCR analysis of (K) Ifnb, Cxcl10 and Ccl5, 

and (L) Tnf, Il1b and Il6 in total LN cells derived from CIA mice. Data are representative from 

two independent experiments. Mean ± SEM (Student’s t-test: US or inhibitor versus vehicle; 

* P<0.05, ** P<0.01).  

 

Figure 3. WEHI-112 treatment contracts the established GC response. DBA/1 CIA mice 

were randomly enrolled into treatment or control groups at arthritis onset. WEHI-112 (30 

mg/kg) was given daily for the next 4 days. GCs were analysed by immunofluorescence 

analysis of DLNs on day 34. The B cells (B220+) are shown in red, GC cells (GL7+) in green 

and nuclear DAPI stain in blue. (A) Representative images of whole lymph node sections 

from CIA mice treated with vehicle or WEHI-112, showing GCs in green. (B) Quantification 

of GC size (GC area relative to total LN area) and (C) numbers of GC per LN. Data are 

representative of two experiments with 4-5 mice per group per experiment. Mean ± SEM 

(Student’s t-test: WEHI-112 versus vehicle; ** P<0.01). 

 

Figure 4. Reversal of the GC TFH phenotype with WEHI-112. DBA/1 CIA mice were 

randomly enrolled into treatment or control groups at arthritis onset. (A-E) Vehicle or WEHI-
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112 (30 mg/kg) was given daily for the next 4 days. GC TFH and ICOS+ CD4 T cells in the 

DLNs were analysed by flow cytometry. (A) Representative flow cytometry plots indicating 

the frequency of GL7+ GC TFH and ICOS+ populations among CD4+ T cells. (B) Frequency 

and numbers of GL7+ GC TFH cells (top) and ICOS+ CD4+ T cells (bottom). (C-E) Real-time 

PCR analysis of TFH-associated genes in sorted GL7+ GC TFH

 

 cells isolated from vehicle- or 

WEHI-112-treated LNs. Data are from two experiments with 3-4 mice per group per 

experiment. Mean ± SEM (Student’s t-test: WEHI-112 versus vehicle; * P<0.05, ** P<0.01, 

*** P<0.005). (F) Vehicle, WEHI-112, or Baricitinib (30 mg/kg) was given daily for the next 4 

days. MFI of Bcl6 on gated CD4+ T cells populations from LNs of mice treated with vehicle, 

WEHI-112 or Baricitinib. Data are from two experiments with 3-4 mice per group per 

experiment. 

Figure 5. WEHI-112 inhibits ICOS-mediated FoxO1 phosphorylation and inactivation. 

(A) Immunoblot analysis of lysates of CD4 T cell populations (CD44hi or CD44int) sorted as 

CD3+ CD4+ CD25- from LNs of DBA/1 mice with CIA. Sorted cells were cultured and left 

unstimulated (US), or pre-treated with vehicle or WEHI-112 for 30 mins and stimulated with 

anti-CD3 (3 μg/mL) and anti-ICOS (3 μg/mL) for 10 mins. Data are representative of two 

independent experiments. (B) ImageStream analysis of CD4+ CD44hi

 

 T cells sorted as 

CD3+ CD4+ CD25- from LNs of DBA/1 mice with CIA. Sorted cells were cultured and 

conditioned as in A then restimulated with anti-CD3 and anti-ICOS for 30 mins. (C) MFI of 

FoxO1-GFP and (D) similarity score between DAPI and FoxO1-GFP. Data are 

representative of two independent experiments. (B-D) Data are representative of two 

independent experiments, performed in quadruplicate in each experiment. Mean ± SEM 

(Student’s t-test: WEHI-112 versus vehicle; ** P<0.01, *** P<0.005). 

Figure 6. WEHI-112 disrupts the established GC B cell response. DBA/1 CIA mice were 

randomly enrolled at arthritis onset into treatment or control groups. Vehicle or WEHI-112 

(30 mg/kg) was given daily for the next 4 days. GC B cells in the LNs were analysed by flow 

cytometry. (A) Representative flow cytometry plots and bar graph indicating the frequency of 

GL7+ GC B cells among CD19+ B cells, and numbers of GL7+ GC B cells. (B) 

Representative flow cytometry plots and bar graph indicating the frequency of BrdU+ cells 

among GC B cells. (C) Real-time PCR analysis of GC-associated genes in sorted GL7+ GC 

B cells isolated from LNs of mice treated with vehicle or WEHI-112 treated. (D) MFI of Bcl6 

on gated GC B cells from LNs of mice treated with vehicle, WEHI-112 or Baricitinib. Data are 

from two experiments with 3-4 mice per group per experiment. Mean ± SEM (Student’s t-

test: WEHI-112 versus vehicle; ** P<0.01, *** P<0.005).  
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