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Abstract:

Herein we report identification of an imidazopyridine class of potent and selective TYK2
inhibitors, exemplified by prototype 6, through constraint of the rotatable amide bond connecting
the pyridine and aryl rings of compound 1. Further optimization led to generation of compound
30 that potently inhibits the TYK2 enzyme and the IL-23 pathway in cells, exhibits selectivity
against cellular JAK2 activity, and has good pharmacokinetic properties. In'mice, compound 30
demonstrated dose-dependent reduction of IL-17 production in a PK/PD model as well as in an
imiquimod-induced psoriasis model. In this efficacy model, the IL-17 decrease was
accompanied by a reduction of ear thickness indicating the potential of TYK?2 inhibition as a

therapeutic approach for psoriasis patients.
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Tyrosine Kinase 2 (TYK?2) is a member of the Janus kinase (JAK) family. It associates
with the cytoplasmic tails of numerous cytokine receptors and induces intracellular signaling,
through activation of signal transducers and activators of transcription (STAT) proteins, to
regulate gene expression and transcription."” IL-12 and IL-23 are two TYK2 dependent
cytokines of particular interest, because antibodies against IL-12 and IL-23 have proven
therapeutic utility in several diseases. In the case of the IL-12 pathway, phosphorylation of
STAT#4 leads to expression of IFN\(3 “ while in the IL-23 pathway, phosphorylation of STAT3
leads to increased IL-17 levels (Figure 1).>® The IL-12 and IL-23 pathways have been
implicated in diseases of the immune system including psoriasis and inflammatory bowel
diseases (IBD).”'* These chronic inflammatory disorders of epithelial cells triggered by an
overly activated immune system, including Thland Th17 immune responses, require new and
safe therapies.

The other members of the Janus Kinase family (JAK1, JAK2, and JAK3) are highly
homologous to TYK2."? As we set forth to find tool compounds suitable for in vivo studies, we
were particularly aware of the need for selectivity against JAK?2, as this related kinase is required
for the signaling of several hematopoietic growth factors, including the erythropoietin (EPO)
receptor that is responsible for the production of red blood cells and the thrombopoeitin (TPO)
receptor that is required for platelet formation.'* Complete inhibition of the kinase activity of
JAK2 will lead to thrombocytopenia. We set forth to identify TYK?2 tool compounds with a
range of selectivity against JAK2 and set a minimum of 10-fold selectivity against JAK2 based
on testing in relevant cell based assays."

Previously, we have described the lead identification of cyclopropyl analog 1'° and its

subsequent optimization to fluorocyclopropane 2."” During the course of those studies we



followed IL-12 pathway activity, by monitoring IL-12 mediated STAT4 phosphorylation in a
cell assay and IFNy production in a pharmacokinetics/pharmacodynamics (PK/PD) animal
model. Around the time of completing these efforts, we modified our assay cascade to evaluate
activity in the IL-23 pathway, measuring IL-23-mediated STAT3 phosphorylation in cells'> and
IL-17 production in a PK/PD animal model. As measured in this IL-23-mediated cell assay,
compound 2 had an ECsp of 1.2 uM, around 5-fold less potent than it was in our IL-12-dependent
cell assay (Figure 1). This erosion in cell-based potency coincided with a decrease in the cellular
selectivity relative to the JAK2-based cellular readout (measuring EPO-mediated STATS5
phosphorylation). There are several possible reasons why a compound might be less potent in
the IL-23-dependent assay as compared with the IL-12-driven assay such as the use of different
cell types (Th17 memory vs NK92) or different requirements of TYK2 and JAK?2 inhibition to
fully block the IL-23 or IL-12 pathways."> Nevertheless, improving potency against TYK2 (and
thereby improving activity in the IL.-23-mediated cell assay) became a priority for the project
team.

IL-12 IL-23 N
pSS@ @.‘)19 vili\:lﬁ% I/:\(rg :((ii ;ésnr;\nM

4 ©
|

NZ
JakZ )@L j ¢ .
N N TYK2Ki 1.6 nM
| F\VAO i JAK2 Ki 62 nM
F
2 CN

IL-12Rp1  IL-12RpA1 IL-23R

}

@ p-sTAT4 @ P-sTAT3
! IL-12 pSTAT4 ECsy: 224 nM
IFNy IL17 IL-23 pSTAT3 ECy: 1200 nM

JAK?2 cell ECgy: 2250 nM

Figure 1: Comparison of the effects of compound 2 on IL-12 mediated STAT4 phosphorylation

and IL-23-mediated STAT3 phosphorylation.



