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Tyrosine kinase 2 (TYK2) is a non-receptor tyrosine kinase that belongs to the JAK family and also includes JAK1,
JAK2, and JAK3. TYK2 regulates signal transduction downstream of |L-23 and IL-12 receptors and is an attractive target
for various autoimmune diseases. Selective TYK2 inhibition offers a different clinical profile compared to currently

approved JAK inhibitors. However, selectivity of TYK2 for other JAK family members is difficult to achieve by inhibiting

small molecules in the catalytically active kinase domain. Recently, Deucravacitinib was used to successfully target the

TYK2 pseudokinase domain as a strategy to achieve isoform selectivity. Here, we describe the optimization of a

selective TYK2 inhibitor against the pseudokinase domain, leading to the discovery of the clinical candidate

ABBV-712 (21).
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JAK family kinases (JAK1, JAK2, JAK3 and TYK2) are known to mediate the signaling of several cytokines that
cause inflammation in egg cells. In recent years, small molecule JAK inhibitors have been shown to have clinical value
in a range of immune-mediated diseases. Approved JAK1 inhibitors bind to a domain known as Janus Homology 1
(JH1), thereby blocking ATPEntering this site and blocking subsequent phosphorylation events to block the catalytic
activity of the kinase. This inhibition results in a variety of pro-inflammatory mediators (eg, IFN-a, IFN-y, IL-6, IL-8,
etc.).IL-15, IL-31, etc.). Small-molecule pan-JAK and JAK1 selective inhibitors have shown clinical efficacy in
autoimmune diseases, including rheumatoid arthritis, ulcerative colitis, psoriasis, and atopic dermatitis. Selective
inhibition of TYK2 offers different characteristics compared to JAK1 inhibition, and its activity is more limited to IL-23,
IL-12, and interferon-a (IFN-a).Way.

There is evidence of a role for IL-12 and IL-23 in the pathology of inflammatory and autoimmune diseases. The
clinical significance of the IL-12/23 pathway has been demonstrated by the monoclonal antibody ustekinumab, which
targets the common p40 of IL-12 and IL-23subunit, which is approved for the treatment of psoriasis, psoriatic arthritis,
ulcerative colitis, etc. In addition, monoclonal antibodies targeting the p19 subunit of IL-23 have been approved for
use in several autoimmune diseases. Risankizumab is approved for the treatment of psoriasis, psoriatic arthritis, and
Crohn's disease, and Gluelkumab is approved for the treatment of psoriasisl2 and psoriatic arthritis13 and
Tildrakizumab are used to treat psoriasis. As a result, TYK2, which mediates downstream signaling at IL-12 and IL-23
receptors, has become a target for small molecule discovery, leading to the discovery of a range of candidate
compounds.

Given the high sequence homology of kinase domains between JAK family kinases, the development of selective
ATP-competitive TYK2 inhibitors has been challenging, with few compounds entering the clinic. PF-06700841 (1) is a
dual TYK2/JAK1 inhibitor currently being investigated for multiple autoimmune indications.

In addition, a more selective TYK2 inhibitor, PF-06826647 (2), is in clinical development for the treatment of

psoriasis, ulcerative colitis, and hidradenitis suppurativa. Due to the significant differences in the JH2 domain between



TYK2 and other JAK family members, there is a significant difference in the domain between TYK2 and other JAK
family membersThe allosteric approach of inhibition significantly improves selectivity for other JAK family kinases.
Deucravacitinib 3 is a selective TYK2 inhibitor that was recently approved for psoriasis and is currently being evaluated
for other indications and is the first to bind and stabilize TYK2TYK2 clinical drug candidate with JH2 domain and
allosteric inhibition of protein kinase function. In the search for a TYK2 inhibitor structurally distinct from
Demeucravacitinib, BMS-986202 was identified and entered Phase | clinical trial Trial. Takeda has also advanced an
allosteric TYK2 drug, T AK-279, and recently reported positive data from a Phase llb clinical trial for the treatment of

psoriasis. (Figure 1).
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Figure 1Known TYK2 clinical candidate structure
This article examines the structure of the TYK2 pseudokinase-kinase domain with the small
molecule 2-chloro-N-(2(cyclopropane carboxy)pyridine-4-yl)benzamide (PDB4OLI) was analyzed early,
especially in TYK2The JH2 binding cavity provides unique insights (Figure 2). Notably, the pyridinamide

fragment binds to the JH1 and JH2 domains, and this dual binding may reduce JAK due to high kinase

domain homologyFamilial selectivity. Therefore, the focus is on designing specific compounds for the

JH2 domainin the future.



