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Abstract

Selective targeting of TNF in inflammatory diseases such as rheumatoid arthritis (RA) has 

provided great therapeutic benefit to many patients with chronic RA. Although these therapies 

show initially high response rates, their therapeutic benefit is limited over the lifetime of 

the patient due to the development of antidrug antibodies that preclude proper therapeutic 

benefits. As a result, patients often return to more problematic therapies such as methotrexate 

or hydroxychloroquine, which carry long-term side effects. Thus, there is an unmet medical need 

to develop alternative treatments enabling patients to regain the benefits of selectively targeting 

TNF functions in vivo. The protein kinase TAK1 is a critical signaling node in TNF-mediated 
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intracellular signaling, regulating downstream NF-κβ activation, leading to the transcription 

of inflammatory cytokines. TAK1 inhibitors have been developed but have been limited in 

their clinical advancement due to the lack of selectivity within the human kinome and, most 

importantly, lack of oral bioavailability. Using a directed medicinal chemistry approach, driven 

by the cocrystal structure of the TAK1 inhibitor takinib, we developed HS-276, a potent (Ki = 

2.5 nM) and highly selective orally bioavailable TAK1 inhibitor. Following oral administration in 

normal mice, HS-276 is well tolerated (MTD >100 mg/Kg), displaying >95% bioavailability with 

μM plasma levels. The in vitro and in vivo efficacy of HS-276 showed significant inhibition of 

TNF-mediated cytokine profiles, correlating with significant attenuation of arthritic-like symptoms 

in the CIA mouse model of inflammatory RA. Our studies reinforce the hypothesis that TAK1 can 

be safely targeted pharmacologically to provide an effective alternative to frontline biologic-based 

RA therapeutics.

Graphical Abstract

■ INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory autoimmune disease in which 

hyperactivated immune cells induce maladaptive and persistent inflammation in the joints, 

leading to synovial inflammation and bone remodeling.1 While this disease is without a 

singular cause, there exists a molecular signature exemplified by the increased release of 

a variety of proinflammatory cytokines. Of these, tumor necrosis factor (TNF) plays an 

integral role in regulating proinflammatory signaling, especially in the affected joints of RA 

patients.2 TNF is a potent cytokine involved in the regulation of normal inflammatory and 

immune system response. However, in RA, the overexpression of TNF has a pleiotropic 
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effect on a variety of immune cells, including macrophages and activated T cells, stimulating 

the overproduction of other proinflammatory cytokines such as IL-1β, IL-6, and additional 

TNF.3

Aberrant TNF signaling in the joints of patients leading to downstream activation of 

NF-κβ and expression of inflammatory cytokines further enhances disease manifestation. 

Therapies targeting TNF such as humanized anti-TNF antibodies have revolutionized 

treatment options for patients and provide significant disease mitigation in a majority of 

patients.4 Unfortunately, the benefits of these biologic-based drugs cannot be sustained for 

the long term. Up to 34–53% of RA patients develop insufficient therapeutic benefit from 

frontline biologics such as Remicade and Humira due to the development of neutralizing 

antidrug antibodies (ADAs) to the anti-TNF antibodies themselves.5–8 The development of 

ADAs severely limits treatment efficacy and, in some cases, can exacerbate disease in these 

patients.9 Furthermore, patients who develop immune sensitivity to biologic-based drugs can 

no longer return to this line of therapy and are left to cycle on older and more problematic 

drugs such as methotrexate (MTX) or hydroxychloroquine.10 Clearly, controlling TNF 

signaling has therapeutic utility, and restoring the benefits of managing TNF in patients 

with chronic RA may provide superior therapeutic benefit. We hypothesize that targeting 

intracellular signal transduction pathways exclusively mediating TNF receptor signaling in 

vivo with small-molecule drugs represents a novel therapeutic axis, avoiding issues seen 

with biologic-based therapies.

The serine/threonine protein kinase TAK1 is a key regulatory signaling node in the TNF 

pathway, mediating both the prosurvival and inflammatory signaling pathways of TNF. 