To improve TYK?2 potency, we evaluated constraint of the amide bond between the aryl
and pyridyl rings through construction of another ring.'®> When we considered the bound
confirmation of amides 1 and 2 in TYK2 (and those of other amide crystal structures from the
same series), constraining the amide to carbon 5 of the pyridine ring, which sit in-plane with
each other, appeared to be a promising idea (Figure 2, cyclization direction “a”). However, we
were mindful of the fact that the alternate amide rotamer could also be constrained to carbon 3 of

the pyridine ring (cyclization direction “b”).
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Figure 2: Possible cyclization directions of different amide rotamers.

We proceeded by making of a number of constrained analogs of amide 1 to determine
which cyclization strategy might present a path forward to improved potency (Table 1)."
Comparison of isoquinolones 3 and 4 illustrated two very important trends. First, cyclization
direction ‘‘b” (isoquinoline 4) afforded better potency than cyclization direction “a” (isoquinoline
3). More importantly, isoquinoline 4 has much better JAK2 selectivity (8-fold) than isoquinoline
3(0.4-fold). These differences are even more pronounced comparing the 5,6-ring system for
imidazopyridines 5 and 6. Imidazopyridine 6 is 2000-fold more potent against TYK?2 and 90-
fold more JAK2 selective than imidazopyridine 5. The loss of potency for S-member ring S vs 6-

member ring 3 can be attributed to a compacting of the smaller ring system requiring an



undesired shift in the positioning of the dichlorophyenyl ring.  Conversely, the 20-fold
improvement in TYK?2 potency for the smaller ring system (imidazopyridine 6 vs isoquinoline 4)
can be easily understood as the 5S-member ring system relieves a steric clash with the amide
carbonyl of isoquinoline 4, and installs a favorable intramolecular hydrogen bond between the
imidazole NH and the amide carbonyl. We obtained a crystal structure of this prototype
constrained imidazopyridine 6 in TYK2 and compared it to the TYK2 co-crystal structure of
amide 1 (Figure 3a). The aforementioned intramolecular hydrogen bond is apparent from the co-
crystal structure. Furthermore, we noted that the constrained analog sits deeper in the binding
pocket, packing more closely with 116960 than amide 1. This improved van der Waals
interaction may also contribute to the potency of imidazopyridine 6. The hinge backbone does
shift slightly to accommodate the ligand 6, but productive hydrogen bond distances with the
hinge are maintained. We also compared the TYK2 co-crystal structure of analog 6 to its JAK2
co-crystal structure (Figure 3b). Here, too, we see that analog 6 sits deeper in the TYK2 binding
pocket, creating more favorable interactions with I1e980 than it does with the corresponding
residue, Val911, of JAK2. The significant improvement in biochemical selectivity over JAK2

for this constrained core 1s a definite advantage over the unconstrained amide core.
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Figure 3: a) overlay of compound 1 (beige, PDB code 4GIH) and compound 6 (green, PDB code
SWAL) in TYK2; b) overlay of compound 6 in TYK2 (beige) and JAK2 (blue, PDB code

SWEV).

With the pronounced preference for cyclization direction “b” for 5,6-bicyclo systems, we
continued our exploration of other heterocycles (Table 1). Analogs that are not able to form a
productive intramolecular hydrogen bond with the amide carbonyl (7-11) all have decreased
TYK?2 potency relative to imidazopyridine 6. Conversely, analogs capable of productive
hydrogen bonds, either through sulfur (12 and 13) or through CH (14) were all very potent
against TYK2 with varying levels of biochemical selectivity against JAK2.*® Indeed,
thiazolopyridine 13, and pyrazolopyridine 14 both represented new cores as starting points for

21,22

further optimization. For the purpose of this report, we will focus on optimization of the

imidazopyrdine 6.

Table 1. Analogs with different constrained heterocycles in place of the pyridine amide
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variation were less than 0.3 times the mean for these assays. PFold selectivity for TYK2 inhibition vs. JAK2

inhibition as measured by JAK2 K; + TYK?2 K.

With the imidazopyridine core selected for further profiling, we explored alternatives to
the cyclopropyl amide to further enhance TYK2 potency. Initial SAR was largely consistent
with SAR obseryed in the open amide series,'® such that pyrimidine 15 was identified with
submicromolar biochemical potency and good JAK?2 selectivity (Table 2). We next explored a
number of different substitutions on the pyrimidine focusing primarily on the C6-position, which
we felt, based on crystal structures, would allow us to explore a range of substitutions to tune
both selectivity and physicochemical properties. Functional groups of varying sizes were
tolerated (analogs 16-26), many with sub-nanomolar TYK2 biochemical potency, but with

variable JAK?2 selectivity. Small substituents (16-21) afforded good JAK?2 selectivity, while