Figure 2.2-Chloro-N-(2-(cyclopropane carboxy)pyridin-4-yl)benzamide) in TYK2Binding patterns in the
pseudokinase domain
There are a number of published JH2 domain structures (JAK1 PDB 4L01; JAK2PDB 4FVP) will help to
identify key regions of diversity that can guide the design of JH2 structural selectivity. When these
structures are superimposed, significant differences are observed, including Val640 in TYK2 (I1e620 in JAK1
and Leu579 in JAK2).and Val603 in TYK2 (I1e597 in JAK1 and |le559 in JAK2). These subtle sequence
changes are speculated to drive different binding profiles within the isomer JH2 pocket. The richest amino
acid diversity was observed at the "pseudo-gatekeeper" group position: Thr687 in TYK2, Glu667 in JAK1
and GIn2 in JAK6 26. These different residues create a unique electrostatic environment and spatial

constraints in this region. Specifically, in TYK2, the Lys642 sidechain has a significant effect on the

smaller TYK2" compared to JAK1 or JAK2" The "pseudo-gatekeeper" group has greater conformational

flexibility in its presence.

Early Hit-To-Lead work identified 6-azaindole scaffolds from a_high-throughput screen of TYK2 JH2

stabilizers. The optimized sulfonamide 6 (Table 1) binds to the TYK2 JH2 domain (icso = 0.03). uM, TRFRET

binding assay), and the specificity for both TYK2 and JAK1 JH1 domains >200times (icso = 6 and 40 uM,

respectively, TRFRET binding assay). In IL-12-induced human T cell p-STAT4 experiments, good TYK2 cell

activity was observed (96EC50 of 0.12 and 0.32 uM for well and 384-well formats, respectively. Consistent



with binding selectivity, no cellular activity of JAK1, JAK2, and JAK3 was observed (by IL-6, respectively

induced p-STAT3 in human TF-1 cells, erythropoietin-induced p-STAT5 in human UT-7 cells IL-2-induced
p-STAT5 in human t-blast cells is measured with an ECofs0 > 19 uM per cell).  Sulfonamide 6 is an effective

tool for understanding the selectivity of the JAK family, however, its thermodynamic solubility is poor

(atpH 7.4 in phosphate buffered saline). Subsequently, a crystal structure closely related to

cyclopropylamide 7 was obtained (Figure 3)to support the design and optimization work (PDB 8TB5) .
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Figure 3Crystal structure of compound 7 binding JH2 domain of TYK2

Table 10ptimization of TYK2 selectivity and physicochemical properties
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With the X-ray structure of 7, critical regions of ligand design can be identified (Figure 3). First, the
ligand core is stabilized by a double-hinge interaction with the main carbonyl group of Glu688 and the

NH of Val690. The resulting ligand orientation projects the cyclopropyl group into a binding pocket

behind the "pseudo-gatekeeper" Thr687, whichThere was a slight conflict with the protein backbone,

which is speculated to result in a decrease in activity compared to 6. Second, a two-coordination

interaction was observed between the ligand and the Lys642 side chain. Both the amide carbonyl group

and a sulfonamide oxygen are involved in the dual binding to two lysine N-Hs. This interaction with

Lys642 is hypothesized to improve binding affinity and selectivity for other JAK isoforms, due to the

sidechain relative to the "pseudo-gatekeeper".positioning. Third, the P-ring, a protein region in the
catalytic domain, exhibits a closed and rigid conformation due to the interaction of the distal binding
bag (i.e., Arg600/Glu657). These three areas are areas of focus in the iterative design process.