The binding of TNF to the TNF receptor 1 (TNFR1) complex leads to the recruitment 

of inhibitor of NF-κβ kinase (IKK). TAK1 in complex with TAB1–3 then phosphorylates 

IKK, leading to the phosphorylation of inhibitor of NF-κβ kinase and allows translocation 

of NF-κβ to the nucleus and subsequent activation of transcription of prosurvival genes.11 

Additionally, TAK1 phosphorylates MKK3/4/6, leading to p38 and cJun activation and 

subsequent translocation to the nucleus, enhancing the transcription of prosurvival and 

inflammatory cytokine genes.12 Genetic knockout studies in mice have shown that the loss 

of TAK1 function significantly attenuates TNF prosurvival/proinflammatory responses.13–16 

These observations suggest that selective pharmacological inhibitors of TAK1 will locally 

block the release of proinflammatory cytokines and cell proliferation specifically at sites of 

inflammation.

To date, there have been very few examples of inhibitors of protein kinases that specifically 

target intracellular TNF-mediated signal transduction that have been successfully translated 

into clinical trials for RA. The closest examples are the JAK/STAT inhibitors such as 

tofacitinib, baricitinib, and upadacitinib that act by specifically targeting the local release 

of IL-6 at sites of inflammation.17,18 Recently, we reported on takinib (N-(1-propyl-1,3-

dihydro-2H-benzo[d]imidazol-2-ylidene)isophthalamide), a potent (IC50 ≈ 9 nM) and 

extraordinary selective inhibitor of TAK1.19 In two independent kinome wide screens, the 

next sensitive protein kinase, IRAK4 (IC50 ≈ 120 nM), is 13-fold less potently inhibited. 

Prior screens for inhibitors of TAK1 by others identified the fungal metabolite 5(Z)-7-

oxozeanol.14 However, this molecule also inhibits a panel of at least 50 other kinases and 
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forms a covalent bond with its target, rendering it inadequate for therapeutic purposes. 

Medicinal chemistry groups used the chemical scaffold of 5(Z)-7-oxozeanol as a lead 

molecule to generate more selective inhibitors of TAK1. Their efforts identified additional 

molecules, namely, LYTAK1, PF-04358168, and AZ-TAK1; however, these remain broadly 

active across the kinome and have yet to be advanced further.14

Previous work by our group has shown that TAK1 inhibition significantly blocks TNF 

expression following inflammatory signaling in various immune cells.13 Our first-generation 

TAK1 inhibitor, takinib, showed poor bioavailability, greatly limiting its use to study the 

physiological effects of enzymatic inhibition of TAK1 in vivo. Here, we describe an iterative 

effort to develop an orally bioavailable analogue of TAK1 inhibitor takinib, which retains 

potency and high selectivity within the human kinome. Based on the cocrystal structure of 

takinib and TAK1 previously reported as well as the structure of closely related IRAK4, 

we derived HS-276. Following oral dosing, HS-276 shows >95% bioavailability, is well 

tolerated (MTD > 100 mg/kg), and exhibits dose-dependent efficacy in the CIA mouse 

model of human RA. Our findings suggest that TAK1 can be safely targeted, and inhibiting 

its protein kinase activity in response to TNF can have therapeutic benefit comparable to 

leading biologic-based anti-TNF drugs.

■ RESULTS

Development of a Selective Orally Bioavailable TAK1 Inhibitor.

Takinib was originally discovered as a potent and selective inhibitor of TAK1 using a 

combination of our laboratory’s Fluorescent-Linked Enzyme Chemoproteomic Strategy drug 

discovery platform coupled with a pan-kinase screen.19,20 Unfortunately, takinib had poor 

serum surveillance and exhibited some affinity for IRAK4, albeit 13-fold less than for 

TAK1.19 To improve the selectivity properties of takinib, we began an initial SAR study that 

showed that the primary amide (Figure 1a, pos. 21) was required and that substitution was 

not allowed on the isophthalamide ring (Figure 1a, pos. 17–19).19 Subsequent analysis of 

a cocrystal structure (5v5n) of takinib and TAK1 showed that the isophthalamide is snugly 

bound and that the benzimidazole (Figure 1b, pos. 1, 2, and N-7) is more solvent-exposed.19 

Affinity resins derived from acrylates at positions 1 and 2 were therefore prepared, and 

interestingly, the resin from position 1 captured both TAK1 and IRAK4, whereas the resin 

from position 2 only captured TAK1 (Supplemental Figure 1a–c). This suggested that 

derivatives at position 2 might be selective for TAK1 over IRAK4. An overlap of the 

takinib-TAK1 crystal structure (5V5N, green) with an IRAK4 structure containing a similar 

ligand (4RMZ, blue) confirms accommodation of substitutions in the 2 position for TAK1 

but not IRAK4 (Figure 1b).