increasing size of the substituent, particularly those with more polar atoms, led to erosion of
JAK?2 biochemical selectivity. With this series of analogs we were also able to generate
meaningful cellular SAR and selectivity data using our IL-23-mediated cell-based assay and the
corresponding JAK2 (EPO-mediated) cell assay. Relative to amide 2 (IL-23-mediated cell ICsq
= 1.2 uM), we observed that the enhanced biochemical potency of the constrained compounds
such as amine 18 gave a corresponding improvement in cell potency (0.044 uM). In general
there was a reasonable correlation between TYK2 biochemical potency and IL-23-mediated cell
activity15 with occasional outliers such as methyl ether 20, in which poor solubility may be
limiting its cellular potency readout. When assessing cellular JAK?2 selectivity, it was clear that
for most analogs there was erosion in the fold-selectivity observed relative to biochemical
selectivity. The reduced cellular selectivity could potentially be attributed to a number of factors
including the use of different cell types in the assays, translation of kinase-domain constructs
used in the biochemical assay to the full length enzymes in the cell assays, and poor compound
solubility. Nevertheless, we were happy to see that analogs such as 16, 18, 19 and 21 displayed
good IL-23-mediated cell potency and reasonable cellular selectivity (> 10-fold). We also
explored SAR at the 2-position of the pyrimidine, albeit not as extensively. While small
substitutions were tolerated, they usually led to a loss of TYK?2 biochemical potency (c¢f 15 and
27; 21 and 28; 16 and 29). This loss of TYK2 potency can possibly be attributed to disruption of
the intramolecular hydrogen bond between the nitrogen on the pyrimidine and the NH of the

imidazole as a result of the 2-substitution.

Table 2. Heterocycle replacement of cyclopropyl amide
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“Biochemical assays. Arithmetic mean of at least 3 separate determinations (n > 3). On average, the coefficients of
. . b .. S
variation were less than 0.3 times the mean for these assays. Fold selectivity for TYK?2 inhibition vs. JAK2

inhibition as measured by JAK2 K; + TYK2 K;. © Cell-based assay of TYK?2 inhibition. Arithmetic mean of at least
3 separate runs (n > 3). On average, the coefficients of variation were less than 0.5 times the mean for cell-based
assays. ‘Cell-based assay of JAK2 inhibition. Arithmetic mean of at least 3 separate runs (n> 3). °Fold selectivity:

EPO pSTATS ECs + IL-12 pSTAT4 ECsy.

Previously, we had shown in the original open amide series that placement of a cyano
group at the 4-position of the dichlorophenyl ring, as shown in amide 2, was tolerated from a
potency and selectivity point of view and, more importantly, led to improved in vivo clearance in
rodents."”” We took some of our favored analogs from Table 2 and made the cyano versions of
them (Table 3). Of these analogs, only 6-methyl pyrimidine 30 had appropriate potency and

selectivity to advance to further selectivity and pharmacokinetic profiling.

Table 3. Imidazopyridines with nitrile on the phenyl ring

CN
Cl
N= Cl
‘ N NHN%
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inhibition as measured by JAK2 K; + TYK2 K;. © Cell-based assay of TYK?2 inhibition. Arithmetic mean of at least

3 separate runs (n > 3). On average, the coefficients of variation were less than 0.5 times the mean for cell-based



assays. ‘Cell-based assay of JAK2 inhibition. Arithmetic mean of at least 3 separate runs (n> 3). °Fold selectivity:

EPO pSTATS ECs + IL-12 pSTAT4 ECsy.

Regarding the other JAK family kinases, compound 30 has a JAK1 K; of 24 nM and
JAK3 K; of 58 nM, indicating good TYK?2 selectivity (35-fold for JAK1 and 83-fold for JAK3).
Compound 30 was further profiled, at a concentration of 70 nM (100x the TYK2 Kj), against a
panel of 58 kinases that were known to be relevant to JAK family kinase inhibitors, where it
inhibited only two kinases by >50%. Full inhibitor titration curves were measured for these
kinases with CDK2 K; = 89 nM (126-fold selective for TYK?2) and CDKO9 K;= 108 nM (154-fold
selective). Compound 30 was also tested, at a concentration of 10 uM, against a panel of 40
pharmacologically important and safety-related receptors and channels, where it only showed
appreciable activity against NK1 (67% inhibition). Physicochemical and DMPK properties of
compound 30 are shown in Figure 4. The compound is highly permeable, and has moderate
stability in liver microsomes. Stability in-hepatocytes is good and this correlates well with in
vivo clearance. In mice, the compound is cleared quickly, but appreciable exposure can be

obtained at higher doses enabling in vivo PD and efficacy evaluation.
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Figure 4: Physicochemical and DMPK properties of compound 30