The eutectic structure of cyclopropylamide 7 provides valuable insights into the interaction between the

ligand and the JH2 domain of TYK2. However, the potency of cyclopropionamide 7 is lower than that of

acetamide 6, so 6 was chosen as a starting point for further optimization aimed at improving potency




and druggable properties.

The introduction of methyl groups at the N1 position (8) can improve cellular potency and similar

solubility compared to compound 6. X-ray structural analysis showed that bicycloazole was close to the

coplanar with the phenyl ring (6 = 1.1°). Twist angle analysis confirmed that the disadvantage for this
conformation was about 2 kcal/mol (Figure 4). In contrast, if the 2-pyridine ring has a similar coplanar
conformation, the calculated disadvantage is much smaller (e.g., Compound 9, Figure 4). In fact, pyridine

9 was almost 3 times more potent in binding experiments, but surprisingly equally effective in cell

experiments. However, 9 showed a significantly reduced non-binding clearance, almost one unit lower

clogP value, and was chosen as the starting point for further optimization. Based on binding affinity,

ethylsulfone is well tolerated as a sulfonamide substitute in 10, but also shows a significant loss of
potency in cellular assays. Attempts to replace sulfone ethyl with oxyethane to reduce clogP(11) result
in further potency loss. Due to the low solubility of the lead analogue 9 (2.5 uM), the researchers explored
the silicon method to identify other sulfone/sulfonamide alternatives with the potential to improve
solubility. Molecular dynamics (MD) simulations using the methoxy-THF moiety as a sulfonamide
substitute (12) highlight the observed THF oxygen, A unique, stable bicoordination interaction between

the amide carbonyl group and Lys642 (Figure 5). In contrast, enantiomer 13 of compound 12 did not show a

stable two-coordinate interaction (MD results were not shown). Of these, 14 have good binding affinity

(icso=5 nM) and cellular potency (ECso = 60 nM). The X-ray crystal structure confirms that the THF epoxy
does indeed point to Lys642 and that the urea carbonyl group interacts with Lys642. The urea moiety

forms a double-coordination interaction with the carbonyl group of the hinge-binding residue Glu688, and

the azazaindopyridine N is associated with Val690 NHinteraction (Figure 6).
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Figure 4Schematic representation Of the relative energy of compound 7 or compound 9
Above: The 1.1° torsion angle between the azole core and the phenyl group in compound 7 is about 2 kcal/mol
Bottom: The torsion angle between the azole nucleus and the 2-pyridine ring in compound 9 is 1.1°, and the relative energy is

significantly reduced
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Figure 5In molecular dynamics simulations of TYK2 JH2, the two-coordination interaction of THF oxygen and amide carbonyl groups

with Lys642 and the hinge interaction with Val690 were obtained(Compound 12).
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Figure 6The crystal structure of compound 14 bound to the TYK2 JH2 domain shows a bicoordination interaction of THF epoxy and

urea carbonyl groups with Lys642 (PDB 8TB6).

While the potency of 14 is encouraging, the passive permeability of the compound is poor, which is perhaps not

surprising considering that there are multiple hydrogen bond donors in the compound. Urea is partially replaced by
amides, as in 12 and 13, resulting in a decrease in potency. Compound 13 has the weakest titer, probably due to the
orientation of the THF oxygen away from Lys642, which is consistent with the MD results. Although the location of
THF oxygen in X-rays of 14 cannot be clearly specified, THF stereoisomers (e.g., 12) have been observed to be
stereoisomers (e.g., 12and 13) consistent variation between the potencies. To determine the correct stereochemical
properties, vibromatic circular dichroism (VCD) was used for the common intermediate
2-bromo-6-(3-methoxytetrahydrofuran-3-yl)pyridine(Scheme 1, Step G).
(S)-2-bromo-6-(3-methoxytetrahydrofuran-3-yl)pyridine was used in the preparation of the less active enantiomer 13,
confirming the higher activity(R) The THF oxygen atom in enantiomer 12 forms hydrogen bonds with Lys642.