Guided by these observations and informed by previous work on IRAK4 inhibitors, we 

prepared a number of analogues using the synthetic scheme illustrated in Scheme 1.21 The 

potencies and selectivities of the analogues prepared are shown in Table 1. Generally, 

the activity against TAK1 was fairly consistent for all analogues. The hydroxymethyl 

analogues (HS-268, HS-275, HS-278, and HS-280), intermediates in the synthesis of the 

more soluble amine analogues, were quite insoluble and therefore not pursued. Interestingly, 

the substitution of a hydroxylmethyl at R2 is tolerated by IRAK4, suggesting that a larger 

Scarneo et al. Page 4

ACS Chem Biol. Author manuscript; available in PMC 2022 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



substitution is necessary to drive selectivity. Addition of the piperidinomethyl substitution 

at R2, HS-276, showed the greatest selectivity against TAK1 with a 1000-fold preference 

for TAK1 over IRAK4 (Table 1). HS-277, at 168-fold, was somewhat less selective. Finally, 

HS-285, a by-product resulting from running the reductive amination in DMF, showed an 

intermediate level of selectivity. All of the amine products were quite water-soluble (>50 

mg/mL) as formate salts (Supplemental Table 1).

An unbiased assessment of HS-276 kinome selectivity was obtained using the MRC Dundee 

kinase panel containing 140 human kinases representing all gene family members within the 

human kinome. At 10 μM, HS-276 showed significant inhibition (<15% enzymatic activity) 

of TAK1, NUAK1, IRAK1, MAP4K5, CK1γ2, and ULK2 (Figure 2a,b). To further evaluate 

the inhibitory potential of HS-276 on TAK1 and other targets identified in our initial kinome 

screen, we performed dose–response experiments of the top 10 kinases inhibited in the 

initial kinome screen. Of the top 10 kinases screened, TAK1 was most potently inhibited 

by HS-276 with a half maximal inhibitory concentration (IC50) value of 8 nM, 3.6-fold 

more potent than the next kinase CLK2 (29 nM) and 4.1-fold more potent than GCK (33 

nM). Other kinases such as ULK2 (63 nM), MAP4K5 (124 nM), IRAK1 (264 nM), NUAK 

(270 nM), CSNK1G2 (809 nM), CAMKKβ−1 (1280 nM), and MLK1 (5585 nM) showed 

moderate to minimal inhibitory activity (Figure 2c). Due to high homology between the 

ATP-binding pocket of TAK1 and IRAK4 as well as modest IRAK4 inhibitory activity 

with parent molecule takinib, we further validated the selectivity of HS-276 toward TAK1 

over IRAK4. We found that minimal IRAK4 inhibition was observed in dose–response 

experiments of HS-276 against IRAK4 (Figure 2d). The selectivity of HS-276 is illustrated 

with an inhibition dendrogram within the human kinome (Figure 2e).

In Vitro Cytokine Inhibition of Lead TAK1 Inhibitors.

We have previously shown that TAK1 inhibition leads to a significant reduction of 

TNF expression in proinflammatory stimulated immune cells.13 To evaluate the anti-

inflammatory effects of HS-269, HS-276, and HS-277, THP-1 human macrophages were 

stimulated with LPS and IFNγ in the presence of TAK1 inhibitor (10 μM) or vehicle. 

Treatment with HS-276 significantly attenuated TNF expression 11-fold, compared to a 2.5-

fold reduction with HS-269 and 1.2-fold reduction by HS-277 (Figure 3a,b). Dose–response 

curves of TNF, IL-6, and IL-1β were generated in response to LPS + HS-276 treatment. 

Consistent with previous results, HS-276 treatment reduced expression of TNF, IL-6, and 

IL-1β in a dose-dependent manner with IC50 values of 138, 201, and 234 nM, respectively 

(Figure 3c).

Oral Bioavailability and Safety.

The bioavailability of our three top analogues HS-269, HS-276, and HS-277 were first 

evaluated in adult Sprague-Dawley rats (male) at 50 mg/kg via oral gavage (n = 3). 