We progressed compound 30 for testing in our IL-23-induced PK/PD model (Figure 5).>
In this model, pathway activation was achieved by intravenous dosing of IL-23 and IL-1B,
followed 3 h later by collection of plasma for measurement of IL-17F (measured by cytokine
ELISA) and drug concentration. The positive control, anti-p40 antibody, was dosed
intraperitoneally 60 minutes prior to cytokine stimulation, while compound 30 was dosed orally
30 minutes before cytokine injection. Statistically significant reduction of plasma IL-17F was
observed at the 100 and 70 mg/kg doses (Figure 5a), but at 30 mg/kg inter animal variability was
evident and the reduction of IL-17F was not statistically different from vehicle. The
corresponding plasma free drug concentrations (Table 4) reveal that strong inhibition of the
pathway (87% at 100 mg/kg and 72% at 70 mg/kg) occurred when free drug concentrations at
Cmax were 39-fold and 23-fold over the TYK2-dependent IL-23 cell assay IC,; (66 nM).
Notably, at each of these doses there was also at least 1-fold coverage of the JAK2-related cell
IC,, (1400 nM). At 30 mg/kg, where there was not statistically significant reduction of IL-17F,
plasma exposure indicated 13-fold coverage of the TYK?2-related cell IC,, but only 0.6-fold
coverage of the JAK2 cell IC,  at Cmax. Itis curious that the 30 mg/kg dose was not active,
given the strong coverage to TYK2. One possible explanation is that some level of JAK2
inhibition, which is also coupled to the IL.-23 receptor, along with strong coverage of TYK2, is
required. to strongly inhibit IL-17F production in this assay.* It is also worth noting that both IL-
23 and IL-1B are used to stimulate the pathway and so potentially TYK inhibition alone may not

be sufficient to inhibit this model.

Table 4. PK data for IL-23-induced PK/PD experiment with compound 30.



Dose of 30 | [Free drug] of 30 | Fold coverage of | Fold coverage of
(mg/kg) at T=3h* (uM) | TYK2cell EC5," | JAK2 cell EC5,°
100 2.6 39 fold 1.9 fold
70 1.5 23 fold 1.1 fold
30 0.86 13 fold 0.61 fold

“Collection for plasma analysis 3.5 h after dose of compound 30 — approximately at Cmax. “Fold coverage

calculated by free drug concentration/IL-23-pSTAT3 ECs, of compound 30 (0.066 uM). “Fold coverage calculated

by free drug concentration/EPO-pSTATS5 ECs; of compound 30 (1.4 uM).
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Figure 5: In vivo PD and efficacy data for compound 30. a) Serum IL-17F levels in IL-23-

induced PD assay; b) ear thickness reduction measured on day 5 in imiquimod-induced psoriasis



model; c) serum IL-17F levels measured on day 5 in imiquimod model; d) platelet levels

measured on day 5 in imiquimod model

With these positive PK/PD results we proceeded to an efficacy study using an

. . . . . . 25,26
imiquimod-mediated psoriasis model.

In this model imiquimod, a topical agent that
stimulates multiple pathways such as IL-1, IL-23/IL-17, and TLR7, is administered to the ear of
a mouse for 5 days, while the contralateral ear is used as the unstimulated control. Compound 30
was dosed orally at 100, 70, and 30 mg/kg BID for those same 5 days as imiquimod treatment,
and at the start of the sixth day, ear thickness was measured. Plasma was also collected to assess
serum IL-17F levels and other blood parameters. Statistically significant reductions in ear
thickness, comparable to the anti-p40 positive control, were observed at 100 and 70 mg/kg,
whereas the 30 mg/kg dose gave only a minimal reduction (Figure 5b). At the 30 mg/kg BID
dose, free drug trough levels are well below the TYK2 cellular EC, and it is not surprising that
this dose is not active in this assay. The efficacy results are consistent with the reductions in
serum IL-17F observed in this 5-day model (Figure 5¢) where complete reduction was observed
at the highest two doses and more modest reduction was attained at the 30 mg/kg dose. While
most other serum measurements showed little change relative to the naive controls, a 50%
reduction in platelet levels was observed at the 100 and 70 mg/kg doses (Figure 5d). Itis
tempting to speculate that this mild thrombocytopenia could potentially be related to combined
JAK2 and TYK?2 inhbition and the resultant effects on the TPO pathway.” However, the
relationship between JAK2 and/or TYK?2 inhibition and the effects on the IL-23 and TPO
pathways needs to be probed further with compounds of different TYK2/JAK2 selectivity
profiles, and potentially compounds from other chemical scaffolds.” Our efforts in this

investigation will be the subject of future publications.
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