Compounds containing 4-pyridyl substituents occupy the space under the p-ring (Table 2) and show higher potency,

but also the presence of undesirable drug-Risk of drug interactions. For example, nitrile 15 and 16 exhibit significant

CYP3A4 DDI sacrifice potential (>60% FmCYP3A4). -CHF2, -OCH; and -OCHF2 analoguesl7,18and 19 exhibited

time-dependent inhibition of CYP3A4 (at 50 uM20% and CYP3A4 induction (2-fold). Ether 20 still has a significant

CYP3A4 inducing effect, but the risk of TDI is reduced. As a result of these multiple DDI challenges, subsequent efforts
have focused on a more comprehensive approach to designing compounds to address the above CYP3A4 DDI

deficiencies.
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CYP3A4 DDI deficiency and time-dependent inhibition
It is hypothesized that the time-dependent inhibition of CYP3A4 is the result of N-demethylation followed by
oxidation, leading to the formation of metabolites that may react with cysteine in CYP3A4 (Figure 7). The option of
substituting methyl groups to slow down initial demethylation is considered a preliminary approach. However, since
CYP3A4-mediated metabolism is common in this chemotype, and CYP3A4 deficiencies have also been identified as a

common problem, the experimenters decided to instead focus on optimizing the reduction of binding to CYP3A4 as a



way to address both problems in parallel. Using Molecular Forecaster impact software, a binding hypothesis for this
chemical type was generated (Figure 8). According to this model, primary oxidation may occur on the methyl group of
azaindole. Strikingly, the space of the pyridine ring 4 position is limited, and it is assumed that larger polar groups at
this position will be difficult to accommodate by CYP3A4, thus reducing the binding affinity of CYP3A4. For example,
compounds 20, 22 and 23 have a lower proportion of CYP3A4 metabolism compared to smaller groups such as 16 and
19In contrast, the affinity for CYP3A4 is reduced, supporting the previous hypothesis. Substitution of N-methyl with
oxyethane has also been shown to be effective in reducing FmCYP3A4 in 18 and 21. In addition, the effect of this

4-pyridyl substitution on CYP3A4 induction was also considered.

Figure 8Molecular Forecaster IMPACTS software was used to generate a binding hypothesis for compound 21 in CYP3A4
CYP3A4 induction

Induction of CYP3A4 is usually associated with activation of the nuclear receptor gerolein X receptor (PXR). To



confirm that PXR is in fact responsible for chemotype-specific CYP3A4 induction, 19 azaindoles were evaluated in the
PXR activation assay. PXR activation (ecso) was observed with CYP3A4 induction (%, Figure 9).There was a reasonable
correlation (R2 = 0.49), suggesting that a slowed solution of PXR activation reduced CYP3A4 induction. Known X-ray

structures using the ligand-binding domain (LBD) of PXR 5A86, 4XHD, 3R8Dand 1NRL, a potential binding pattern for

the azaindole series was generated (Figure 10).

PXR Activation (EC50, uM)

CYP3A4 Induction (% of Control)

Figure 9.Activation of PXR is positively correlated with the induction rate of CYP3A4 (R2 = 0.49).



Figure 10The PXR model of compound 17 uses a 4XHD X-ray structure

Analysis of the proposed binding mode showed weak interactions with His407 and GIn285 (region 1 in Figure 10)
or with nitrogen creosote of larger groupsAlkylation in Region 2 may reduce PXR activation. The optimal model
showed that PXR had polarity and/or for pyridine ring position 4 (region 3). or the large volume group is poorly
tolerated, and this strategy is also consistent with minimizing CYP3A4 binding (see above). In the TYK2 JH2 model, the
substituents at this location will occupy the space below the P-loop region, which is expected to favor the titer of TYK2.
Based on these collective structural evaluations, key analogues of the pyridine ring 4-position substituents were
designed, including compounds 21, 22, and 23 (Table 3).