Sequential blood draws at 1, 2, 4, 8, 12, and 24 h post gavage as well as urine collection 

at 4, 12, and 24 h post gavage. HS-269 and HS-277 showed low nM plasma levels across 

all timepoints. Despite low plasma surveillance, both HS-269 and HS-277 showed μM 

urine levels up to 24 h post gavage. Both HS-269 and HS-277 have the addition of 

the cyclohexanol to the first nitrogen of the benzimidazole, which may contribute to the 
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lack of bioavailability or metabolism of both these compounds. HS-276, which lacks the 

cyclohexanol on the first nitrogen of the benzimidazole, exhibited a Cmax of 1.89 μM in 

plasma 2 h post gavage. HS-276 showed μM plasma concentration up to 8–12 h post 

gavage. Urine analysis of HS-276 showed a peak in urine concentration at 12 h at 100 μM 

(Supplemental Figure 2a,b). Further bioavailability analysis of HS-276 in adult CD-1 mice 

at HS-276 at 30 mg/kg (mice) via oral gavage (PO) or intravenous (IV) was determined. 

Sequential blood draws at 0.08 (IV only), 0.25, 0.5, 1, 2, 4, 8, 12, and 24 h post gavage were 

made. Drug concentration was determined by LC–MS as described in the Methods section. 

HS-276 showed excellent bioavailability in mice with a Cmax of 3.68 μM and %F of 98.1% 

(Table 2).

Maximum tolerated dose studies and toxicology of HS-276 further established the safety 

and tolerance of HS-276. Here, mice were treated daily with HS-276 (PO, QD) at 5, 30, 

50 and 100 mg/kg dosing for 14 days. Daily body weights were taken as well as clinical 

observations. No significant weight loss was observed between any of the treatment groups 

(Supplemental Figure 3a). Following termination of the study, relative liver, spleen, kidney, 

brain, thymus, adrenals, heart, and testes were measured. No significant weight loss was 

observed between any of the treatment groups in any of the tissues collected (Supplemental 

Figure 3b).

Efficacy of HS-276 in the CIA Model of Inflammatory Arthritis.

Treatment with HS-276 in the CIA mouse model of inflammatory arthritis significantly 

delayed disease onset and decreased disease incidence to 92% on day 36 in vehicle treatment 

compared to 75% disease incidence on day 36 in HS-276 (Figure 4a). Daily paw scores for 

disease control mice increased over the course of the study, peaking at termination (mean 

score of 3.50), and were statistically increased as compared to naïve mice (which had no 

clinical signs of arthritis) on days 27 through 36. Clinical arthritis scores for mice treated 

with HS-276 (50 mg/kg) were significantly reduced on days 26 through 36 as compared to 

the disease control group (Figure 4b). Area under the curve (AUC) calculations for clinical 

arthritis scores were statistically (85%) reduced in mice treated with HS-276 (50 mg/kg) as 

compared to disease control mice (Figure 4c).

Evaluation of histological changes in showed that vehicle-treated mice had histopathologic 

changes consistent with those seen in type II collagen-induced arthritis, including 

microscopic alteration and infiltration of synovium and periarticular tissue with neutrophils 

and mononuclear inflammatory cells, marginal zone pannus and bone resorption, and 

cartilage damage (Figure 4d). When considering all joints (paws and knees), mice treated 

with HS-276 (50 mg/kg IP) had significant reductions in scores: 62% inflammation, 86% 

pannus, 76% cartilage damage, 87% bone resorption, and 93% periosteal bone formation as 

compared to the vehicle-treated control group (Figure 4e).

Following the proof of principle using IP injections in Figure 5, we next sought to determine 

the efficacy of HS-276 delivered via oral gavage in the CIA mouse model. Following disease 

onset as previously described, mice were treated with HS-276 at 10 and 30 mg/kg QD 

PO and 25 mg/kg IP for comparison. Treatment with HS-276 did not significantly delay 

disease onset compared with vehicle-treated mice (Figure 5a); however, daily oral dosing of 
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HS-276 reduced the arthritic clinical score by 18 and 35% when dosed at 10 and 30 mg/kg, 

respectively. Oral dosing showed similar efficacy compared to IP dosing at 35% (PO) and 

36% (IP) reduction in disease clinical score, respectively (Figure 5b,c).

■ DISCUSSION

Here, we describe the development of HS-276, a selective orally bioavailable TAK1 

inhibitor. HS-276 demonstrates relative selectivity within the human kinome as well as 

μM serum levels up to 8 h post oral gavage. Interestingly, the analysis of our takinib 

analogues and their respective affinities suggest that TAK1-selective and TAK1/IRAK4 

polypharmacological inhibitors can be readily developed based on the positioning of 

substituents in the 1 and 2 positions of the benzimidazole. The overlaid structures of TAK1 

and IRAK4 in Figure 1 show a small eminence comprising several residues in front of the 

entrance to the ATP-binding pocket for IRAK4 that is not present in TAK1. These residues 

in IRAK4 are Leu277 and Asp278, which may discriminate TAK1- and IRAK4-specific 

inhibitors. In fact, we found that the addition of bulky substituents in the 2 position blocked 

IRAK4 activity and retained TAK1 activity. Previous work by our group has shown the 

consequences of TAK1 and IRAK4 inhibition on cytokine expression and resulting cellular 

phenotypes associated with the inhibition of each kinase, respectively.22

Having demonstrated the selectivity of HS-276 against the kinome and related IRAK4, we 

further evaluated its cellular and in vivo effects on TAK1 signaling. HS-276 shows a potent 

anti-TNF effect in human macrophages stimulated with LPS, consistent with previous TAK1 

inhibitors.23 Previously, our group has explored the therapeutic potential of TAK1 inhibition 

with our parent molecule takinib in the CIA model of inflammatory arthritis. Due to low 

bioavailability, takinib showed only a modest effect on CIA arthritis score, reducing the 

mean clinical score by ~32% when treated at 50 mg/kg IP. Here, we show that HS-276 

reduced the mean clinical score by 85% when treated at 50 mg/kg IP. Thus, when compared 

to takinib, HS-276 shows marked improvement in bioavailability and disease reduction. 

Furthermore, consistent with disease attenuation by anti-arthritic therapeutics, histological 

analysis of joints in animals treated with HS-276 compared to vehicle showed reduced 

inflammatory infiltrates, edema, and bone degeneration by anti-arthritic therapeutics.

The treatment of RA has traditionally progressed from the use of nonsteroidal anti-

inflammatory drugs (NSAIDs) for mild symptoms to conventional disease modifying 

antirheumatic drugs (cDMARDs) such as methotrexate and others as well as corticosteroids. 

However, a better understanding of the role TNF plays in driving RA pathogenesis led 

to the development of various anti-TNF biologics. These anti-TNF biologic DMARDs 

(bDMARDs) work by sequestering circulating TNF to reduce aberrant levels of 

proinflammatory cytokines, which are driving this disease. While these drugs have 

revolutionized the treatment options for RA patients across the globe, they are marred 

by serious safety issues regarding the increased risk of infections, malignancies, and other 

complications including injection site reactions. Drug noncompliance occurs in 28–66% of 

patients taking bDMARDs due either to the inconvenient need for self-administration of 

injectables or routine trips to a healthcare facility for infusions. Also, approximately 40% of 

patients taking anti-TNF biologics either fail to respond to initial treatment or lose response 
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over time.3 The development of an orally bioavailable inhibitor of the protein kinase TAK1 

represents a major advancement in RA treatment strategies by broadening the landscape 

of therapeutic options for RA patients. Providing the RA treatment market with a novel 

alternative to current therapies (such as a TAK1 inhibitor), which is safer and equally or 

more effective than current products, will significantly improve the quality of care for RA 

patients in the United States and across the globe.

■ METHODS

Macrophage Differentiation.

THP-1 cells were differentiated with phorbol 12-myristate 13-acetate (PMA) (100 nM) for 

up to 72 h in supplemented RPMI 1640× media. Following PMA differentiation, media was 

removed and replaced with RPMIX media (without PMA) for 24 h prior to treatments. LPS 

(10 ng/mL) was used for proinflammatory stimulation.

Cytokine Profile.

THP-1 cells were differentiated as previously described and treated with 10 μM designated 

drug or vehicle (DMSO). Twenty-four hours after treatment, the supernatant was collected 

and tested in a Human Cytokine XL proteome array (R&D Systems) in accordance with the 

manufacturer protocol. Cytokine expression was determined by chemiluminescence.

Dose–Response Curves.

THP-1 cells were differentiated as previously described and treated with HS-276 from 3.2 

nM to 32 μM for 24 h, and TNF, IL-6, and IL-1β expression was determined by Luminex as 

per manufacturer protocol.

Animal Care.

The CIA model was managed in accordance with The Guide for the Care & Use of 
Laboratory Animals (8th edition) and in accordance with all Bolder BioPATH (Inotiv Inc.) 