Table 3In vitro spectra of selected compounds
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It is reassuring to note that these three compounds are less dependent on CYP3A4 metabolism and a lower

proportion of CYP3A4 metabolism, thus reducing their disadvantages. The time-dependent inhibition potential of 21
and 23 is slightly higher than expected, and in addition, the induction potential of these three analogues for CYP3A4 is
relatively low. Based on the fact that CYP3A4 TDI and induction are within an acceptable range, it is concluded that

compound 21-23 has a low risk of druggability. Finally, the cellular potency of these three compounds against TYK2

was successfully demonstrated, with improved solubility (>1000 p M) and against other JAKs in cell analysisfamily
members (>20 uM) with good selectivity), confirming the previous hypothesis that selectivity is more easily achieved
by targeting the pseudokinase domain of TYK2.
Rat PK
Establishing an early understanding of pharmacokinetics in vivo is critical to optimize the progression of
compounds into exploratory toxicity studies. Multiparametric optimization helped identify several analogues in

low-dose rat PK studies (Table 4). Compound 21 showed a low in vivo non-binding clearance (4.1 L/h/kg). Despite the

low half-life (0.6 h) and oral bioavailability (19%), compound 21 can be used for further in vivo studies. Secondary

alcohol-22 exhibits a similar ideal balance in terms of TYK2 cell potency and minimal CYP3A4 DDI load, but exhibits

significantly higher unbound blood clearance (34 L/h/kg)., and therefore less than ideal. Switching from secondary

alcohols to primary alcohols (23) resulted in lower unbound clearance (6 L/h/kg) and lower oral bioavailability (16%).

Given that this promising in vivo PK profile is balanced with optimized TYK2 titers, solubility, and minimized CYP3A4
dependence, 21 and 23 are in Further analysis was carried out in PK studies of dogs and monkeys.

Table 4Pharmacokinetic properties in rats (oral and intravenous administration at 1 mg/kg).



compound CLb,u (L/h/kg)? T12 (h) Vss (L/kg) F (%)

21 4.1 0.6 1.9 19
22 34 1.1 19 26
23 6.1 0.5 2.5 16

Mammalian PK at 21 and 23
The pharmacokinetics of compounds 21 and 23 were evaluated in multiple species in order to calculate predicted
human PK parameters for further prioritization (Table 5). Compound 21 showed low to moderate non-binding
clearance (0.46 and 2.3 L/h/kg, respectively) in dogs and monkeys. The half-life of dogs is longer than that of monkeys
(4.5 h vs. 1.2 h), which is due to the particularly low free clearance rate in dogs. Oral administration was moderate in
monkeys (F = 17%) and high in dogs (F = 88%). Compound 23 has a higher unbound clearance in canine and monkey
bodies compared to compound 21 (2.5 and 2.5, respectively4.7 L/h/kg)»

Table 5Determination of medicinal kinetic properties of compounds 21 and 23 in whole blood

hep clint,u (L/h/kg)  CLb,u(L/h/kg) T12 (h) AUCq.ins (Mg-h/mL)
compound 21 23 21 23 21 23 21 23
dog 1.3 1.8 0468 25° 452 300 232 0.3°
monkey 27 6.4 2.3¢ 479 12¢ 149 0.08° NA
human 1.9 6.1

“IvV and PO dosing in dog—1 ma/kg.

"IV and PO dosing in dog—0.5 mg/kg.

IV and PO dosing in monkey—1.0 mg/kg cyno PK was measured in plasma (blood-to-plasma
partitioning ratio = 1.1).

“Iv dosing in monkey—0.5 mg/kg.

Table 6Human PK prediction for compound 21

Hu WB ECgq (ng/mL) CLb,u (L/h/kg) T1/2 (h) AUCq.inf (Mg-h/mL) F (%)

0.33 0.52 29 6.8 59

Based on the good non-binding clearance value, compound 21 was selected for further analysis. The human PK

parameters of compound 21 were preliminarily calculated. Based on the hepatocyte clearance data (Table 6), the

human predicted clearance (0.5 L/h/kg) was calculated by in vitro in vivo extrapolation (IVIVE). The ECqo value of



human TYK2 whole blood (0.33 pg/mL) was used as the target of Css, and the human efficacy was predictedAUC (6.8
pg/mL*h).  Thegcoo values are intended to obtain maximum efficacy by inhibiting this pathway, although maintaining
CS>ecsp is expected to provide a measurable efficacy response. Using these parameters, the initial effective dose for
the human body was calculated to be 350 mg.
In vivo study of compound 21