IACUC-approved policies and procedures. The Inotiv Inc. IACUC approved the IACUC 

protocol for this specific working protocol (BBP-001). All CIA studies were performed in 

male DBA/1 mice. Clinical evaluation was performed by experienced principal investigators 

under blinded conditions.

Collagen Type II-Induced Arthritis Induction.

Collagen (4 mg/mL) solution was prepared in 0.01 N acetic acid. Equal volumes of collagen 

and Freund’s complete adjuvant (5 mg/mL; 1:1) were emulsified by hand mixing for ~5 min, 

at which point a bead of this solution holds its form when placed in water.

CIA Experimental Design.

On study days 0 and 21, animals were anesthetized with isoflurane and given intradermal 

injections of a total of 400 μg of Type II collagen in Freund’s complete adjuvant at the base 

of the tail.24,25 Mice were randomized into study groups based on body weight on day 21. 

Daily clinical scores and observations were made for each of the paws (right front, left front, 
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right rear, and left rear) throughout study days 21 through 36. At study terminus (day 36), 

mice were euthanized for necropsy (approximately 3 h after the final dose), and samples 

were collected.

Immunohistological Staining.

Following 24–48 h in fixative and 4–5 days in 5% formic acid for decalcification, tissues 

were processed for paraffin embedding. Paws were embedded in paraffin facing the 

frontal plane, while knees were paraffin embedded with the patella facing down. Ankles 

were embedded in the frontal plane. Slides were cut and evaluated for inflammatory and 

histological changes with toluidine blue.

Scores for Synovitis, Pannus Formation, Degradation of Cartilage, and Bone.

Paw Score Criteria.—0 = Normal histology. 0.5 = Very nominal, affects one joint or 

marginal multifocal periarticular intrusion of inflammatory cells. 1 = Marginal intrusion 

of inflammatory cells in synovium and periarticular tissue of inflamed joints. 2 = Mild 

intrusion of inflammatory cells. 3 = Moderate intrusion with modest edema. Generally, 

three to four joints and the wrist or ankle. 4 = Marked intrusion affecting most areas with 

noticeable edema, one or two unaltered joints may be present. 5 = Severe diffuse intrusion 

with stark swelling affecting all joints and periarticular tissues.

Knee Score Criteria.—0 = Normal. 0.5 = Very minimal, affects only one area of the 

synovium or nominal multifocal periarticular infiltration of inflammatory cells. 1 = Minimal 

intrusion of inflammatory cells in synovium and periarticular tissue of affected synovial 

areas. 2 = Mild diffuse intrusion of inflammatory cells. 3 = Moderate diffuse intrusion of 

inflammatory cells. 4 = Marked diffuse intrusion of inflammatory cells. 5 = Severe diffuse 

intrusion of inflammatory cells.

Cartilage Damage Score Criteria.—0 = Normal. 0.5 = Very minimal; affects marginal 

zones only of one to several areas (knees) or joints (paws). 1 = Minimal; mostly nominal 

loss of toluidine blue staining (proteoglycan) with no noticeable collagen disruption or 

chondrocyte loss in affected joints/areas. 2 = Mild; mostly mild loss of toluidine blue 

staining (proteoglycan) with focal areas of chondrocyte loss and/or collagen disruption in 

some affected joints/areas. Paws may have one or two digit joints with near total to total loss 

of cartilage. 3 = Moderate; mostly moderate loss of toluidine blue staining (proteoglycan) 

with collagen disruption and multifocal chondrocyte loss in disturbed joints/areas. 4 = 

Marked; marked loss of toluidine blue staining (proteoglycan) with multifocal marked 

collagen disruption or chondrocyte loss in most joints with a few unaltered or slightly 

affected, knee: one surface with near total cartilage loss. 5 = Severe; severe diffuse loss of 

toluidine blue staining (proteoglycan) with stark collagen disruption or chondrocyte loss in 

most/all joints.

Pharmacokinetics.

All serum/urine biological samples were stored at −80 °C prior to analysis. Before 

quantification in serum or urine, standard curves were established using HS-269, a close 

structural analogue of HS-276 that serves as an internal standard. LC–MS analysis was 
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performed at the Duke Proteomics and Metabolomics Core Facility or Cyprotex.26 The final 

concentration of HS-276 in the plasma was calculated by concentration (μM) in serum and 

urine based on molecular weight.

Statistical Analysis.

GraphPad Prism 8 was used for all statistical analyses. In each analysis, the total sample 

size (N) and error (SEM) are described in the figure legend. An α of 0.05 was used for all 

statistical analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Development of takinib analogues. (a) Takinib atom positions. (b) Overlay of TAK1 (5V5N, 

blue) and IRAK4 (4RMZ, green) crystal structures with takinib.
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Figure 2. 
Selectivity of HS-276 in the human kinome. (a) Human kinome wide screening of HS-276 

against 140 human kinases. (b) Inhibition of top kinases from kinase screening (% inhibition 

from control). (c) Kinase inhibition of top 10 kinase hits against HS-276. Data points 

represent mean ± SEM (n = 2). (d) Inhibition of TAK1 and IRAK4 by HS-276. (e) 

Dendrogram of human kinase inhibition by HS-276. The sizes of the dots are indicative 

of kinase activity.
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Figure 3. 
Cellular efficacy of lead TAK1 inhibitors in THP-1 cells. THP-1 human macrophages were 

differentiated with PMA (10 ng/mL) for 72 h followed by a rest period in PMA-free 

media. Cells were pretreated with 10 μM of takinib analogues HS-269, HS-276, and HS-277 

followed by LPS (10 ng/mL) stimulation. (a) Relative expression of various cytokines 

compared to vehicle treatment. (b) TNF, IL-1β, IL-6, GROα, ICAM-1, and CXCL11 

expression in naive (N =3 ± SEM), LPS (N =3 ± SEM), and HS-276 (N = 4 ± SEM). 

(c) HS-276 dose-dependent effects of TNF, IL-6, and IL-1β secretion reported as a percent 

of vehicle control (DMSO) in THP-1 cells, (n = 3 ± SEM).
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Figure 4. 
HS-276 reduces the clinical arthritis score. DBA/1 mice induced with CIA demonstrated 

clinical arthritic scores around day 25, which persisted throughout the study. Mice were 

initially treated daily (days 21–26) with vehicle control or HS-276 (50 mg/kg IP), followed 

by Q2D (days 27–36). (a) Disease incidence over time in vehicle (black)- and HS-276 

treated (blue) (N =12 ± SEM). (b) HS-276-treated mice show a reduction in clinical 

arthritic score compared to vehicle control (N =12 ± SEM). (c) Area under the curve 

calculation of vehicle- and HS-276-treated animals. (d) Representative photomicrographs of 

the forepaw, knee, and ankle from disease control (naïve)-, diseased vehicle-, and HS-276-

treated animals. W identifies the wrist, arrows identify representative affected joints, and S 

identifies inflammation. (e) HS-276 reduced inflammation, pannus, cartilage damage (CD), 

bone resorption (BR), and periosteal bone formation (PBF) histological manifestations of 

CIA 36 days post disease onset. N =12 per group ± SEM. *p < 0.05; ***p < 0.001.

Scarneo et al. Page 15

ACS Chem Biol. Author manuscript; available in PMC 2022 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Oral efficacy of HS-276 in the CIA model of RA. (a) Disease incidence over time in vehicle 

(black)- and HS-276-treated mice at 10 mg/kg PO (blue), 30 mg/kg PO (red), and 25 mg/kg 

IP (yellow) (N =12 ± SEM). (b) Mean clinical arthritic score of CIA mice treated with 

HS-276 (10 mg/kg PO, 30 mg/kg PO, and 25 mg/kg IP) (N =12 ± SEM). (c) Area under the 

curve calculations of HS-276 treated mice. ***p < 0.001.
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Scheme 1. Synthetic Scheme for Takinib Analogue Development
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Table 1.

Potency and Selectivity of Takinib Analogues against TAK1 and IRAK4

R1 R2 R3 TAK1 IC50 nM IRAK4 IC50 nM Ratio

Takinib H H propyl 9 120 13

HS-268 H nt nt

HS-269 H 2.8 8.5 3

HS-275 H propyl 2.6 48 18

HS-276 H propyl 2.5 2,500 1000

HS-277 H 2.4 402 168

HS-278 H 1.6 8.2 5

HS-280 H propyl 3.1 29 9

HS-281 H propyl 1.7 4.2 2
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R1 R2 R3 TAK1 IC50 nM IRAK4 IC50 nM Ratio

HS-285 H propyl 32 1,120 35
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