To evaluate the effect of the pharmacodynamic effects of compound 21 on a mouse in vivo model. First, mouse
whole blood was stimulated with IL-12 and the level of STAT4 phosphorylation (ecso = 1.4 uM, 0.63 pg/mL) was
determined to confirm the activity of TYK2 in mice. Although the potency of compound 21 was reduced by a factor of

8 compared to humans (ECso = 0.16 puM, 0.07575 ug/mL). ), but acceptable mouse PK enables compound 21 to

achieve sufficient exposure to the target in vivo studies. In the acute PD model inhibited by TYK2, the oral doses of

mice were 10, 30, 100, and 300, respectively and 600 mg/kg and injected 30 min post-dose (expected Cmax time
point).IL-12/IL-18.  IFN-y levels in serum samples were assessed after 4 hours. Compound 21 is dose-dependent at

doses of 100, 300 and 600 mg/kg and inhibits IFN-y production ( Figure 11), whose maximum exposure was

significantly higher than that of mouse whole blood gcso.

A
-0.5hr Ohr 4hr
Dose PO * Blood for Cmax (n=3)* Collect Blood for
Challenge IL-12 + IL-18 IP (0.1ug/0.5ug) *  Serum cytokines: IFNy
B c WB exposure Cmin (n=7)

iifiil

L T
LS sty Sy
Figure 11 IL-12/IL-18-induced IFN-y mouse model :(A) study design, (B) compound 21 inhibits serumIFN-y, (C) Cmax exposure response
A mouse IL-23 microring-induced ear dermatitis model was used to evaluate the in vivo efficacy of compound 21
described by Leys et al. A single injection of IL-23 microring (MC) into the tail vein triggers intense cutaneous
pathology, activates the IL-23/1L-17 pathway, and results in a significant increase in ear thickness on day 7. Measure

the percentage change from baseline in ear thickness throughout the study (Figure 12A). There was no change in ear

thickness in sham-operated mice throughout the study, while there was a dose-dependent decrease in ear thickness



in treated animals (days 7-11), to day 11, 100 mg/ The inhibitory effect of BID or QD administered with compound 21
of kg reaches 58-61%.
In contrast, the model was evaluated by choosing an anti-IL-23 p40 antibody as a mechanistic positive control,

with a 60% reduction in ear thickness after administration at 30 mg/kg BID on days 7 and 9 %. The maximum drug

exposure level for all tested doses was higher than the TYK2 in vitro whole blood EC50 (Figure 12C).
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Figure 12A mouse IL-23-induced model of ear dermatitis :(A) study design, (B) dose-dependent reduction of ear thickness by
compound 21, and (C) compound 21The efficacy is in response to Cmax exposure
conclusion

Compound 21 is a selective TYK2 inhibitor discovered by multiparametric optimization of a series of azaindoles

that bind to and stabilize the TYK2 pseudokinase (JH2) domain. Guided by the X-ray structure of compound 14, the
cellular and whole blood potency of TYK2 was optimized, and very potent and selective compounds were identified in
combination with drug-like propertiesHowever, many compounds are induced by CYP3A4 TDI or CYP3A4. Remission of
CYP3A4 TDI was achieved by computational modeling of CYP3A4 active sites. The CYP3A4 induction problem was
addressed by determining a good correlation between PXR activation and CYP3A4 induction;SAR optimization is

guided by the design of PXR binding sites. Compound 21 exhibits robust activity in TYK2 cells and whole blood assays

with minimal risk of CYP3A4 DDI. 350 was obtained due to the low predicted human clearance and adjusted for the

effective AUC based on the human TYK2 whole blood ECqo targeting CssPredicted effective dose of mg. Eventually,

compound 21 was designated as a clinical candidate ABBV-712.

Article Source :J. Med. Chem. 2023, 66, 14335-14356
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3. Select the target page“Chemical space”Options tab under Cascade“Original structure view”tab, you can
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5. Select the "Experimental Design" option tab in the target interface to display the experimental designs
related to the relevant targets in the literature included in the CyberSAR platform to provide ideas and

support for experimental design.
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